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Edward Young’s reconstruction and analysis of the Allies’ massive World War II aircraft 
engine programs is priceless, unique, thorough, and critical—all at once. He has revisioned 
this crucial wartime manufacturing initiative through political and organizational lenses 
while frankly documenting miraculous feats of engineering, design, construction, assembly, 
and testing, especially given the risks and pressures engine builders faced. In the following 
pages, you will visit a world of precision production on a scale never previously attempted 
(much less achieved), so as to deliver airplane powerplants by hundreds of thousands, 
ultimately overwhelming the Axis nations’ aerial capabilities. Year by year, US and UK 
engines became ever more robust, their increased horsepower and improved performance 
meeting the air forces’ perennial demands: faster, higher, farther. You will learn how 
Cyclones, Wasps, and Hercules were designed and how Pratt & Whitney, Wright, and Bristol 
devised novel fabrication processes, eased by erecting vast, one-story plants covering dozens 
of acres under a single roof. And you will rapidly recognize that British and American 
actors in this high-stakes drama had sharply different resource and institutional endow-
ments, distinctive relationships with vehicle manufacturers, and separate sets of constraints 
and conflicts with which to contend. It’s a compelling tale of continuous innovation under 
conditions of great stress and uncertainty, a saga not previously recounted so fully and 
so frankly.

Dr. Young’s critical stance in this work must also be appreciated, as he demolishes the 
common assumption that “mass production won the war.” To be sure, automotive firms 
shifted rapidly from building millions of cars to producing shiploads of trucks, jeeps, and 
tanks, but aircraft and engine manufacturers could not accept the loose tolerances, low fuel 
efficiencies, and persistent breakdowns that were routine in vehicles. Instead, as Young 
explains: “High-performance aircraft engines were at the pinnacle of precision engineering.” 
They demanded “quality control well beyond the standards of other products produced in 
great volume”—hence, auto plant methods would not serve. Moreover, planes and engines 
alike were repeatedly redesigned while in use, as feedback from the fronts identified vulner-
abilities. Production facilities had to be flexible, not fixed, so that design changes could 
be incorporated smoothly into assembly operations. In consequence, British and American 
planners created “hybrid forms of production organization,” assuring the speedy flow of 
parts between machining stations, for example, while using tools that could be adjusted to 
incorporate engineering changes. Feedback redesigns, plus the ongoing search for greater 
power, meant that some engines went through a dozen or more model changes necessitating 
production reconfigurations.

A brief preview of the chapters ahead will bring these remarks to a close. The narrative 
commences with a review of US/UK aircraft-building practices during the prewar decade. 
Striking contrasts between auto and aircraft engines in design, fabrication, performance, 
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and risk precede a revelatory, detailed reprise of the aero-engine manufacturing process at 
the sector’s leading enterprises. Five subsequent chapters focus on a series of ever-bigger 
and more complex engines, from Bristol’s and Wright’s initial nine-cylinder designs, 
through a set of 14-cylinder models to several 18-cylinder giants late in the war. Chapter 
2 relates the intense pressure of UK air arms for vastly expanded engine production and 
upgraded designs in the mid-1930s, including outreach to auto plants expected to support 
aircraft engine building and delicate negotiations to confirm divisions of labor and assure 
component quality. Similarly, in the US Wright realized that engine demand from the 
British and French, combined with US rearmament, necessitated not just more capacity 
but also a full process redesign to enable flow production, with new types of machine tools 
that workers having minimal shop skills could operate (Chapter 3). Engine redesigns gradu-
ally brought its hallmark Cyclones to 1,350 hp, more than double that of early 1930s models.

When introducing the 14-cylinder Hercules, which started out at 1,375 hp, Bristol 
largely echoed US engineering and production strategies—new greenfield plants, single-
purpose (largely American) tools—but in somewhat smaller and scattered factories, due 
to the threat of bombing (Chapter 4). This limited flow production, yet the firm delivered 
over 60,000 Hercules for air service, with later versions generating nearly 1,600 hp. Some 
250,000 of Pratt & Whitney and Wright’s 14s flowed from purpose-built, balanced-flow 
plants using advanced technologies, especially automatic transfer lines and high-perfor-
mance yet flexible machine tools (Chapter 5). After design upgrades, Cyclones delivered 
1,900 hp. With the entry of automakers into engine assembly, veteran aircraft managers 
feared that prioritizing output would undercut precision, with production trumping engi-
neering and safety. Surprisingly, auto engineers quickly accepted the centrality of precision 
to aircraft performance, with Buick and Studebaker plants establishing “stellar” production 
records. In the conflict’s final years, Pratt & Whitney R-2800s and Wright R-3350s were 
powered by double rows with nine cylinders each, nearly 150,000 of which were installed 
on the air forces’ dominant fighters and bombers near the war’s end: P-47 Thunderbolts, 
F6F Hellcats, B-26s, and B-29s (Chapter 6). The Dodge Chicago Plant for Wright engines 
represented the world’s largest manufacturing facility (nearly 7,000,000 ft2), pioneering 
large-scale concrete construction, given steel’s diversion to military uses. The closing chapter 
offers a point-by-point contrast between British and American methods, technologies, 
buildings, and policies during their intertwined engine programs, emphasizing rapid 
adaptation to changing circumstances and effective coordination, while creating hybrid 
forms of precision production blending high-volume output practices and sufficient flex-
ibility to incorporate changes without loss of momentum.

In the decades ahead, this remarkable study will take its rightful place on bookshelves 
alongside Irving Holley’s classic Buying Aircraft: Matériel Procurement for the Army Air 
Forces (1964), which emphasizes airframes, and Hermione Giffard’s Making Jet Engines in 
World War Two: Britain, Germany, and the United States (2016), which previews the mid-
century propulsion transition. Together, they provide a comprehensive analysis of crisis 
techno-politics, the intricacies of urgent engineering and production, and the powerful roles 
of warfare states in driving innovation. The value of such meticulous scholarship will endure, 
as will its contribution to understanding the war’s technical and organizational foundations.

Philip Scranton
Professor Emeritus, History of Industry and Technology, Rutgers University
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Introduction

Shortly after 6 p.m. on August 15, 1945, the shift-change whistle at the Chrysler 
Corporation’s Dodge-Chicago aircraft engine factory gave a triple blast letting workers 
know that Japan had surrendered.1 Within minutes, thousands of workers streamed 

out of the factory to begin a day of celebration. Within days, the US Army Air Force had 
canceled billions in aircraft and aircraft engine contracts, and within weeks, the Dodge-
Chicago factory had laid off the bulk of these workers at the factory, who joined millions 
of others in Britain and America whose work came to an end at the close of World War 
II.2 On August 29, the last of 18,413 18-cylinder Wright Aeronautical R-3350 Cyclone 18 
engines built at the Dodge-Chicago factory, the most powerful and complex aircraft engine 
put into quantity production during the war, came off the assembly line.3 Soon the factory 
became empty and quiet, with rows of stilled machine tools, engine parts stacked waiting 
for assembly, conveyors unmoving, and silent foundries and forges, its achievements are all 
but forgotten to this day.4

In the weeks leading up to Japan’s surrender, the Dodge-Chicago factory had been a 
hive of activity. Each day, some 28,000 employees arrived at the factory, the largest aircraft 
factory in America. The main manufacturing building was at the time the largest single-
story industrial building in the world. The building had a total floor area of 4,323,000 ft2 
enough to hold the Ford factory at Willow Run with room for 20 baseball fields alongside.5 
Approximately 24,700 linear feet of conveyors within the manufacturing building moved 
parts through machining and other processes to final assembly.6 The Dodge-Chicago 
factory’s magnesium and aluminum foundries, substantial buildings in their own right, 
and light and heavy forges provided rough castings and forgings that the more than 7,600 
machine tools in the main manufacturing building machined into the 13,000 finished parts 
each Wright R-3350 engine required. After assembly, every single engine built at the factory 
went to the test cells for several hours of testing at different power settings. Every single 
engine was then completely disassembled, every single part inspected, and the engines 
reassembled and sent for a final test before packing and shipment to the factories building 
the Boeing B-29 Superfortress for the US Army Air Force. During July 1945, the Dodge-
Chicago factory completed 1,697 Wright R-3350 engines, an average of 54 a day.

The Dodge-Chicago factory was just one part of a massive British and American 
Government undertaking during World War II to build airplane engines in unprecedented 
quantities to sustain Allied air power in the fight against the Axis.7 During World War II, 
the British and American governments’ commitment to air power as a key contributor to 
the Allied victory over the Axis powers created an unprecedented requirement for high-
performance aircraft engines, creating a source of demand that justified a radical change 
in methods of aircraft engine production. This was not the conversion of a civilian industry 
to war production, but the creation of an entirely new industrial structure, with new factories 
far bigger than their peacetime equivalents, thousands of new machine tools, the mobiliza-
tion and training of tens of thousands of workers, and new production methods. The British 
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and American governments provided the financing for the immense amount of capital 
required. The scale and complexity of this effort are barely understood.

Contrary to the standard narrative on production in World War II, British and American 
aircraft engines were not built using mass production methods and assembly lines as 
commonly understood in previous histories of industrial production and that was best 
exemplified in the American automobile industry. High-performance aircraft engines were 
at the pinnacle of precision engineering. Their manufacture demanded a degree of precision 
and quality control well beyond the standards of other products produced in great volume. 
Production of aircraft engines could not be easily transferred to the methods commonly 
employed in the automotive industry. Instead, British and American aircraft engine manu-
facturers and the automotive companies who worked with them to build aircraft engines 
during the war created hybrid forms of production organization, selecting those automotive 
industry productions that addressed the unique characteristics of aircraft engines.

Defining Mass Production
Our understanding of industrial production in World War II is flawed. It is based on an 
incorrect and overly simplistic concept of mass production. There have been numerous 
studies of wartime industrial mobilization but less on the transformation in methods of 
production that took place during the war; the “what” has been well documented, but the 
“how” is less so.8 The standard narrative of wartime production is that the mobilization of 
British and American industry for armaments production was straightforward, a matter 
of applying more money, more labor, and “mass production” to convert what were essentially 
civilian industries and civilian technologies to the production of war material.

An emphasis on a narrow conception of mass production focused on the assembly 
line as the defining aspect of wartime production conforms to “grand narratives of business 
and technology history that emphasize the pivotal role of large-scale corporations and 
mass production in American industrial development.”9 These narratives have often offered 
the “miracle of mass production” as an explanation for industrial production in World 
War II.10 It fails to take into account how British and American industry built many tech-
nically complex weapons such as warships, aircraft, and aircraft engines in great quantities 
during the war. Particularly with respect to aircraft and aircraft engine production, histo-
rians “never ventured far beneath the surface of glib wartime proclamations about 
armament production. They repeated the motif of mass production, thus avoiding further 
exploration of the single most important transitional period in the aircraft industry.”11

The term mass production has little explanatory power. Mass production simply refers 
to the volume of production rather than to a specific method of production. As a current 
text notes, “the term mass production is often loosely understood to imply a particular 
method of production. In fact, mass production is nothing more than production on a large 
scale.”12 The term mass production has come to describe a generic method of production, 
most closely associated with the American automotive industry and the Ford Motor 
Company’s factory at Highland Park in Detroit, where many elements of high-volume auto-
mobile production originated. This concept of mass production incorporates five key elements:

•• A division of labor into specialized tasks that can be performed by semi- or unskilled 
workers.

•• Interchangeable parts and standardized products requiring minimal adjustment 
or finishing.

•• Single-purpose machine tools in place of standard, universal machine tools to obtain 
faster production of component parts.
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•• Laying out machining operations and manufacturing processes in the correct 
sequence to ensure a continuous flow of work throughout the factory.

•• Moving, mechanized assembly lines to assemble more complex products moving 
the material along a line of stationary workers who progressively add components.13

These separate elements are sometimes subsumed into and assumed to be part of the 
overarching term, the assembly line, seen as the defining characteristic of mass produc-
tion.14 The moving assembly line has become “central to the popular iconography of mass 
production” and “central to the academic historiography of Ford” as Ford’s fundamental 
productive innovation.15 Using these key elements to define mass production and privileging 
the moving assembly line “offers not analysis but description which jumbles together results, 
principles and techniques” and projects “specific and contingent features of Ford’s practice 
as universal and necessary characteristics of a coherent system.”16 When applied in other 
contexts, however, broad definitions and generalizations about mass production methods 
that put primacy on the assembly line become problematic.17 While there were many stan-
dardized products manufactured in high volumes such as automobiles whose production 
could, according to these commonly accepted elements, be classed as mass production, 
there were many that were not. Stating that production during World War II was based on 
mass production, as the standard narratives do, is correct in terms of production volumes, 
but tells us little about how armaments were actually manufactured.

Karel Williams, Colin Haslam, and John Williams have shown that at the Ford factory 
at Highland Park “the moving line was only one amongst several equally important instru-
ments for moving workpieces past the stationary worker.”18 Instead, Ford’s greater achieve-
ment was to significantly improve the flow of work through each stage of the manufacturing 
process, not just at the final assembly stage.19 They have proposed a more encompassing 
concept of production that incorporates a greater variety of production methods encom-
passing the process of converting raw materials into finished components through 
machining. This they call repetitive manufacturing (ReM), the “repetition of the basic 
process operations so that successive workpieces travel along the same work path.” ReM 
does not require standardized products or high production volumes, can incorporate the 
production of complex products with varying production times, and may or may not require 
assembly lines.20 Creating what they term “the standardization of the workpath,” that is, 
the flow of work from process to process, creates possibilities to increase production at a 
reduced cost by removing indirect labor as Ford had done at the Highland Park factory.21 
The key is achieving “improved flow within and between the different stages of the conver-
sion process. Smooth, continuous flow is the basis for ReM cost reduction.”22

Aircraft engine manufacturing is an example of repetitive manufacturing. What made 
the production of complex aircraft engines possible in unparalleled quantities during the 
war was not just larger factories, more machine tools, and more workers, but the shift to 
flow production on a scale that had never been attempted before. Obtaining a smooth and 
continuous flow of work through the production process increased production speed, lowered 
production times, and increased output. Continuous flow production is a concept that 
assumes that workpieces flow smoothly from the beginning to the end of the production 
process, with minimal distance between processes, and materials handling devices to 
minimize transfer times between operations.23 In flow production, an assembly line might 
be only one component of a much larger system ensuring the progressive and continuous 
flow of parts through a factory.24 The savings in time at each step in the manufacturing 
process could be incremental, but cumulatively significant. Different machining or processing 
times for different components or reliance on a timely supply of components from outside 
subcontractors could create interruptions. Efficient flow production minimized these irregu-
larities and ensured simultaneous operations at all stages of the manufacturing process.25
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Continuous flow production is a concept; line production is the method of achieving 
flow production. Line production has both a spatial and temporal dimension. From a spatial 
dimension in line production, machine tools and manufacturing processes are arranged 
in sequence so that the work flows successively and continuously from operation to opera-
tion, along a direct path until the component or product is completed.26 The material being 
worked on must flow through the production process at a continuous but uniform rate; 
this is the temporal dimension of line production.27 In other words, the manufacturing 
processes must be balanced so that no one operation is either significantly faster or slower 
than other operations; operating times are equalized throughout the manufacturing 
process.28 This is referred to as line balance. The purpose of balance was “to obtain maximum 
utilization of man power, maximum machine usage, and minimize material or time in 
process.”29 Though line production was often incorporated into high-volume production 
methods, line production is not synonymous with mass production as high-volume produc-
tion can be achieved in many different ways without the progressive arrangement of manu-
facturing operations that characterizes line production.30

The principal disadvantage of a system of line production was cost. For maximum 
effectiveness and economy, line production “demands a reasonably large quantity of a 
fairly standardized product” and predictable production volumes.31 Setting up line produc-
tion, particularly employing single-purpose machine tools and mechanical conveyor 
systems, could require a heavy initial capital investment. Making changes to the line 
could be time-consuming and costly. Manufacturing a standardized product that required 
no design changes maximized the economic benefits of a line production system as changes 
in design often required changes in machine tools or manufacturing processes, inter-
rupting continuous flow. Freezing a design during a production run so that neither 
machine tools, processes, or materials needed to be changed was an accepted practice.32 
However, line production systems were not completely inflexible and could incorporate 
measures to allow for flexibility in design, output, layout, and equipment.33

Modes of Production: Alternatives  
to Mass Production
Mass production, that is, production on a large scale, was not suitable for every product, but 
there were alternatives. The large managerial firms that comprised “mass production” in 
America were in fact only a small proportion of the total American manufacturing sector 
that emerged from American industrial development in the nineteenth century. There was 
“a spectrum of possible approaches to manufacturing” aside from high-volume, mass produc-
tion methods.34 Philip Scranton has shown that mass production is simply one mode of 
production among several alternatives. He argues that in the evolution of American manu-
facturing into the twentieth century there were basically four approaches to manufacturing goods:

•• Custom production: where a single item was manufactured to a customer’s specific 
requirements.

•• Batch production: where goods were manufactured in varied lots based on customer 
orders.

•• Bulk production: where staple goods were manufactured in large quantities using 
relatively simple technology.

•• Mass production: where standardized goods were manufactured in vast quantities 
using more capital- and technology-intensive methods to meet continuing demand.
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Importantly, Scranton points out that these terms refer to approaches to manufacturing 
products and not to firms or industrial sectors exclusively.35 Scranton links custom and 
batch production into what he terms flexible or specialty production and notes that there 
were numerous cases where a firm would employ various modes of production to manu-
facture a range of goods, what he terms “diversity within diversity.”36

In Scranton’s schema of the four approaches, the key variables between the different 
approaches are the nature of the product and the nature of demand. The more specialized 
the product, and the more uncertain and variable the demand, the more likely a firm was to 
adopt some forms of specialty production. Conversely, where products were standardized 
and demand was high, the more likely bulk or mass production would be  the chosen 
approach.37 These distinctions were evident to contemporary and later production engineers, 
if not business historians.38 Scranton categorizes the pre-World War II airframe and aircraft 
engine manufacturers, for example, as using a combination of “job-shop” and “batch” produc-
tion methods of manufacture and using relationships with smaller specialty firms to provide 
parts and subassemblies.39 For Scranton, batch or specialty production was not a failed attempt 
to reach mass production, but a significant component of American industrialization.40

In batch production, manufacturing operations would typically be sequential, but not 
necessarily continuous.41 As the name implies, batch production involved making products 
in batches, often of different quantities and often only to specific customer orders.42 Often 
with batch production the layout of machine tools and equipment would be by function. 
All drilling machines, or lathes, or milling machines would be grouped together, with all 
drilling operations completed before the work moved on to the next type of machine. With 
batch orders, the work would not be passed on to the next stage of manufacturing until 
workers had completed operations on the entire batch.43 This meant that a certain portion 
of the work would be set aside in storage until the entire batch was finished and that once 
it had completed its assigned tasks the operating unit could well be idle unless a follow-on 
batch arrived.44 Given the unpredictability of demand, irregularities in the flow of work 
using batch production methods could be difficult to avoid. The time lag between the arrival 
of raw materials at the factory and until completion of the batch order could be considerable.

In the years before World War II, aircraft engine manufacturing, as will be made evident, 
was a form of batch production. The aircraft engine manufacturers built their engines in small 
batches according to specific orders from the military, commercial airlines, or airplane manu-
facturers. Rarely did the major aircraft engine firms build more than a few hundred engines 
a month and often considerably less. As war approached, the challenge for the British and 
American Governments, and the aircraft engine manufacturers, was to make the transition 
from batch production to quantity production rapidly and with no diminution of quality. This 
had never been done before on this scale, with such complex pieces of machinery, or so quickly.

The Limitations of Mass Production  
in Wartime
Switching from batch to quantity production of high-performance aircraft engines was not a 
simple matter of imposing high-volume automotive production methods onto aircraft engine 
manufacturing. What many standard narratives of industrial production in wartime fail to 
appreciate are the sometimes vast differences in the characteristics of different armaments and 
how these differences can determine production methods, making some methods suitable and 
others incompatible with mass producing a product. Moreover, military services often faced a 
difficult choice between obtaining weapons in large quantities and obtaining improved weapons, 
a dilemma of quantity or quality.45 Mass production, building weapons in huge quantities, 
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often required freezing a design to obtain economies of scale in production.46 Maintaining 
qualitative superiority, however, requires frequent design changes that are often incompatible 
with high-volume production. During World War II, the race for greater engine power and 
greater engine reliability meant that manufacturers were constantly making design changes to 
existing engines and successively shifting to improved aircraft engine models. The trade-off 
was “between scale efficiency and flexibility: large-scale production was more efficient, but 
flexibility in production was essential to accommodate new weapons and modifications.”47

Jonathan Zeitlin has argued that during the war aircraft production required not just 
the capacity to build aircraft in large numbers, but also the flexibility to incorporate frequent 
design changes to keep pace with changes in operational requirements and the constant 
demand for improved performance.48 Much as Holley noted in his concept of “quantity 
versus quality,” Zeitlin argues that “the central dilemma of wartime aircraft manufacture 
was the need to balance the qualitative gains obtainable through design modifications 
against the quantitative losses resulting from interruptions to continuous production 
runs.”49 As Zeitlin argues, “established mass-production methods such as those pioneered 
by the automobile industry, typically proved too rigid for the high level of uncertainty and 
rapid pace of innovation imposed by the war economy. Successful aircraft manufacturers 
therefore needed to find new ways of reconciling the high throughput of mass production 
with the adaptability of the craft workshop.”50 What emerged in both Britain and America 
was what Zeitlin calls “hybrid forms of productive organization” for building both aircraft 
and aircraft engines.51 This was particularly true as in both countries the governments 
found that the automotive industry’s methods and equipment were “far less appropriate” 
for aircraft manufacture than had been originally anticipated.52 “Automobile Industry 
practice,” as it turned out, “could not be directly transferred to aircraft manufacture,” or, 
as it turned out, for producing aircraft engines.53

New Factories, New Machine Tools
This study of aircraft engine production in Britain and America will focus on the wartime 
production of high-performance, air-cooled, radial aircraft engines by three companies—the 
Bristol Aeroplane Company in Britain, and in America the Pratt & Whitney Aircraft Division 
of the United Aircraft Corporation and the Wright Aeronautical Corporation—and the 
automotive companies that built their engines during the war. As the study will show, 
wartime production of Bristol, Pratt & Whitney, and Wright aircraft engines took place in 
newly built, government-financed factories using newly designed machine tools specially 
adapted to manufacturing aircraft engine components in large quantities. Wartime aircraft 
engine factory design in Britain and America went through four generations of factories. 
The prewar Bristol, Pratt & Whitney, and Wright aircraft engine factories were built to 
accommodate low-volume batch production. The first generation of wartime factories, built 
under the British Government’s first shadow factory scheme, was smaller than the prewar 
original factories and followed prewar production methods. The second generation of 
wartime aircraft engine factories, built under the second shadow factory scheme and as part 
of Wright’s first expansion in capacity, was substantially bigger and was specifically designed 
to incorporate line production. The third generation built as American rearmament acceler-
ated during 1940–1941 was even bigger and was exclusively American. Many were larger 
than prewar automotive factories and larger than any single aircraft engine factory building 
in Britain. The fourth generation, again built only in America, were true giants, including 
the largest single-story industrial buildings built up to that time (Table I.1)54.
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This study will also show how the aircraft engine manufacturers worked with the British 
and American machine tool industries to develop new types of machine tools specifically 
to build aircraft engines in quantity. Machine tools underwent rapid development during 
the war. As the demand for all types of armaments increased, the British and American 
aircraft engine factories faced a shortage of skilled machinists. The only alternative was to 
hire semi- and unskilled workers who were available, but the tens of thousands of these 
workers recruited to work in the wartime aircraft engine factories were new to metalworking. 
They could not be expected to machine complicated components with just a few weeks of 
training. Instead, machines had to do the complex machining for them. In a process of 
deskilling, the skills of the experienced machinist had to be transferred to the machine and 
machining operations were broken down into simpler steps so that unskilled workers could 
complete the operations. Automaticity, making more and more functions of a machine tool 
automatic, was the only means of dealing with lower skill levels and increasing production.55 
As a result, during the war there was an increasing move to automatic machines in place of 
standard machine tools.56 There were three phases of machine tool development during the 
war. In the first phase, from 1938 to 1940, the aircraft engine manufacturers developed jigs 
and fixtures for standard machine tools that enabled semi-skilled workers to operate the 
machines with training. In the second phase, from 1940 to 1942, the aircraft factories in 
Britain and America introduced semi- and automatic machine tools, especially machine 
tools that could perform multiple operations on a workpiece and move the workpiece from 
station to station in the machine with no need for intervention by an unskilled machine 
operator. In the third phase, from 1942 to 1944 primarily in America, Pratt & Whitney and 
Wright Aeronautical worked with the leading machine tool companies to develop even more 
advanced and more capable machine tools, specifically for manufacturing aircraft engine 
components that could replace multiple standard and earlier automatic machine tools.

Fundamentally, as this study will show, in making the transition from prewar low-
volume, batch production to quantity production in wartime, the British and American 
aircraft engine manufacturers had to work out how to make large, complex aeroengines in 
ways that had never been attempted before without sacrificing standards of precision and 
quality. The key to building aircraft engines in unprecedented quantities was to shift to line 
production to obtain a more continuous flow during the production process, subdividing 
and simplifying machining operations for semi- and unskilled workers, and creating special-
ized, single-purpose machine tools.57 This required careful attention to the layout of machine 
tools and manufacturing processes in the factories, a reconfiguring of the engine assembly 
process, careful control of flow through the different stages of manufacturing, and estab-
lishing balanced operations along the production line.58

In telling the story of these three companies and their licensees, their wartime factories, 
and the machine tools that built their engines, the goal of this book is to contribute to a 

TABLE I.1 Four generations of factories building Bristol, Pratt & Whitney, and Wright 
aircraft engines.

Factory 
generation Date

Machine shops size 
(ft2) Employment

Batch/flow 
production

Automatic 
transfer 
machines

1st generation 1936–1937 100,000–175,000 1,500–5,000 Batch No

2nd generation 1939–1940 500,000–880,000 5,000–10,700 Flow Mixed

3rd generation 1941–1942 1,000,000–1,800,000 8,300–37,000 Flow Yes

4th generation 1942–1943 2,900,000–4,322,000 23,000–33,000 Flow Yes©
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deeper understanding of industrial production in World War II and to add a missing chapter 
to the history of production.

As the Harvard Business School’s study of American airframe and engine production 
in World War II commented:

In summary, many of the changes in engine and airframe manufacturing processes 
between 1940 and 1944 could be classed as differences in kind, not just differences in 
degree. While techniques were borrowed from other industries, the special character-
istics of airframes and engines made it impossible to adopt the established techniques 
of any other industry without revisions. To meet wartime production goals, the manu-
facturers of airframes and engines were not just forced to do, on a vastly greater scale, 
a job they had already been doing in peacetime. They had to do an essentially different 
job which neither they nor others had ever done before.59
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Building Aircraft Engines:  
1929–1939

Introduction

To appreciate the magnitude of the challenges the Bristol Aeroplane Company, Pratt 
& Whitney, and the Wright Aeronautical Corporation faced in achieving quantity 
production, it is necessary to understand the complexities of building large air-cooled 

radial engines and the state of the companies before the war. At the time, and even subse-
quently, many in government and the public believed that aircraft engines could be easily 
manufactured in automobile factories using the same methods and machine tools used for 
building automobiles and automobile engines. Quantity production of aircraft engines in 
wartime would, therefore, be a straightforward matter of converting automobile factories to 
aircraft engine production. As will be shown, this proved not to be the case. The engines that 
Bristol, Pratt & Whitney, and Wright built stood at the pinnacle of precision engineering. 
These engines were far more complex machines than automobile engines and required a far 
higher degree of precision and quality control. Aircraft engines were made with different 
materials than automobile engines using different manufacturing processes. A critical 
difference was that aircraft engines were not built on long, continuously moving assembly 
lines, as were automobiles, and unlike automobiles, they were assembled, disassembled, and 
assembled again before shipment. These differences made building large aircraft engines in 
quantity challenging, particularly given the small size and limited resources of the major 
aircraft engine manufacturers in the interwar period.

1
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Building Automobile Engines
To understand the complexity of an aircraft engine, one must start with its closest relative, 
the automobile engine. In his textbook on aircraft engines, D.R. Pye noted that in its essen-
tials the aircraft engine was the same as any high-speed internal combustion engine.1 Pye 
went on to assert, however, that there were critical qualitative differences between the two. 
In his view, the aircraft engine was “the aristocrat, or rather, perhaps, the athlete of the 
species, with no superfluous tissue and every part fine-drawn to put forth its maximum 
effort and to endure for long periods under those severe conditions.”2 The large high-
performance aircraft engine was, as Sir Harry Ricardo claimed, at the pinnacle of precision 
engineering. As Ricardo said, “The modern piston aircraft-engine…represents probably 
the finest achievement ever reached in any sphere of mechanical engineering.”3 There are 
five key areas of differentiation between aircraft engines and automobile engines that need 
to be explored: requirements for the engine and its characteristics, the impact on design, 
materials used in construction, the manufacturing processes, and quality control and testing.

The basic requirements and characteristics of an automobile engine were its perfor-
mance, smoothness of operation, fuel consumption, weight, and low initial cost of manu-
facture and installation.4 During the 1930s, the average passenger car came with a water-
cooled engine of four, six, or eight cylinders producing from 10 horsepower (hp) to 85 hp. 
The typical automobile engine usually runs at 22% power and only rarely above this level.7 
Thus, the engine was rarely subjected to abnormal stress. The required level of reliability 
was a level “deemed adequate for that particular application.”5 What was deemed adequate 
reliability could vary with operating conditions, but under normal operations engine failure 
in an automobile did not necessarily have to be life-threatening. While weight was an 
important consideration, as a lighter engine improved performance or allowed the weight 
savings to go toward other features, the power output to the weight of the engine was not 
a critical consideration for the average automobile engine. The automobile engines of the 
1930s were straightforward machines.

The Ford Flathead V-8 engine, introduced in 1932, is a typical example. The Ford V-8 
had two banks of four cylinders, set in a V form, forming the cylinder block with the upper 
half of the crankcase.6 This monobloc design, with the cylinders cast integrally, provided 
a rigid supporting structure for each cylinder. The initial model of the Ford V-8 produced 
65 hp, which later increased to 75 hp and then 95 hp by the end of the decade.7 During this 
period, the Ford V-8 had only minor modifications as the horsepower increased. A complete 
Ford V-8 engine contained over 2,000 individual parts.8 It did not use special high-strength 
steels or alloys. The cylinders and the upper half of the crankcase were cast in a single block 
from gray cast iron with a small amount of steel added.9 Gray cast iron was typically used 
in automobile engines at the time because it was inexpensive, easy to machine, and had 
excellent compressive strength and vibration dampening characteristics.10 The cylinder 
head attached to the top of the crankcase and the pistons were cast from aluminum alloys, 
while the crankshaft and camshafts were cast or forged from carbon manganese steel and 
then heat-treated before machining.11 Ford used carbon manganese steel and a drop-forging 
process to make the connecting rods that were heat-treated after forging and a chromium 
and nickel alloy for the engine valves.12 The lower half of the crankcase was a steel stamping. 
At 585 lb in weight, the 85 hp Ford V-8 had a weight-to-power ratio of 6.88 lb/hp.

By the late 1930s, Ford had mastered the mass production of its V-8 engines. In 1939, 
Ford was producing 3,600 V-8 engines a day at its River Rouge plant; a complete engine 
could be built in 3¼ hours.13 The V-8 cylinder blocks were cast in a single mold at the 
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foundry, after cooling went into an acid bath to remove sand and scale, and then washed 
before machining. Almost all machining operations took place on specialized machine 
tools, with parts moving between machines on rolling conveyors.14 In some of the drilling, 
reaming, boring, and grinding operations, the machines could complete 30 to 70 cylinder 
blocks per hour, completing the required operation in seconds.15 The cylinder block went 
through many operations in this short space of time. As an example, a Plymouth six-cylinder 
cylinder block required 106 operations, including multiple cleanings, painting, and inspec-
tion.16 At the Morris Motors factory in Coventry, a cylinder block for the Morris Eight or 
Ten engine could be machined in approximately an hour and 53 minutes, with the longest 
machining operation requiring only 12 minutes to complete.17

After casting or forging and heat treating, the crankshaft, camshaft, pistons, connecting 
rods, and valves all went through similar but fewer machining operations on specialized 
machines. At the Morris Motors factory, a crankshaft went through 16 machining opera-
tions in 1 hour and 44 minutes.18 Once completed, conveyor systems fed the finished parts 
to the assembly lines where workers assembled the complete engine. While British auto-
mobile manufacturers did not approach Ford’s level of production, they still built substantial 
numbers of automobile engines. By 1935, using more specialized machines, moving 
conveyors, and line production on multiple assembly lines, the Austin Motor Company 
could turn out 2,000 engines a week, while Morris Motors had the capacity of producing 
3,000 engines a week using similar methods.19

Quality control, inspection, and testing practices varied by company, but followed 
certain basic practices. In the production of cylinder blocks, for example, Morris Motors 
would cast a test bar with each pouring of molten metal from the cupolas but apparently 
did not test each cylinder block individually.20 After cooling, each cylinder block would 
be inspected for cracks before machining. Partway through the machining process and 
again at the end, the cylinder block would undergo a water test for the tightness of the water 
jacket inside the cylinder block to reveal any cracks in the block.21 If the cylinder block 
passed the water test, it went on to final assembly. After machining, a piston would 
be weighed to a standard with a limit of ±2 g, and its dimensions would be checked on a 
special measuring device.22 Connecting rods were inspected to check that the bolt holes 
connecting the big end of the rod to the crankshaft were parallel, and then weighed to 
ensure they were within limits, if not exactly equal.23 The crankshafts went through an 
inspection for dimensional accuracy and balance.24 In American passenger automobile 
practice, the key measurement was the “production tolerance,” the difference between the 
minimum and maximum dimensions of the parts that an inspector would pass, usually 
measured in thousandths of an inch and specified in standard tables.25

Once assembled, an engine went to the test department to measure its performance 
against specifications. At the Austin Motor Company, a test machine would drive the engine 
at low speeds to break it in, and then, with water, gasoline, and oil connections attached the 
engine’s own ignition would be engaged to run the engine on its own power for up to 2 hours, 
including 15 minutes at full power.26 This 2-hour engine test seems to have been common 
across the industry. Engines that successfully passed the tests went directly to the chassis 
assembly for installation in an automobile. At Vauxhall Motors in the mid-1930s, one engine 
in every ten was stripped down to its component parts for a more detailed inspection.27

The technology behind the design and construction of automobile engines did not 
undergo significant change during the 1930s, nor were there demands for radical increases 
in horsepower. The quality and reliability of these standard engines were more than adequate 
for the normal operations of passenger vehicles. Aircraft engines, however, were vastly 
different in their requirements, characteristics, and manufacturing methods.
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Characteristics of the Aircraft Engine
In February 1942, the American magazine Automobile and Aviation Industries, the leading 
journal for the American automobile industry, had this to say about the differences between 
aircraft engines and automobile engines:

The fact of the matter is that the resemblance between an airplane engine and a 
passenger car engine is one of name only; from a manufacturing standpoint there is 
little resemblance. True, the component parts bear the same names—because of 
standardization of nomenclature—but they are made of different materials, have 
different form, are subject to more intensive loading, and demand an entirely different 
set of specifications as to tolerances and finish.28

Compared to automobile engines, aircraft engines were far more powerful, more 
complex, more expensive, had more demanding requirements, and were more difficult to 
build (Figure 1.1).

 FIGURE 1.1  The Wright Cyclone 9G (R-1820) introduced in 1937 offered 1,000 hp. To cope 
with higher temperatures, Wright added more cooling fins to the cylinders providing 
2,800 in.2 of cooling area on each cylinder.
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Aircraft engines were very much more powerful than car engines. The Ford V-8 engine 
of the late 1930s produced 95 hp. In contrast, the Bristol Pegasus, Pratt & Whitney Twin 
Wasp, and Wright Cyclone 9 of the mid-1930s produced around 1,000 hp. To produce greater 
power, aircraft engines had far greater capacity. The Ford V-8 had eight cylinders with a 
capacity of 239 in.3. The Wright Cyclone 9 and the Pegasus had nine cylinders with a 
displacement of 1,823 in.3 in the Cyclone and 1,753 in.3 in the Pegasus, while the Pratt & 
Whitney Twin Wasp had 14 cylinders and a displacement of 1,830 in.3. These three engines 
were all radial air-cooled engines, with the cylinders arranged in a circle around the crank-
shaft and individually attached to the crankcase, in a single row in the Pegasus and Cyclone 
9 and in a double row in the Twin Wasp. Air flowing past the cylinders provided the cooling 
medium, with each cylinder having fins in the cylinder head and barrel to dissipate the 
heat from combustion. Therefore, more cylinders and engines such as the Cyclone, Twin 
Wasp, and Pegasus also required more accessories than the typical automobile engine, 
particularly a series of gears to transfer power from the crankshaft to the propeller and a 
supercharger to provide more air for the air or fuel mixture at altitude. Not surprisingly, 
the large radial engine had more parts than an automobile engine. The Wright Cyclone 9 
of the mid-1930s, for example, had 2,946 parts, and the larger double-row Wright Cyclone 
14 with 14 cylinders had over 8,000 parts.

Aircraft and automobile engines differed greatly in price. In 1936, a standard Ford V-8 
Tudor Sedan, Ford’s most popular passenger car, was sold for $520.29 Using a rough estimate 
that the V-8 engine represented 40% of the value of the automobile, the 1936 Ford V-8 
would have cost around $204, or roughly $2.40 per horsepower for an 85 hp engine. In 
contrast, Bristol Aeroplane Company sold its Pegasus engine of 965 hp to the British Air 
Ministry for $8,921, or 17 times the price of the Ford Tudor (the cost to Imperial Airways, 
the British airline, was $9,324 per engine, while sales to the more lucrative foreign markets 
were $9,820 per engine).30 Using the cost to the Air Ministry as the basis, the Pegasus cost 
an estimated $8.95 per horsepower. This was another indication of the greater complexity 
and cost of manufacture of aircraft engines compared with automobile engines.

The requirements for aircraft engines were qualitatively far more demanding. The 
primary requirements for an aircraft engine were performance, weight, and reliability.31 
To a far greater extent than in the design of an automobile engine, these requirements were 
often conflicting objectives. Maximum performance was the primary objective. The airplane 
designer could calculate, based on the estimated weight and drag of the airframe, the 
amount of horsepower required to achieve the airplane’s desired performance with a given 
payload. The goal of the aircraft engine designer was to meet or exceed this requirement. 
The engine designer first chose the number of cylinders needed to generate the required 
horsepower and then decided on their arrangement and method of cooling. To complicate 
the design task, engine weight becomes a critical issue, far more critical for aircraft engines 
than for automobile engines.

The weight of an aircraft engine had to be kept to a minimum to increase the airplane’s 
useful load or performance. Assuming a constant structural weight, every ounce saved in 
engine weight could go to payload or improved performance. The engine designer’s goal 
was to achieve maximum horsepower for minimum weight, as measured by pounds per 
hp. The 85 hp Ford V-8 engine had a weight-to-power ratio of 6.88 lb/hp, while the 1,000 
hp Wright Cyclone 9 engine had a weight-to-power ratio of 1.18 lb/hp. There are numerous 
ways of increasing engine performance, but these often involve increases in the maximum 
pressures and temperatures in the cylinder requiring stronger and heavier parts to cope 
with the higher heat and additional stress. This leads to possibly unacceptable increases in 
weight. The engine designer had to strike a delicate balance between strength and weight 
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in every part of the engine. In the early 1930s, the design of aircraft engines involved 
“striking a judicious and well-balanced compromise between conflicting demands.”32 To 
compound the problem, the engine designer also had to reduce the frontal area of the engine 
to improve drag in flight, thereby limiting the number and placement of cylinders and 
compressing the space available for every other part of the engine.

Achieving maximum performance at minimum weight was challenging, but even more 
fundamental was engine reliability.33 An airplane engine could have outstanding perfor-
mance but would be useless if it was not dependable. Unlike its automobile counterpart, 
the failure of an aircraft engine could and did lead to the loss of life. All parts of the 
engine—valves, pistons, connecting rods, crankshaft, gears, and propeller—had to work 
in near-perfect harmony across the speed range of the engine. A failure of one part could 
cascade into a failure of the entire engine. Though difficult to achieve, the standard for 
reliability had to be  perfection.34 As aircraft engines increased in performance and 
complexity, finding a compromise between strength, weight, and reliability became more 
challenging. An important aspect of the pursuit of reliability was meticulous attention to 
detail, hence the “thousand and one steps” necessary to improve engine performance and 
reliability.35

Ensuring aircraft engine reliability was more challenging because these engines were 
subject to greater stress and a wider range of operating conditions than the standard auto-
mobile engine. Like all internal combustion engines, mechanical stress in an aircraft engine 
came from the rapid increase in pressure and heat within the cylinder during combustion 
and the movement of the valves, pistons, connecting rods, and crankshaft as combustion 
transformed heat energy into mechanical energy. At take-off and during the climb, the 
engine will often run at maximum power, while at cruising speed the engine operates at 50 
to 60% of maximum power, compared with the typical automobile engine, which runs at 
22% power and only rarely above this level.36 Moreover, unlike other internal combustion 
engines, the aircraft engine must cope with a far greater range of air pressures and tempera-
tures as it operates at different altitudes. Given the heat and mechanical stresses an engine 
was subject to, it was not surprising that for many years aircraft engines were subject to a 
long catalog of failures such as fractures in the crankshaft, broken exhaust valves, piston 
failures, and bearing failures.37

Differences in Manufacturing Methods
The requirement that aircraft engines have high performance, minimum weight, and 
maximum reliability under all operating conditions had important implications for the 
methods used in their manufacture.38 The extent of the differences compared with the mass 
production methods of the automobile industry was not well understood or appreciated.39 
The methods used to manufacture aircraft engines had to incorporate certain constraints 
not found in most other metal machining industries: a far higher degree of precision and 
finishing in machining, the qualities of materials used in high-performance aircraft engines, 
more demanding quality control, and the need for flexibility to accommodate frequent 
design changes.

The need to ensure minimum weight but maximum strength of all engine components, 
the need to pack thousands of component parts within the smallest possible diameter, and 
the fact that most parts in an engine were either moving parts or in contact with other 
moving parts meant that all components had to be machined with far greater precision 
than automobile parts.40 Similarly, these components had to fit together perfectly and all 
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sides of a component part had to have as perfect a surface finish as possible. Any scratch 
or minor defect could result in the failure of the component given the intense stress aircraft 
engine components were subjected to.

The requirement for maximum power output with minimum weight and great reli-
ability placed severe constraints, to a far greater extent than for automobile engines, on 
the materials that could be used in aircraft engine construction. For greater reliability, 
component parts had to be exceptionally strong to withstand the stresses of operation, 
but at the same time exceptionally light to minimize weight, a contradiction seemingly 
impossible to resolve. In addition, the engine designer had to use materials that could 
both withstand the heat generated in combustion and contribute to the dissipation of 
heat to ensure engine cooling. In designing an engine, the designer had to carefully 
consider the competing demands of strength, weight, and operating temperatures. Based 
on the required strength, the engine designer had to select appropriate materials that 
would meet this requirement with minimum weight, but that would also be readily adapt-
able to the manufacturing process.41 As an example, the gray cast iron used in the Ford 
V-8 cylinder block was inexpensive, easy to cast, and easy to machine, but it was heavy 
and had poor thermal conductivity, making it unsuitable for aircraft engines.42 The air-
cooled aircraft engine cylinder needed lightness, rigidity, and good thermal conductivity.43 
Steel could combine rigidity with light weight, but it did not have adequate thermal 
conductivity. For this, engine designers had to construct the cylinder head, where tempera-
tures from combustion were greatest, from aluminum alloy, which had far greater thermal 
conductivity than steel.44

Aircraft engine designers made extensive use of high-tensile strength steel alloys, 
particularly nickel–chromium–molybdenum steel alloys that could be put through a lengthy 
nitriding process for additional hardening.45 For its excellent thermal conductivity, cylinder 
heads and pistons were made of Y-alloy aluminum, while aluminum’s light weight made it 
suitable for radial engine crankcases. In time, stronger and lighter manganese replaced 
aluminum in crankcases. For valves and valve seats, especially exhaust valves that were 
subject to the highest temperatures during combustion, a special cobalt–chromium alloy 
called Stellite came into use during the 1930s. The high-performance air-cooled radial 
engine of the 1930s, unlike the comparable automobile engine, consisted of a variety of 
metals with different characteristics and manufacturing requirements. As aircraft engine 
power steadily increased during the 1930s, there was a constant effort to improve the quality 
of materials used in engine components.46 The science of metallurgy was arguably far more 
important to aircraft engine development than automobile engines.

Unlike the manufacture of automobile engines, a significant amount of time and effort 
went into hardening components. Given the high and continuous mechanical stresses an 
aircraft engine was subject to, the need for engine reliability meant that engine components, 
even when made from high-strength steel alloys, had to go through additional hardening 
processes after machining. Cylinder barrels, connecting rods, crankshafts, and valves went 
through the nitriding process involving heating these components for a long period in an 
atmosphere of ammonia, in some cases for up to 72 hours, which would result in nitrogen—a 
component of ammonia—reacting with the steel to form a very hard compound known as 
nitride on the surface of the steel.47 Smaller engine parts needing exceptional surface 
hardness went through a carburizing process where the components were heated to 900°C 
together with a carbon-containing material so that the steels could absorb the extra carbon 
after quenching in oil.48 Hardening aircraft engine components through nitriding and heat 
treatment was more comprehensive and more time-consuming than similar processes in 
the automobile industry.
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The greatest difference between automobile and aircraft engine practice was the far 
more rigorous system of quality control and inspection. With engine reliability not just 
a customer requirement but a vital marketing tool and potential source of reputational 
risk, it is not surprising that the aircraft engine manufacturers devote far more effort to 
quality control than their automobile counterparts. Testing and inspection were contin-
uous throughout the production process. Every engine component had to be made with 
extreme accuracy to exceptionally fine tolerances and finishes to ensure minimum weight 
with unquestioned reliability.49 To this end, the Bristol Aeroplane Company’s Engine 
Department, Pratt & Whitney, and Wright Aeronautical maintained extensive engine 
inspection departments responsible for testing the quality of materials and the accuracy 
and condition of every part as it made its way through production. At the Bristol Engine 
Department in the mid-1930s, each engine and its component parts received over 30,000 
separate inspections.50 As an example, manufacturing a connecting rod for one type of 
large aircraft engine required 90 machining operations but 100 inspections, while manu-
facturing a connecting rod for an automobile engine required only 25 operations and 30 
inspections (Figure 1.2).51

 FIGURE 1.2  Inspecting engine parts at the Bristol Aeroplane Factory Circa 1937. In 
contrast to manufacturing automobile engines, every single part in an aircraft engine was 
subject to a meticulous inspection before assembly and then after a completed engine had 
undergone preliminary running. Aircraft engine parts were machined to a much higher level 
of precision than automotive engine parts.
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Quality control began with the arrival of raw materials and parts at the factory. Instead 
of taking a sample of molten metal from a cupola as in the automobile world, the Bristol 
Engine Department inspected and performed tests on every bar and ingot that came into 
the factory to ensure that all materials met official Air Ministry standards. In the produc-
tion section, inspectors checked the first component from every operation and, in some 
cases, every component, checking for dimensional accuracy with gauges that could measure 
to the ten-thousandths of an inch and the quality of the finish. At the end of machining 
operations, every part received a final inspection before being passed, with inspectors 
checking for hardness and, for highly stressed components, using a Magna-Flux test 
machine to search for flaws in the material. The Engine Department maintained a detailed 
set of inspection instructions for every component, every assembly operation, and the final 
assembled engine. As workers combined component parts into subassemblies, inspectors 
examined each subassembly for tolerances and working order. The final assembly of the 
complete engine went through further inspections at every stage.52

Every single aircraft engine went through a more rigorous testing procedure than that 
used for automobile engines. After thorough inspection following assembly, an engine went 
to a test stand where it underwent an endurance test, called the “green run,” running for 2 
hours or more at normal power after which every engine, as opposed to one in ten, was 
completely stripped down to its individual parts and every part inspected for any defects. 
The engine was reassembled and put through a final test run for half an hour at full throttle. 
Additional tests determined the fuel and oil consumption and made sure that the power 
output conformed to standards for the specified type of engine.53 Once all tests had been 
completed, there was one last full inspection and then the engine was ready for shipment. 
This was not a process that could be easily converted to automobile assembly line practice.

One of the hallmarks of mass production methods was the standardization of designs 
that allowed volume production. Maximum production came from minimal changes in 
design.54 In contrast, aircraft engines were subject to frequent design changes as engineers 
strove for greater reliability, increased power, reduced weight, and improved production 
methods. In 1938, Wright Aeronautical built 1,840 aircraft engines and put through 1,032 
design changes.55 The aircraft engine industry faced three continuing conditions, which 
affected production: rapid engine development, pressure for greater reliability, and many 
variables in design, materials, and production methods.56 These conditions apply to every 
part of an aircraft engine. Aircraft engine production methods had to incorporate flexibility 
to respond to these frequent changes in design.

Machining operations for aircraft engine components were more extensive than for auto-
mobile engine parts, partly because an aircraft engine contained considerably more components. 
A Wright Aeronautical study of the production of the Cyclone 9 engine determined that 
producing the engine’s 2,946 parts required 36,857 machining operations, including 568 opera-
tions in the Wright foundry.57 Producing one nine-cylinder Wright Cyclone 9 aircraft engine 
required 40 operations on each of the nine cylinder heads and 42 operations on each cylinder 
barrel, 57 operations on the master connecting rod, 44 operations on each articulated connecting 
rod, 65 operations on the front section of the crankshaft and 50 operations on the rear section, 
87 operations on the supercharger housing, and 47 operations on the propeller reduction gear; 
this does not include machining operations on the valves, crankshaft, or pistons.58

In another contrast with automobile practice, machining operations on some aircraft 
engine components removed substantial amounts of metal. Many components started as 
heavy steel or aluminum forgings, made with more than the required final amount of metal 
to ensure the most favorable consistency or flow of the metallic grains. Finished components 
often weighed just 25 to 30% of the original heavy metal forging.59 At the Bristol Aeroplane 
Engine Department, as an example, a forged aluminum cylinder head would arrive at the 
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factory weighing 49 lb; 80 machining operations would reduce this to 15 lb.60 Similarly, the 
master connecting rod for the Bristol Pegasus engine went from 42 lb to 9 lb 5 oz. during 
numerous machining operations involving successive work on a lathe, drilling machines, 
vertical and horizontal milling machines, and grinding machines.61 This amount of metal 
had to be removed slowly and carefully, requiring more time to set up machines than in 
manufacturing automobile engines.62 Automobile parts, in contrast, could be machined at 
higher cutting speeds and with fewer cuts.63 Making a connecting rod for an American 
Cadillac automobile involved 20 machining operations taking .2 man-hours, compared 
with 97 operations taking 11 man-hours to make a connecting rod for the liquid-cooled 
Allison engine.64 Weight reduction through machining that was common in the aircraft 
engine industry had never been tried in mass production.65

This example is indicative of another contrast with automobile practice. The machining 
operations in the manufacture of aircraft engine components in this period employed 
machine tools that were significantly different from the machine tools used in automobile 
factories. Removing the amount of metal typical in making aircraft engine components 
required machine tools that were larger and heavier than similar machine tools in the auto-
mobile industry.66 The heavier weight provided the rigidity necessary for the finer tolerances 
and greater precision needed for aircraft engine components.67 Moreover, aircraft engine 
manufacturers tended to use standard machine tools for their greater flexibility rather than 
the more specialized, single-purpose machine tools common in the automobile industry.68 
The comparatively low volume of production in the aircraft engine industry—between 50 
and 200 engines a month—could not justify the heavy investment needed for specialized 
machine tools. In the prewar aircraft engine factories, machine tools tended to be grouped 
by function into separate departments rather than incorporated into a continuous process.

The volume of production was a defining characteristic that distinguished the aircraft 
engine industry from the automobile industry. Production in the prewar aircraft engine 
industry qualifies as batch manufacturing, building aircraft engines in small lots.69 Bristol 
Aeroplane, Pratt & Whitney, and Wright Aeronautical built small lots of aircraft engines for 
specific customer orders; none of the companies built engines for inventory. In 1935, the 
Bristol Aeroplane Company’s Engine Department produced 725 complete engines and the 
equivalent of 230 engines in the form of spare parts.70 This works out to an average production 
of 18 engines per week. In 1938, Pratt & Whitney delivered 695 Twin Wasp engines at a rate 
of 13 per week, while Wright Aeronautical built 1,803 Cyclone 9 engines for the military, 
commercial airlines, and export at a rate of 33 engines per week.71 This contrasts with the 
Ford Motor Company’s production of 942,005 vehicles in 1937 at a rate of 18,115 per week.72 
The aircraft engine manufacturers also built many more models of their engines to cater to 
the different requirements of their military and commercial customers. Whereas the Ford 
Motor Company effectively produced only two models of the Ford V-8 from 1932 to 1939, 
there were over a dozen different models of the Bristol Mercury and Pegasus engines and the 
Wright Cyclone during the same period. Engine orders depended on the airframe manufac-
turer selecting an engine with the required horsepower, so that the aircraft engine manufac-
turers had to provide a range of horsepower in their engine models to meet a wider range of 
needs. Customers ordered specific models of the main Bristol, Pratt & Whitney, and Wright 
aircraft engines, for example, a Wright Cyclone 9-F-53 or Cyclone 9-G-2 or a Bristol Pegasus 
Mk III, which meant that it was difficult for the companies to standardize on one engine 
model. At this level of differentiated demand and low production volumes, there was no need 
and no financial incentive, to make the heavy investment in the specialized equipment, 
conveyor systems, and assembly lines necessary for mass production.

The mass production and assembly-line-oriented methods of automobile production 
were ill-suited to aircraft engine production. Unlike automobile factories, aircraft engine 
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factories did not use continuously moving assembly lines to progressively assemble engines. 
Nor did the aircraft engine manufacturers use assembly lines as a means of regulating produc-
tion rates.73 As has been shown, in aircraft engine factories the main activities were machining 
and finishing operations, with rigorous quality control through continuous inspections. 
Assembly came at the end of the manufacturing process with engines assembled on movable 
tables. In contrast to automobile production, testing after assembly was far more rigorous. 
As all participants in the effort to achieve quantity production of aircraft engines would 
discover, “the production methods of the automobile and other similar industries had to 
be substantially modified before they could be used in [aircraft] engine manufacture.”74

How an Aircraft Engine Was Built
As a further aid to appreciating the complexities of aircraft engine production, it is useful 
to examine how an aircraft engine was built in the interwar period in some detail. A descrip-
tion of building the Bristol Aeroplane Mercury engine serves as a representative example 
(Figure 1.3).

 FIGURE 1.3  The Bristol Mercury VIS of 1933. The Bristol Aeroplane Company introduced 
the first nine-cylinder Mercury engine, developed from the Bristol Jupiter, in 1926. The 
Mercury VIS introduced in 1933 offered 605 hp and powered the Royal Air Force’s Gloster 
Gauntlet biplane fighter.
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The manufacture of an air-cooled radial engine like the Mercury required the 
following steps:

•• Material control: inspection of raw materials and bought-out finished parts.

•• Manufacture of component parts: machining, hardening, and finishing.

•• Preparation of subassemblies.

•• First assembly of complete engines from components and subassemblies.

•• Engine testing.

•• Stripping and inspection after endurance testing.

•• Final test.

•• Final inspection.75

The component parts and subassemblies were as follows:

•• Cylinder assembly, including the cylinder barrel, cylinder head, valves and rocker 
mechanism, and pistons.

•• Crankshaft, master connecting rod, and articulated connecting rods.

•• Crankcase front and rear covers.

•• Blower/supercharger.

•• Propeller shaft and reduction gear.76

From beginning to end, it took approximately 3,870 man-hours to build a Mercury 
engine, with 2,470 man-hours of machining, 560 man-hours of polishing and detail fitting, 
420 man-hours in assembly, 150 man-hours for testing, and 250 man-hours for stripping, 
inspection, and rebuilding each engine.77

The manufacturing process began with a thorough inspection of all raw materials and 
all components purchased from outside specialist suppliers. Bristol maintained a Raw 
Material Inspection Department and a Rough View Department to carry out these inspec-
tions, checking all materials to ensure they met Air Ministry specifications, following 
inspection procedures laid down in the government publication Airworthiness Handbook 
for Civil Aircraft.78 Companies supplying materials to the aircraft engine manufacturers 
had to use manufacturing methods that the Government’s Aeronautical Inspection 
Department had approved and had to provide the engine companies with a release certifying 
that the material or part met the standards of quality.79 A first visual inspection searched 
for any obvious flaws or defects in the material. Raw materials, such as steel bars or the 
wire used in valve springs, went through tests to determine the hardness, the presence of 
any internal flaws or cracks not visible, and tensile strength. Forgings for crankshafts, 
connecting rods, pistons and crankcases, and other components came with a test piece that 
could be broken off and tested to check grain flow and the orientation of metal crystals, to 
ensure that the flow matched the shape of the component to provide greater strength in 
addition to tests for hardness, tensile, and impact strength.80

Building the cylinders began with the cylinder barrel. The barrels arrived as rough 
hollow forgings of nickel–chrome–molybdenum steel, a special alloy developed to provide 
an extremely hard internal surface, which received the most wear, and the strength to resist 
distortion at the much higher power levels of large air-cooled radial engines.81 The first 
operation was to bore out the inside of the rough cylinder on a turret lathe to a diameter 
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of 5.720 in., leaving .03 in. to be removed during a later operation to obtain the correct bore 
of 5.75 in. for the cylinder.82 After more work on both ends, the cylinders went for heat 
treatment to improve strength and hardness, being placed in an oven for 8 hours at a 
temperature of 500°C. When cool, cylinders went through a nitriding process to harden 
the internal surfaces and make them more resistant to wear. This entailed placing the 
cylinders in an oven at 485°C where they were bathed in ammonia gas for 72 hours, the 
ammonia reacting with the heated steel to leave a deposit of nitrogen on the internal surface 
of the cylinder.83

The next procedure was to machine the cooling fins on the side of the cylinder barrel. 
To improve the flow of air around the cooling fins, each fin was tapered to have a thickness 
of .062 in. at the base of the fin and .015 in. at the tip.84 This needed a complex two-stage 
machining operation: The first stage was to cut the fin shape out of the bulged side of the 
forged cylinder, and the second stage was to taper the fins with a special type of lathe using 
38 cutting tools to cut one side of the fins and another 39 tools to cut the other side. With 
the fins cut to the correct depth, an internal centerless grinder ground the internal surfaces 
of the cylinder barrel to within .002 in. of its final diameter (Figure 1.4).85

 FIGURE 1.4  Machining cylinder heads on a Hurth table lathe. Cylinder heads required 
multiple operations on several different machine tools to cut and shape the cooling fins and 
drill holes for the intake and exhaust valves. Each machine tool worked on a single cylinder 
head at a time.
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The cylinder head was a drop forging, made by forcing heated metal onto a specially 
shaped die and then fully heat-treated. These were made from Y-alloy, an aluminum alloy 
containing copper, nickel, and magnesium that combined strength with resistance to high 
temperatures during combustion. Arriving at the engine works as a rough forging, cylinder 
heads went through 80 operations to remove metal and machine the work into the required 
size and shape, reducing the weight from 49 to 15 lb in the process.86 Machining cylinder 
heads was complex due to the number of irregularly shaped cooling fins on the top and sides, 
the shape of the combustion chamber, and the requirement for flat spaces on either side for 
the two inlet and two exhaust ports. This involved careful milling to machine the correct 
surfaces using several different types of milling machines. Once the surfaces were prepared, 
additional milling machines cut out the cooling fins and then tapered them in 26 separate 
operations.87 The ports for inlet and exhaust valves—two inlet and two exhaust ports on each 
cylinder head—were machined from the inside of the cylinder head and then valve seats where 
the valves rest when closed were carefully ground and holes drilled for the spark plugs.88 
Thread milling machines cut threads on the inside of the cylinder head and on the top of the 
cylinder barrel. The cylinder head went into an oven for an hour’s heat treatment at 400°C 
and then had the valve seats, sparking plug adapters, and valve guides inserted while still hot, 
after which the cylinder head was screwed onto the cylinder barrel.89 The final operation of 
this stage was to hone the inside of the cylinder barrel for an even smoother finish.

Pistons were made from R.R. 59 alloy, also known as Hiduminium, a development of 
the earlier Y-alloy of aluminum specifically for aircraft engine pistons that Bristol obtained 
from High Duty Alloys Co. Ltd. The pistons were made by stamping, where metal at room 
temperature as opposed to heated went under a forge or press and was forced over one or 
more dies to make the rough shape of the piston.90 This 9¾ lb rough stamping went through 
44 machining operations, removing 6 lb of metal.91 The first stages of machining worked 
on the outside skirt of the piston to bring it close to the required dimensions and to rough 
out the inside of the piston. A drilling machine drilled a hole through the piston for the 
gudgeon pin that held the connecting rod to the piston, which was then bored to a finer 
finish. The outside of the piston was machined to create two recesses with flat plates for the 
gudgeon pin, after which a lathe cut grooves on the sides of the piston for the piston rings. 
As a measure of the accuracy required, the diameter of the gudgeon pinhole was bored and 
finished to 1.154 in., with a tolerance of +.0007 in.92 At the end of the machining process, 
the piston crown and skirt underwent further surface finishing.

Inlet and exhaust valves were the final parts of the cylinder assembly. Valves had to 
be exceptionally strong to resist the constant hammering they received as the valve ports 
opened and closed and high pressures and temperatures within the combustion chamber. 
The valves were made from hardened steel forgings and put through a nitriding process for 
further hardening. Exhaust valves, which had to cope with higher temperatures, had a 
cavity drilled out of the stem that was filled with sodium.93 At high temperatures, the sodium 
melted and moved back and forth within the cavity, helping to transfer heat down the stem 
of the valve. For additional protection, the valve seat at the back of the face of the valve had 
Stellite, a special hardening substance that resisted corrosion from the exhaust gases of 
higher octane fuels, welded on, while the face of the valve was covered with Brightray, 
another type of hardening agent.94 The valve springs that held the valves closed were made 
from steel wire that was coiled to a set length, then tempered in an oven at 340°C for an 
hour, and afterward plated with cadmium, a corrosion-resistant coating for steel.

The crankshaft and connecting rods are described next. The crankshaft transfers the 
mechanical energy transmitted from the pistons, through the connecting rods, to the 
propeller through a shaft at the front of the crankshaft. Bristol used a two-piece crankshaft 
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with counterweights, the front half containing the crankpin, which holds the master 
connecting rod and a front shaft connecting to the propeller reduction gear, while the rear 
half contained a shaft to drive the impellor for the blower, the two halves being clamped 
together with a magneton joint and magneton bolt.95 Both parts of the crankshaft were 
forged from nickel–chromium–molybdenum alloy steels with high-tensile strength and 
received additional strengthening through nitriding. The front and rear halves of the 
crankshaft went through a series of similar machining operations to drill and ream holes 
through the crankpin and the front and rear shafts to reduce weight, drill a hole for the 
connecting magneton joint, and shape the counterweights and progressive grinding to 
ensure a smooth surface overall.96

Master connecting rods and the articulated connecting rods were also made from 
nickel–chromium–molybdenum alloy steels to better withstand torsional stresses.97 Bristol 
received master connecting rods as steel stampings roughly in the correct form weighing 
42 lb. After machining all surfaces in different milling machines to obtain the correct form, 
the finished master rod weighed 9 lb and 5½ oz.98 Drilling machines drilled a hole at the 
top of the master rod for the gudgeon pin to connect with the piston and eight holes around 
the base to hold the articulated rods. Once drilled, these holes were bored and ground to 
a fine smooth finish. The articulated rods went through similar machining and drilling 
processes to achieve the correct form and form holes for connecting pins. After machining, 
both the master connecting rod and the articulated rods went through a polishing process 
to remove any marks that might result in fatigue fractures (Figure 1.5).99

 FIGURE 1.5  Machining crankcases and blower (supercharger) units for Mercury engines at 
the Bristol Aeroplane factory in 1937. Note how the finished parts are stacked next to the 
machine tools until a workman with a cart can collect the parts and move them to the next 
phase of manufacture.
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Since they were subject to less stress, crankcases could be made from R.R. 56 aluminum 
alloy, another in the Hiduminium range. After stamping to obtain the rough form of the 
front and rear halves of the crankcase, the parts went through a heat treatment process to 
increase the tensile strength.100 Once again, machining removed considerable amounts of 
metal, with the front half being reduced from 84 to 41 lb, while the rear half went from 75 
to 42 lb. The two halves went through repeated machining operations, sometimes separately 
and sometimes temporarily bolted together. The center of each half was drilled out to take 
the front and rear shafts of the crankcase, and nine holes were cut out around the circum-
ference of the crankcase to hold the cylinder barrels, while numerous holes were drilled on 
each half to bolt the halves together and to attach the cylinders and other components. 
After inspection and final treatment of all surfaces by hand, the crankcase was sandblasted, 
and then, the unprotected parts received a coating of protective enamel.101

The final sections to be described are the blower (supercharger) unit, the propeller shaft, 
and the reduction gear. Mercury engines used a gear-driven centrifugal blower.102 The casings 
for the blower unit were made of lighter-weight magnesium alloy machined on both sides with 
holes bored in the center for the rear shaft of the crankshaft, which drove the impeller within 
the blower.103 The impeller was made of much stronger nickel steel and arrived as a rough 
stamping. A hole was bored in the center of the stamping to connect with the crankshaft, while 
the individual blades of the impeller were cut out and tapered. After heat treatment to 
strengthen the blades, they underwent several grinding operations to obtain the correct angles. 
The propeller shaft and reduction gear transferred the movement of the crankshaft to the 
propeller but reduced the speed between the crankshaft and the propeller. The propeller shaft 
with the trunnions that held the reduction gear was a steel forging. Machining the propeller 
shaft was straightforward and could be done on a standard lathe, but the attached trunnions 
required special fixtures.104 Gear shapers cut the teeth for the bevel-shaped reduction gear, 
which were then ground to the correct size and shape (Figure 1.6).105

 FIGURE 1.6  Final assembly of Mercury and Pegasus engines at the Bristol Factory’s East 
Works in May 1937. Teams of two men assembled an entire engine on a movable stand from 
parts held nearby. Once assembled, the engine went for testing.
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Assembly and engine testing were the final stages of the production process.106 At 
Bristol, engine components underwent over 30,000 separate inspections during construc-
tion.107 The final assembly of a Bristol aircraft engine was the responsibility of the Engine 
Building Department, which had three sections: fitting, subassembly, and erecting.108 
Finished components arrived at the fitting section, where they were test fitted, inspected, 
and then passed to the subassembly section, where, after a cleaning process to remove 
any traces of metal filings and further testing to ensure they met specified standards, 
the section assembled the separate components into subassemblies such as the crankshaft 
and connecting rods, the complete cylinder, and complete crankcase. To speed up the 
process, Bristol had divided the staff into the fitting and subassembly sections by compo-
nent, so that there were teams that dealt only with the crankshaft, the crankcase, the 
cylinder, the supercharger, and so on. The subassembly section passed the subassemblies 
to the erecting section for final assembly into a finished engine. Here, the subassemblies 
were allocated to individual specialist assemblers who, working with one junior, would 
together assemble a complete engine. Neither the subassemblies nor the final engine 
assembly was done on a line, but on individual benches or stations with the engines 
mounted on erecting stands.

At this stage, subassemblies included the crankshaft and connecting rods, the 
cylinder unit, the complete blower unit, the propeller shaft and reduction gear, and the 
crankcase, with smaller components such as the pistons, rocker gear and push rods, 
and other engine accessories prepared in other sections. Skilled staff assembled the 
complete engine on special stands that allowed the engine to be rotated to progressively 
accept the subassemblies and other parts to build up a complete engine, checking for 
the alignment of all components and adjusting mechanisms before engine testing. There 
were no assembly lines.

Testing the assembled engine began with several hours of running-in, during which 
an electric motor ran the engine to check that all moving components were working 
correctly.109 Next, the engine went to a dynamometer for endurance testing. With fuel and 
oil supplied, the engine ran for half an hour at low revolutions per minute (RPM) and then 
ran at progressively higher RPM and horsepower settings for another 2 hours when the 
engine was stopped, the oil was replaced, and the engine ran for an additional hour. When 
the endurance test was over, the engine went back to the inspection department where it 
was completely disassembled and every component closely inspected. After reassembling 
the engine, a final running test checked oil and fuel consumption and power output to meet 
Air Ministry specifications.110 This was not a process that could be easily converted to 
automobile assembly line practice.

The Aircraft Engine Industry in the  
Interwar Period
A surprisingly small number of companies, nationally and internationally, built high-
performance aircraft engines in the interwar years. There were numerous aircraft engine 
companies in America, Britain, and Europe that made small engines for lighter aircraft, 
but a smaller number of companies that built aircraft engines with a power output greater 
than 500 hp. Demand for high-performance aircraft engines was limited to the military 
services and commercial airlines. This segment of the aircraft engine industry was highly 
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capital-intensive and required a level of specialized engineering and production knowledge 
that was difficult to replicate. The financial risks facing an aircraft engine manufacturer 
were daunting. This was due to “the enormous cost of developing an engine, the almost 
catastrophic consequences if the engine fails to be accepted, and the relatively small produc-
tion orders in peacetime, if the engine is successful.”111 Given the high costs of entry into 
the industry, the huge financial risks from failure to secure orders, and the low level of 
demand for high-performance aircraft engines in peacetime, it is not surprising that there 
were few aircraft engine firms manufacturing high-performance engines and that the 
industry structure was something of a natural oligopoly, although highly competitive. 
Airframe designers typically chose a specific model of aircraft engine to power an airplane, 
and because engines were not interchangeable, once the airframe designer had chosen the 
specific engine model the aircraft engine manufacturer received an effective monopoly on 
providing engines for that airplane.112 The winning aircraft engine manufacturer would 
receive what amounted to a guaranteed revenue stream for as long as that airplane was in 
service, hence the intensity of competition.

It is important to realize just how small this industry was before the beginning of 
rearmament. In 1936, the entire British aircraft engine industry had 14,291 employees, and 
the entire British aircraft industry had just 36,000 employees.113 In contrast, the British 
Austin Motor Company had over 19,000 employees in 1935, while over 300,000 were 
employed in the automotive industry.114 In 1936, the British aircraft engine manufacturers 
delivered 2,248 engines to the Royal Air Force (RAF).115 The following year, with rearma-
ment underway, the sector delivered 3,440 engines to the RAF and employed 16,936 
people.116 In comparison, that same year the British automobile industry produced 379,310 
passenger cars and 113,946 commercial vehicles.117 The American aviation industry was 
similarly minuscule in size. In 1937, the entire industry—airframe, engine, and part manu-
facturers—employed 30,384 people, well below 1% of total American manufacturing 
employment.118 Employment in the aircraft engine sector did not go over 16,000 until 
February 1940.119 In 1937, the American aircraft engine companies delivered 1,366 aircraft 
engines of greater than 500 hp to the military and produced an additional 2,161 in the same 
class for the commercial airline market.120 That year, the Ford Motor Company alone built 
942,005 vehicles.121

Despite fluctuations in sales to its military and commercial airline customers, during 
the interwar years the aircraft engine industry was decidedly military, not civilian, in its 
orientation.122 All major piston engines in use in civilian airliners during the interwar 
period began as military engines.123 Without a vibrant commercial airline market during 
the interwar period, few aircraft engine manufacturers could take on the financial risk 
of developing an engine purely for commercial airlines. It could take as long as four or 
five years to bring an engine from a prototype to full production.124 Governments were 
willing to support the technical development of aircraft engines through research and 
development funds and military orders.125 As a result, nearly every high-performance 
aircraft engine “in its prototype form and in the early production ‘Marks,’ generally owes 
its existence to the military requirements of the particular country in which it is built.”126 
The military provided the funding for aircraft engine development and military orders 
gave the aircraft engine manufacturers the opportunity to gain experience and obtain 
greater reliability with their engines that would make them suitable for the commercial 
airline market (Figure 1.7).127
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With large capital requirements, the need for specialist knowledge, the heavy financial 
risks involved, and the limited demand for aircraft engines, there were never as many 
aircraft engine manufacturers as there were airframe companies. In Britain, during the 
interwar years, the Air Ministry supported 14 airframe manufacturers but only four aircraft 
engine firms: Armstrong Siddeley Motors, Napier, Rolls-Royce, and the Bristol Aeroplane 
Company, but relied mostly on Bristol and Rolls-Royce for military aircraft engines.128 
Bristol was the dominant firm in the production of air-cooled radial engines, while Rolls-
Royce’s expertise was in the production of liquid-cooled inline engines. Similarly, the 
American Army Air Corps and US Navy used around 16 airframe manufacturers and three 
aircraft engine firms, none of which were particularly large.129 Two companies, the Pratt & 
Whitney Aircraft Company, part of the United Aircraft Corporation, and Wright 
Aeronautical Corporation, part of the Curtiss-Wright Corporation, dominated the manu-
facture of high-performance aircraft engines. As the American military and commercial 
airlines had, by the 1930s, adopted the air-cooled radial engine as their preferred engine 
type, Pratt & Whitney and Wright Aeronautical both concentrated their efforts on radial 
engine technology and production.

France had four firms building engines in the greater than 500 hp class, and Italy also 
had four firms, while Germany had three and Japan had two.130 Only a handful of aircraft 

 FIGURE 1.7  The Bristol Aeroplane Engine Department’s East Works completed in early 
1936. Growing demand for Mercury and Pegasus engines required Bristol to expand engine 
production. The new East Works factory had 200,000 ft2 of space for manufacturing and 
additional facilities for engine testing.
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engine manufacturers could be considered real leaders in the field based on the widespread 
sale of their engines to many airframe manufacturers and their granting of licenses for 
production to countries that lacked the resources to develop their own indigenous industry. 
In the mid-1930s, this list would have included Rolls-Royce and Bristol Aeroplane in Britain, 
Pratt & Whitney and Wright Aeronautical in America, and Gnôme-Rhône and Hispano-
Suiza in France.

The aircraft engine industry was transnational in scope, in the sense that there were 
regular flows of information between countries and between companies. Aviation publi-
cations such as Flight and The Aeroplane in Britain, Aero Digest and Aviation in America, 
and other European magazines featured reports on aircraft engine developments in other 
countries, while industry magazines such as Automotive Industries, Machinery (London 
and New York), and the Journal of the Society of Automotive Engineers carried articles 
on aircraft engines and their manufacture. Annual yearbooks such as The Aircraft 
Yearbook series in America, the Air Annual of the British Empire, Jane’s All the World’s 
Aircraft, and Handbuch der Luftfahrt in Germany carried technical specifications of 
American, British, and European aircraft engines. The Bristol Aeroplane Company’s 
Engine Department maintained relationships with Pratt & Whitney and Wright 
Aeronautical, with Bristol engineers visiting the American firms on several occasions.131 
In America, the National Advisory Committee for Aeronautics translated European 
technical reports on aircraft engine technology for circulation within the American 
aviation industry.132 Similarly, industry magazines such as American Machinist, 
Engineering, Machinery, and Mechanical Engineering carried articles on developments 
in American and European machine tools.

Bristol, Wright, and Pratt & Whitney
Founded in 1910, the Bristol Aeroplane Company built small numbers of airplanes and 
ran flying schools in the years before World War I.133 During the war, the Company built 
several thousand Bristol F.2B two-seat fighters for the Royal Flying Corps and the Royal 
Air Force. During the interwar years, Bristol built a range of aircraft for the RAF and 
export markets.134 Bristol entered the aircraft engine field in 1920 when, with encourage-
ment from the Air Ministry, it purchased the Cosmos Engineering Company, gaining 
the services of Roy Fedden, who would become Bristol’s chief engine designer, and the 
design for the Jupiter nine-cylinder air-cooled engine.135 This became the Bristol Aero 
Engine Department. The Jupiter was an outstanding success and saw wide service in 
military and commercial aircraft around the world, with several European countries 
building the Jupiter under license. In the late 1920s, Bristol introduced the nine-cylinder 
Mercury engine, which by 1935 could offer 825 hp. The larger nine-cylinder Bristol Pegasus 
came out in the early 1930s and by 1936 had reached 980 hp. These two engines were the 
backbone of Bristol’s engine business during the 1930s and like the Jupiter saw widespread 
service with the RAF and other military services in Europe and commercial airlines.136 
Aircraft engine companies in Czechoslovakia, Finland, Italy, Poland, and Sweden built 
the Mercury and Pegasus under license from Bristol.137

The Wright Aeronautical Corporation could trace its lineage back to the company 
Wilbur and Orville Wright founded in 1909.138 Merged with the Glenn L. Martin Company 
in 1916, during World War I the Wright-Martin Company built small numbers of Martin 
aircraft but thousands of Hispano-Suiza liquid-cooled engines for the US Army Air Service 



CHAPTER 1 Building Aircraft Engines: 1929–1939 31

and the Allies.139 Reorganized as the Wright Aeronautical Corporation in 1919, the company 
began working on air-cooled radial engines at the US Navy’s request. In 1925, Wright 
introduced the seven-cylinder J-5 Whirlwind of 220 hp. This engine gained fame for 
powering Charles Lindbergh’s “Spirit of St. Louis” on his historic New York-to-Paris flight. 
In the late 1920s, Wright began developing a more powerful nine-cylinder, air-cooled radial 
engine, the Wright Cyclone. Starting at 575 hp, by 1939 Wright had taken the power rating 
of the Cyclone 9 to 1,200 hp.140 The Whirlwind and the Cyclone 9 were Wright’s mainstays 
during the 1930s as they competed fiercely with Pratt & Whitney for military and commer-
cial orders. Wright built two models of the Whirlwind, the R-760 (its military designation 
referring to a radial engine with a capacity of 760 in.3) giving 285 to 350 hp and the R-975 
offering 375 to 450 hp. In the Cyclone 9 G-200 series, Wright had reached 1,200 hp (the 
Cyclone received the military designation R-1820). Following the merger of the Curtiss and 
Wright groups in 1929, Wright built engines for many of the aircraft of its sister company, 
the Curtiss Aeroplane and Motor Company.141 As the world’s military air services began 
to rearm in the mid-1930s, and with the growth of commercial airlines, Wright’s aircraft 
engines saw widespread service around the world.142

Frederick Rentschler established the Pratt & Whitney Aircraft Company in 1925.143 
Formerly president of Wright Aeronautical, Rentschler left Wright to establish a new aircraft 
engine company out of frustration with the lack of support from Wright’s board of directors 
for additional technical development.144 With encouragement from the US Navy, who 
wanted an additional source of air-cooled radial engines, the new company soon developed 
the 400 hp seven-cylinder Wasp engine, which was an instant success. The Navy wanted 
an even more powerful engine, and Pratt & Whitney followed the Wasp with the 525 hp 
nine-cylinder Hornet. The Wasp and the Hornet soon found a market with the Navy, the 
Army Air Corps, and commercial airlines and sold well abroad.145 Like Wright Aeronautical, 
Pratt & Whitney became part of a larger entity, the United Aircraft Corporation, which 
included the Vought and Sikorsky airplane companies, which relied on Pratt & Whitney 
engines for their airplanes, and the Hamilton Standard Propeller Company. To compete 
with the increasingly powerful Wright Cyclone 9, Pratt & Whitney developed the double-
row 14-cylinder Twin Wasp, which initially offered 800 hp, and by the late 1930s had reached 
1,200 hp. These engines—the Wasp (R-1340), the smaller 300 hp Wasp Junior (R-985), the 
Hornet (R-1690), the Twin Wasp (R-1830), and the Twin Wasp Junior (R-1535)—were the 
mainstays of Pratt & Whitney during the 1930s. Like the Bristol and Wright engines, Pratt 
& Whitney’s engines equipped military and commercial aircraft around the world.

In many ways in the interwar years, Bristol, Pratt & Whitney, and Wright were compa-
rable companies. They concentrated on building air-cooled, radial aircraft engines and 
their primary customers were military, although Pratt & Whitney and Wright Aeronautical 
benefited from the much bigger and more developed American commercial airline industry 
where profits on engines were higher than on military sales.146 They had a workforce of 
several thousand employees and small factories, and built small lots of engines for specific 
orders using standard, universal machine tools and highly skilled machine operators. None 
of the firms built more than a few hundred engines a month nor did they have any experi-
ence with large-scale production. Neither Bristol nor Pratt & Whitney nor Wright 
Aeronautical built engines for inventory but only for specific orders from military and civil 
customers. They also built many models of engines to cater to the different requirements 
of their military and commercial customers. Whereas the Ford Motor Company effectively 
produced only two models of the Ford V-8 from 1932 to 1939, there were over a dozen 
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different models of the Bristol Mercury and Pegasus engines, the Pratt & Whitney Wasp, 
Hornet, and Twin Wasp, and the Wright Cyclone during the same period. Engine orders 
depended on the airframe manufacturer selecting an engine with the required horsepower, 
so the aircraft engine manufacturers had to provide a range of horsepower in their engine 
models to meet a wider range of needs.

In the interwar period, the aircraft engine factories were not large nor did the three 
companies employ many workers. When in 1936 Bristol wanted to expand production of 
its Mercury and Pegasus engines, the company built a new single-story factory building 
alongside its existing works at Filton, outside of Bristol, and increased the number of 
employees, adding 200,000 ft2 of space and taking total employment to 2,800.147 In total, 
the Bristol Aero Engine Department occupied around 460,000 ft2.148 In the new factory, 
building the Engine Department appears to have made some adjustments to its produc-
tion methods, grouping machine tools by type of operation and organizing a modified 
form of line production for certain engine components.149 In contrast to the automobile 
industry’s methods of mass production, Bristol’s Engine Department did not use special-
ized machine tools, instead purchasing standardized universal models that could be used 
to perform several different operations without the need for elaborate jigs and fixtures.150 
This flexibility was necessary when producing small batches of different models of engines 
at the same time. With the goal of maximizing quality and reliability, however, the Engine 
Department had an aim like the automobile industry to achieve the highest level of 
accuracy possible in order to have truly interchangeable parts and to reduce the need and 
cost of hand labor involved in “fitting” parts—adjusting by hand to ensure a proper fit—
once completed (Figure 1.8).151

 FIGURE 1.8  The Wright Aeronautical factory in Paterson, New Jersey, as shown in a 
contemporary postcard image. This four-story building had been built in 1916. Separate 
departments manufactured different engine parts, which had to be moved to an assembly 
building next door to the main structure.
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The layout of Wright Aeronautical’s factory in Paterson, New Jersey, where Wright 
built all its engines for most of the 1930s, was adequate for batch production.152 Wright’s 
factory was a four-story reinforced concrete building built in 1916, with separate depart-
ments on three floors, each department building different engine components. The 
assembly building stood next door to the main building, but the Wright foundry for 
casting aluminum and steel components was located nearby and not next to the main 
factory. The main factory had no conveyor arrangements to move parts to the engine 
assembly building for final assembly or completed engines to the production test building 
next door for endurance tests. Like Bristol, Wright preferred standard universal machine 
tools over specialized tools to give greater flexibility as designs and models changed over 
time.153 In 1937, the Wright factory had a capacity of producing around 200 engines a 
month, though actual production was well below this level.154 Wright’s factory was larger 
than Bristol’s factory. By 1936, the Wright factory complex and foundry occupied some 
675,000 ft2 of floor space.155 In 1937, to accommodate an expected increase in the produc-
tion of Cyclone engines, Wright announced a $1,350,000 expansion keeping to its practice 
of using four-story buildings with a new wing adding another 125,000 ft2 of space.156 
Wright’s level of employment was comparable to Bristol, with an average of 2,570 
employees in 1937 (Figure 1.9).157

The Pratt & Whitney factory was located in East Hartford, Connecticut, in a building 
comprising 400,000 ft2, with small separate buildings for the company offices and the 

 FIGURE 1.9  The Pratt & Whitney aircraft engine factory in East Hartford, Connecticut, in 
the early 1930s. In the late 1930s, this factory would be greatly expanded to cope with 
increasing demand.
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Engineering Department.158 Pratt & Whitney employed a slightly smaller number of people 
than Wright and Bristol, averaging 2,300  in 1937.159 Unlike the Bristol and Wright 
Aeronautical factories, organized in departments by type of machining operation, Pratt 
& Whitney organized its factory on a completely different basis. Instead, Pratt & Whitney 
set up departments by type of component and by material to create a form of flow produc-
tion where finished parts having arrived as raw materials moved in an uninterrupted flow 
down a central aisle to storerooms before final assembly.160 One-half of the factory building 
worked on steel components—cylinder barrels, connecting rods, crankshaft, gears, and 
miscellaneous steel parts—while the other half built parts made from aluminum—the 
cylinder head, crankcase, and pistons. This configuration was not designed as a form of 
line production, but instead to accommodate the constant changes in engine design for 
the military, “dictated to a large extent by service conditions.”161 Each order the factory 
received was “custom-built, to a greater or lesser extent, although largely of standard 
parts.”162 The company did not believe that “the straight-line production methods and the 
quantity production methods used in older and larger industries” were warranted given 
the frequent changes in design.163 The individual departments, however, did use a form of 
line production with machine tools arranged in sequence and raw materials proceeding 
in a straight line through the manufacturing process within the department.164 With 
production revolving around several different types of engines at the same time, placing 
machine tools and machining processes in the departments had to incorporate a degree 
of flexibility. The cylinder department, for example, had to cope with 50 separate cylinder 
designs that might have to be manufactured concurrently depending on customer orders.165 
This form of factory organization was a precursor to what would be developed for quantity 
production in World War II.

During the interwar years, Bristol, Pratt & Whitney, and Wright Aeronautical relied 
heavily on skilled labor. Maintaining the highest level of dimensional accuracy and finish 
required a high level of skill and experience not only in machining operations, but also 
in inspection, testing, and final assembly of aircraft engines. Contemporary articles 
featuring aircraft engine production at Bristol, Pratt & Whitney, and Wright describe a 
labor-intensive process using skilled machinists operating a variety of standard universal 
machine tools. Photographs from the period typically show individual machinists 
conducting a specific operation on a single machine tool and relatively few photographs 
of machines carrying out the same operation on multiple workpieces at the same time. 
The Harvard Business School study of aircraft production during World War II character-
ized the prewar aircraft engine factories as “job shops,” “geared to intermittent production 
in lots which, together with the equipment arrangement, caused the flow of production 
to be sluggish.”166 While length of service does not necessarily correlate with skill level, 
at the end of 1935 43% of Wright Aeronautical’s 2,100 employees had been with the 
company for five years or more, including 239 employees with more than ten years of 
service.167 While precise numbers are difficult to find, it is likely that Pratt & Whitney, 
Wright Aeronautical, and the Bristol Engine Department had only small numbers of 
managers and engineers running the day-to-day operations in the factories and working 
in the experimental departments developing and testing new models of engines. While 
direct comparisons of prewar labor productivity at Bristol and Wright are difficult, looking 
at the total number of workers per engine built per month shows that Pratt & Whitney 
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and Wright was roughly twice as productive as Bristol, requiring 15 to 16 total workers 
per engine as opposed to 35 total workers per engine at Bristol.168 Labor productivity at 
Wright may actually have been even greater as Wright was less reliant on subcontracting 
than Bristol or Pratt & Whitney.

The three companies differed in their reliance on subcontractors. The Bristol Engine 
Department appears to have relied on several smaller British engineering firms for forged 
and cast engine components, as did Pratt & Whitney, which obtained aluminum cylinder 
heads and steel cylinder barrels from outside suppliers, while Wright Aeronautical chose 
to build 90% of its engine within its own factory as it preferred to exercise rigid control 
over quality.169 The three companies, however, purchased accessories such as carburetors, 
magnetos, valves, piston rings, and other small components from outside vendors. During 
World War II, arranging successful license production and building a reliable chain of 
subcontractors would become critical factors in expanding aircraft engine production.

The Bristol Engine Department had extensive experience in licensed production, Pratt 
& Whitney and Wright Aeronautical less so. During the 1920s and 1930s, Bristol had as 
many as 14 licensees across Europe and in Japan building the Bristol Jupiter, Mercury, and 
Pegasus engines. Bristol maintained a small department, the Foreign License Office, to 
manage its relations with its licensees. The office’s functions include providing information 
on manufacturing methods and machine tools, complete drawings and specifications, and 
experienced Bristol staff to help set up production.170 This gave the Bristol Engine Department 
considerable experience in helping other factories master the methods of Bristol 
engine production.

This, then, was the character of the aircraft engine industry for much of the interwar 
period, an industry that was highly concentrated, fiercely competitive, heavily reliant on 
government support, and government contracts, building comparatively small numbers of 
aircraft engines with a very small number of skilled workers using universal machine tools 
and working to exceptionally precise standards. It was not, at first glance, an industry that 
seemed capable of rapid expansion into quantity production. Factory size and plant layout, 
work processes, and types of machine tools and skill levels of employees were all suited to 
batch production as this fitted the characteristics of aircraft engines and level of demand, 
building small batches of engines to orders from military and commercial airline customers. 
When demand increased rapidly with government orders as rearmament gathered pace, 
Bristol, Pratt & Whitney, and Wright Aeronautical had to adapt all these factors—factory 
size and layout, work processes and machine tools, and worker skill levels—to increase 
production to unprecedented levels. During the war, the British and American aircraft 
engine manufacturers had to undertake major changes in process and production 
techniques.171

What compounded these challenges was the dramatic transformation in engine power 
that took place during the 1930s. The incessant demand for quality—improvements in 
performance and reliability—from commercial and military customers had, by the end of 
the decade, led to the development of aircraft engines with significantly greater power. The 
methods used to increase aircraft engine power, however, put even greater demands on 
aircraft engine designers and production engineers in their struggle to obtain maximum 
power output for minimum weight. As aircraft engines became more complicated, with 
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more parts and using stronger materials, their production became more challenging just 
as demand for greater quantities began to accelerate.

The State of the Art in 1939:  
The Transformation in Engine Power
During the 1930s, aircraft engine manufacturers nearly quadrupled the power output of 
the air-cooled radial aircraft engine, an astonishing technical achievement that has received 
little recognition. Continued development had pushed the power output of the nine-cylinder 
radial air-cooled airplane engine from around 575 hp at the beginning of the 1930s to 1,000 
hp or greater by the end of the decade. At the same time, new engines appeared with the 
potential for producing 2,000 hp and more. These developments were in response to a 
revolution in airplane design and performance. The all-metal monoplane with stressed-skin 
construction, retractable landing gear, landing flaps, and closely cowled engines became 
the dominant design for both military and commercial uses.172 The transformation in 
aircraft performance would not have been possible without a concurrent transformation 
in power and reliability in the aircraft engine.173

By 1939, airplane engine designers and manufacturers had addressed many of the 
technical problems limiting power output, if not completely solving them. The most 
important contributors to the increase in aircraft engine power were the introduction of 
high-octane fuels, which may have accounted for as much as 50% of the increase, and 
the development of more effective superchargers.174 Engine design, construction, and 
manufacturing processes had kept pace with the new high-octane aviation fuels and 
superchargers but increased power required stronger engine components to cope with 
the greater pressures and higher temperatures in the cylinder and increased stress on the 
moving components of the engine. As Harry Ricardo observed, “it is probably safe to say 
that within a period of ten years of intensive development, almost every single stressed 
part of every aero-engine in service has been revised, not once but many times.”175 The 
quality of materials in other aircraft engine components steadily improved as well, with 
the introduction of new steel alloys for crankcases and connecting rods with elements 
of nickel, chromium, and molybdenum and hardening through the nitriding process 
resulting in a doubling of tensile strength.176 The most important development regarding 
materials was an improvement in precision engineering. Roy Fedden, who ran the Bristol 
Engine Department during the 1930s and into World War II, commented that “the most 
important factor of all, however, in connection with aircraft engine materials has been, 
and still is, the improvement in technique of fabrication by the introduction of high 
precision methods.”177

One straightforward method of increasing engine power that came into use in the 
mid-1930s was to increase the number of cylinders in the engine. With the knowledge that 
many small cylinders were more efficient than a small number of large cylinders, the aircraft 
engine manufacturers began moving to the double-row air-cooled radial engine, initially 
with two rows of seven cylinders and later two rows of nine cylinders.178 These double-row 
air-cooled radial aircraft engines produced around 1,500 hp, with 2,000 hp air-cooled radial 
engines on the horizon. Bristol, Pratt & Whitney, and Wright were at the forefront of this 
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development. By the late 1930s, Bristol and Wright had 14-cylinder engines nearing produc-
tion—the Hercules for Bristol and the Cyclone 14 for Wright—with the early marks of the 
Hercules offering 1,375 hp and the Cyclone 14 beginning at 1,600 hp. Pratt & Whitney 
abandoned its own effort to build a 14-cylinder engine in this class, the R-2180A, to pull 
ahead of the Wright Cyclone 14 with the 18-cylinder Double Wasp engine that initially 
offered 1,800 hp with the potential for soon reaching 2,000 hp.179 Bristol and Wright 
Aeronautical also had large 18-cylinder engines in development targeting the 2,000 hp 
range, the Bristol Centaurus and the Wright Cyclone 18.

Beginning in the early 1930s, however, Bristol chose a different technological path from 
Wright, shifting from the standard poppet valves to the sleeve valve. Instead of using poppet 
valves to introduce the fuel–air mixture into the cylinder and expel the exhaust from 
combustion, a sleeve-valve aircraft engine used a cylindrical sleeve in the cylinder, placed 
between the side of the cylinder barrel and the piston, with ports cut in the sides of the 
sleeve. The sleeve valve surrounded the piston and moved up and down within the cylinder 
barrel in an elliptical, circular motion to enable the ports in the sleeve to line up with ports 
cut out of the cylinder barrel to allow the intake of the fuel–air mixture and expel the 
exhaust.180 With no hot exhaust valve to trigger detonation and the premature combustion 
of the fuel–air mixture, a sleeve-valve engine could run at a higher compression ratio giving 
more power.181 By doing away with the poppet valves and their associated parts, the sleeve-
valve engine reduced the risk of failure of any of these parts and, in theory, simplified 
manufacturing and maintenance.182 Having proved the concept in the earlier Perseus nine-
cylinder sleeve-valve engine, Bristol chose the sleeve valve for the Hercules, Bristol’s first 
large double-row, 14-cylinder air-cooled radial engine, and the 18-cylinder Centaurus. This 
was a major change, but one not followed by Pratt & Whitney and Wright, which stuck to 
poppet valves for their large high-performance production engines.

These large high-power, double-row radial engines were far more complex machines 
than the older nine-cylinder engines. Doubling the number of cylinders, adding single and 
two-speed superchargers, and reducing gears of various settings had all added to this 
complexity. The Cyclone 14, for example, contained 8,500 parts compared with the 2,946 
parts in the Cyclone 9. Building the larger Cyclone 14 engine required more than 80,000 
machining operations and 50,000 inspections to ensure quality.183 The even larger 18-cylinder 
engines had upward of 13,000 parts.

Moving from around 3,000 parts in a nine-cylinder engine to 8,000 parts in a 14-cylinder 
engine required far more machining operations, more time in heat treatment, many more 
machine tools, many more machine operators, and more factory floor space to build. 
Similarly, the need to inspect and test every part, put 8,000 to 13,000 components together 
into a finished engine and disassemble the engine after final testing placed heavy demands 
on the inspection and engine assembly departments.

In 1939, Wright built only 163 Cyclone 14 engines and three of the larger Cyclone 18 
engines, and Pratt & Whitney just two of its new Double Wasp engines.184 At Bristol, the 
production of the Hercules was also still in its relative infancy, the company having built 
just 124 Hercules engines by the end of 1939, and only three Centaurus engines.185 Soon, 
the two companies would face Irving Holley’s “quantity versus quality” dilemma of mass 
production.186 With the onset of war, the British Royal Air Force and the American Army 
Air Force would insist on the quantity production of all these aircraft engines in numbers 
undreamed of.
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Conclusion
It was unlikely that the prewar batch production methods employed at Bristol, Pratt & 
Whitney, and Wright Aeronautical could have been replicated on a scale that would have 
produced the number of aircraft engines needed in the time required, although all three 
companies would initially employ these methods to ramp up production in the first years 
of the war. With the start of the war, competition for machine tools and skilled workers 
from other armament industries and the military services made it extremely unlikely that 
the aircraft engine manufacturers could have obtained the machine tools and workers they 
would have needed to greatly expand batch production methods. New production methods 
had to be devised that would meet the need for increasing quantity but with the flexibility 
to respond to the design changes that would come from the drive for improving quality, 
what the Harvard Business School study termed “a revolutionary approach to the basic 
methods of production.”187 How Bristol, Pratt & Whitney, and Wright Aeronautical 
responded to this challenge and made the transition from batch to quantity production is 
the subject of the following chapters.
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Building Nine-Cylinder  
Engines: The Bristol 
Mercury and Pegasus

Introduction

Since Britain began to rearm well before America, the British were the first to deal 
with challenges of building aircraft engines in quantity. Prior to the outbreak of war 
in Europe in 1939, the British Government’s effort was focused on building what 

the Government termed war potential, the capacity to build aircraft engines in quantity 
in an emergency. Britain’s small aviation industry did not have financial resources or the 
inclination to greatly expand its capacity to meet the estimated wartime requirements for 
what might prove to be only a short period of time.1 The Government, therefore, devised a 
scheme to bring in the automobile industry to gain experience in aircraft engine produc-
tion through managing small Government-owned aircraft engine factories building Bristol 
Mercury and Pegasus aircraft engines. It was believed at that time that with this experience, 
automobile manufacturers could rapidly convert their main automobile factories to aircraft 
engine production in an emergency so that the industry could provide a substantial poten-
tial production capacity that the Government could call on. As it turned out, this concept 
proved to be impractical. The factories set up to supplement Bristol’s own production did 
manage to build the Mercury and Pegasus in quantity. They did so using existing produc-
tion methods but with additional labor and machine tools.

The Mercury and the Pegasus were the Bristol Aeroplane Company’s principal air-
cooled radial engines in the 1930s. Bristol introduced the Mercury VI engine in 1933 as a 
replacement for its famous Jupiter. The Mercury offered greater horsepower than the Jupiter 
and was smaller in diameter, making it an ideal engine for the biplane fighters of the era. 
The Mercury was a nine-cylinder, poppet-valve, single-row air-cooled radial engine with 
a capacity of 1,520 in.3, a bore of 5.75 in., and a stroke of 6.5 in.2 A redesign of cylinder fins 

2
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gave 50% more cooling area than on the Jupiter. The first production version, the Mercury 
IVS.2, introduced in 1932 had a normal output of 510 BHP and a maximum output of 
560 BHP. Continued development led in 1934 to the Mercury VIS, which boosted the output 
to 605 hp.3 In 1936, Bristol introduced the Mercury VIII, the first engine to be built at the 
new shadow factories. The Mercury VIII featured progressive improvements in the design 
of the cylinder head and barrel with a greatly increased cooling area, new pistons and valves, 
and strengthened components to allow for using higher octane fuels.4 The Mercury VIII 
offered a significant increase in power, with a rated power output of 825 BHP and a maximum 
power of 840 BHP at 14,000 ft altitude. Two years later, Bristol came out with the Mercury 
XV, which was similar to the Mercury VIII but adapted to run on 100 octane fuel. The 
Mercury VIII and XV powered two of the aircraft that were important to Britain’s rearma-
ment in the late 1930s, the Bristol Blenheim light bomber and the Gloster Gladiator, the 
last biplane fighter in the RAF. At the beginning of the war, however, the Mercury’s 840 hp 
was no longer deemed adequate for combat aircraft. The Mercury was also built under 
license in Czechoslovakia, Finland, France, Italy, Japan, and Poland (Figure 2.1).5

 FIGURE 2.1  The nine-cylinder Bristol Pegasus engine. The Pegasus had a longer stroke 
and greater volume than the Bristol Mercury but produced a similar horsepower. It was much 
in demand for Royal Air Force bomber aircraft and civil and military flying boats.
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The Bristol Pegasus was introduced in 1933 at the same time as the Bristol Mercury. It 
was a larger engine intended for heavier bombers and transport aircraft. Like the Mercury, 
the Pegasus was a nine-cylinder, poppet-valve, single-row air-cooled radial engine with a 
capacity of 1,753 in.3, a similar bore of 5.75 in. but a longer stroke of 7.5 in. as in the Jupiter 
engine.6 The diameter of the Pegasus was about 4 in. wider than the diameter of the Mercury. 
With greater capacity came more power. In 1932, with various levels of supercharging, the 
first models of the Pegasus offered 590–635 BHP.7 As with the Mercury, the progressive 
development led to engines of greater power. The Pegasus X in 1936 had a take-off power 
rating of 920 BHP and a maximum rated power of 875/915 BHP at 6,250 ft altitude.8 The 
Pegasus was suitable for larger aircraft and in the late 1930s powered a wide range of British 
and European commercial and military aircraft, including the large Imperial Airways 
Empire class flying boats. Building the RAF’s bomber force with more modern aircraft and 
better performance depended on the Pegasus which equipped the Handley Page Hampden 
and the Vickers Wellington, the principal RAF bomber in the early years of the war. The 
Pegasus powered several of the RAF flying boats, including the Short Sunderland and the 
Fairey Swordfish of the Royal Navy’s Fleet Air Arm. Like the Mercury, the Pegasus was 
built under license in Czechoslovakia, France, Italy, Japan, and Poland.9 While a few late 
model Pegasus engines could generate 1,000 hp, in the late 1930s, the Pegasus, like the 
Mercury, had reached the end of its potential development. More power had to come from 
a completely new engine.

Organizing Production: The First Aircraft Engine 
Shadow Scheme
Demand for the Bristol Mercury and Pegasus came from the British Government’s need 
for thousands of these engines to power aircraft for a greatly expanded Royal Air Force. 
During the 1930s, the British Government saw the creation of a strong force of bombers as 
a form of deterrent against an air attack. Bristol Aeroplane’s Mercury and Pegasus engine 
would power many of the new-generation all-metal, monoplane bombers that emerged in 
the middle years of the decade. In early 1934, in response to a recommendation from the 
Defence Requirements Committee, recognition of the failure of disarmament talks, and 
the prospect of German rearmament, the Government of Prime Minister Stanley Baldwin 
took the first tentative step toward expanding the Royal Air Force, promising that Britain 
would maintain air parity with Germany.10 In May, the Air Ministry received approval to 
begin planning for an expansion program, based on the Defence Requirements Committee’s 
proposal to add 20 squadrons to the RAF’s establishment.11 In July, the Cabinet approved 
Scheme A, the first of the prewar RAF expansion schemes, which called for 13 new bomber 
and 15 new fighter squadrons in the United Kingdom (UK) for the Metropolitan Air Force, 
as the RAF’s UK-based force was known, and three squadrons overseas, with a complement 
of 1,252 aircraft of all types, an increase of 440 aircraft, to be completed by March 31, 1939.12 
Within months, British intelligence estimates of probable German aircraft production made 
Scheme A appear inadequate.13 On March 4, 1935, the British Government released a 
Government White Paper documenting Germany’s rearmament and in the House of 
Commons debate that followed expressed the Government’s determination that British 
defenses should be strong enough to deter any aggressor.14 As the House of Commons 
debate was about to begin, on March 10, 1935 Herman Goering announced the existence 
of the Luftwaffe, in violation of the Versailles Treaty.15 Later that month, in a meeting with 



48 Building Engines for War: Air-Cooled Radial Aircraft Engine Production

Sir John Simon, Foreign Secretary, and Anthony Eden, Adolph Hitler announced that 
Germany had achieved parity with the Royal Air Force in the number of aircraft.16 This led 
directly to the Cabinet’s approval in May of Scheme C, a new expansion scheme that 
attempted to regain air parity with Germany by increasing the metropolitan RAF from 84 
to 123 squadrons with 1,512 aircraft, a gain for the RAF of 552 aircraft with 27 new bomber 
and seven fighter squadrons.17 As Britain began to accelerate rearmament in response to 
Germany’s resurgence, the question of the nation’s capacity for aircraft and aircraft engine 
production during the time of war became more urgent.

Even before the rearmament program began, the British Government was aware of 
the large gap between the existing aircraft engine capacity and probable requirements for 
aircraft engines during wartime. At the end of 1933, the Principal Supply Officers’ 
Committee of the Committee of Imperial Defence reviewed a paper on the capacity for 
the production of aircraft engines, noting that in the first year of the war, there would 
be a need for 12,296 aircraft engines of all types, including 7,450 nine-cylinder Bristol 
aircraft engines.18 The paper recognized that it would be difficult for Bristol to rapidly 
expand its production with its existing stock of machine tools and labor given the fact 
that aircraft engines required a certain minimum time for construction and that it would 
take time to acquire additional machine tools and materials and train laborers.19 The paper 
estimated that Bristol could produce only around 640 aircraft engines in the first year of 
war. In 1931, however, Bristol had turned to the Daimler Motor Company for assistance 
in fulfilling a large Air Ministry contract for Bristol Jupiter engines, and Bristol engineers 
believed that if the entire Daimler works could be turned over to aircraft engine produc-
tion, Daimler could produce 5,200 aircraft engines in a year. The paper also suggested 
that if other motor firms could be brought in to support Bristol’s production—the paper 
recommended Humber Motors (Rootes), the Rover Motor Company, and the Standard 
Motor Company as suitable candidates—they could produce an additional 1,600 aircraft 
engines, bringing the total up to the required 7,450.20 The Principal Supply Officers’ 
Committee paper recognized that in an emergency the capacity of the main aircraft engine 
firms would likely be inadequate for the needs of the RAF, and as a result, the Government 
would have to enlist the productive capacity of the motor industry as having the nearest 
equivalent skills, factory space, and requisite machine tools.21 Two years later, the estimate 
of total aircraft engines required in the first year of the war had increased several-fold. In 
December 1935, the Principal Supply Officers’ Committee estimated the wartime need to 
be 51,106 engines of multiple types.22

As one of the principal suppliers of aircraft engines to the RAF, the Bristol Aeroplane 
Company’s products and productive capacity were integral to the RAF’s expansion 
schemes. At this time, there were 14 types of bombers, fighters, transports, and seaplanes 
serving in the RAF that were equipped with Bristol engines and several more Bristol-
powered airplanes in development (by way of contrast, Rolls-Royce engines equipped 11 
RAF aircraft). The long-serving Bristol Jupiter nine-cylinder air-cooled radial engine was 
nearing the end of its service life. The 600 hp of the latest Jupiter X F.B.M. series was no 
longer deemed adequate. In 1932, Bristol introduced the Pegasus as a replacement for the 
Jupiter.23 Like the Jupiter, the Pegasus was a nine-cylinder air-cooled radial engine that 
incorporated improved cooling for the cylinders, with a 50% increase in the cooling area 
of the cylinder fins, redesigned components of greater strength, and an improved super-
charger. With different levels of supercharging, the maximum power of the early Pegasus 
II ranged from 570 to 620 hp, with the potential for growth. That same year, Bristol came 
out with the Mercury, a smaller diameter nine-cylinder air-cooled radial engine intended 
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for high-speed single-seat fighter airplanes. Like the Pegasus, the Mercury incorporated 
numerous improvements in design, and in the Mercury IVS had a maximum power of 
560 hp. The Pegasus found ready application in RAF single- and multi-engine bombers, 
transports, and seaplanes, while the Mercury powered the Gloster Gauntlet fighter. In 
1935, Bristol had developed the Pegasus and the Mercury to take the higher octane fuels 
then coming into use, significantly boosting their maximum power. The new Pegasus X 
offered 840–870 hp at maximum RPM, while the Mercury VI now gave 615–645 hp.24 
Bristol had also begun the production of a new family of air-cooled radial engines using 
a sleeve valve for the intake and exhaust stages of the combustion cycle instead of the 
poppet-valve system in the Mercury and Pegasus engines. The Aquila was the first of 
Bristol sleeve-valve engines to go into production followed by the Perseus which had a 
maximum power of 740–770 hp.25 The sleeve-valve engines offered the promise of lower 
maintenance costs and fuel consumption, which is important for both military and civil 
operators alike.

Having devoted intense effort to the development of an air-cooled radial engine, the 
Bristol Aeroplane Company had some reservations about the ability of motor firms to 
manufacture aircraft engines and was confident that it could supply all the Bristol engines 
the Air Ministry would need from its own production. Bristol’s hesitation, expressed in a 
response to a 1933 Air Ministry inquiry on the production of Bristol Pegasus engines in 
an emergency, focused on three elements of aircraft engine production: the quality of 
machine tools employed, inspection procedures, and engine testing.26 Bristol expressed a 
concern that the machine tools commonly employed in the manufacture of automobiles 
might not be up to the standards of accuracy necessary for the greater precision required 
for machining aircraft engine components. Nor were the motor firm factories equipped 
with more specialized machine tools that Bristol was developing to facilitate aircraft engine 
production in its own aircraft engine department. Based on the company’s experience 
working with Daimler as a subcontractor, Bristol had little doubt that machinists working 
in the motor firms could, with Bristol’s guidance, produce parts that met Bristol’s require-
ments for quality and accuracy, but the lack of qualified inspectors throughout the produc-
tion process would be a significant constraint on production at a motor firm factory. 
Inspection methods common to the motor industry were inadequate for aircraft engine 
production. Similarly, Bristol expressed a concern that motor firms were neither equipped 
nor trained for more rigorous testing of aircraft engines required to meet the Air 
Ministry’s specifications.

Under Scheme C, to be completed by March 31, 1937, the Air Ministry had ordered 
784 aircraft engines from Bristol.27 The Bristol Aero Engine Department had completed 
451 new aircraft engines during 1934 and with expanded facilities was on track to build 
over 700 engines during 1935.28 Writing to Sir Philip Cunliffe-Lister (Viscount Swinton), 
the new Secretary of State for Air, H.J. Thomas, Bristol Aeroplane Company’s Assistant 
Managing Director, assured him that Bristol would have no difficulty completing the Air 
Ministry’s orders for Bristol aircraft and aircraft engines. “We have every confidence,” 
Thomas wrote, “that owing to the extensions to our establishments and the arrangements 
we have made, these programs will be fulfilled and perhaps exceeded in the case of the 
Audax machines and the Mercury and Pegasus engines, provided we have no interrup-
tions outside our control.”29 The pace of rearmament, however, was outside the Bristol 
Aeroplane Company’s control, and the Air Ministry was already working on revised 
expansion schemes that went well beyond Bristol’s capacity for aircraft engine production 
(Figure 2.2).
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The Air Ministry submitted Scheme F, its latest expansion scheme, in November 1935 
against a background of continued German rearmament and the Italian invasion of 
Ethiopia.30 The objective of the new scheme was to maintain parity with Germany and to 
build the RAF’s strength overseas, adding ten new squadrons and 176 aircraft while the 
Metropolitan Air Force units were to receive 224 new aircraft.31 The most important differ-
ences with earlier expansion schemes, differences that would have a direct impact on Bristol, 
were the transformation of the RAF’s light bomber squadrons and the provision for much 
higher reserves of aircraft and engines.32 In the mid-1930s, the RAF’s light bomber squad-
rons were equipped with single-engine, fabric-covered biplanes, primarily the Hawker Hart/
Audax/Hind. Scheme F called for 49 of these squadrons to be converted to medium bomber 
squadrons with the new all-metal monoplane Fairey Battle and Bristol’s own Mercury-
powered monoplane twin-engine medium bomber derived from the Bristol Type 142, Lord 
Rothermere’s “Britain First,” soon to be named the Blenheim.33 Under Scheme F, the RAF 
would receive 750 Blenheims for the new medium bomber squadrons.34 In addition, the 
RAF planned to add the heavier Pegasus-powered Handley Page Hampden, Vickers 
Wellesley, and Wellington bombers to form a more capable bomber force as a deterrent to 
Germany’s growing air power.35 At the recommendation of the Committee on Defence 
Policy and Requirements, the planned war reserve was increased to 150% of first-line 

 FIGURE 2.2  The Bristol Blenheim light bomber was central to the Royal Air Force’s 
expansion schemes after 1936. Scheme F, approved in February 1936, called for Bristol to 
build 750 Blenheims to replace the Royal Air Force’s single-engine, biplane light bombers. 
More orders for the Blenheim would follow, creating a demand for Bristol Mercury engines in 
excess of what Bristol could produce on its own.
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strength.36 With the re-equipment of light bomber squadrons and an increase in squadron 
aircraft strength from 12 to 18 aircraft for 29 of the new medium bomber squadrons and 
provision for 150% reserves, Scheme F called for the production of 8,009 aircraft of all types 
by its March 31, 1939 completion date.37

The number of aircraft required for Scheme F, and the deadline for completion, had 
an immediate impact on the demand for aircraft engines. The RAF had already placed an 
order with Bristol for 150 Blenheim Mark I aircraft with Bristol Mercury VIII engines and 
in a few months would place a second order for 434 more while arranging for expanded 
production.38 In addition, the new Handley Page Hampden and Vickers Wellesley and 
Wellington bomber prototypes then under test, if ordered in quantity, would obviously 
require large numbers of Bristol Pegasus engines. It was clear to the Air Ministry that Bristol 
alone could not satisfy the RAF’s requirements for Bristol engines.39

The Cabinet approved Scheme F on February 25, 1936.40 Even before the scheme received 
approval, the Air Ministry realized that the existing aviation industry did not have the 
capacity to produce the required number of aircraft and aircraft engines in the time allowed 
and had decided that the motor industry had to be brought in to expand production, setting 
up an industry that would “shadow” the main aircraft and aircraft engine manufacturers.41 
That same month, the Committee of Defence Policy and Requirements came to the same 
conclusion, recommending that the Government create a shadow industry to expand the 
capacity for aircraft engine production and to bring at least some of this capacity into opera-
tion in peace time.42 The objectives of the shadow scheme were to supplement production 
at the main aircraft engine firms to meet the requirements of Scheme F and to create a body 
of experience in aircraft engine production and reserve production capacity in the motor 
industry so that the motor firms could be rapidly converted into aircraft engine production 
in the event of war.43 The Air Ministry decided to approach the main British motor firms—
Austin Motors, Clement-Talbot Ltd., Daimler Motors, Rover Motors, the Humber, Clement-
Talbot, and Sunbeam companies in the Rootes Securities group, Singer Motors, Standard 
Motors, and Wolseley Motors—to seek their assistance in setting up the shadow industry 
while at the same time contacting the Bristol Aeroplane Company.44

On March 11, 1936, a representative of the Air Ministry met with a managing director 
of Daimler Motors to discuss the prospect of the firm manufacturing aircraft engines.45 
The Daimler director explained that at Bristol’s request, Daimler had assisted Bristol in 
completing a major contract, making cylinders, and connecting rods and other engine 
components without undue difficulty. Based on this experience, he believed that Daimler 
would have no problem building complete aircraft engines or engine components, though 
he doubted Bristol would be willing to have the motor firms build complete Bristol engines. 
Following this meeting, Sir Alexander Roger, Daimler’s chairman, wrote to the Secretary 
of State for Air, now Lord Swinton, to offer the Company’s technical knowledge and produc-
tion experience with aircraft engines to the Air Ministry.46 Later that month, Lord Swinton 
met with Captain J.P. Black, Managing Director of Standard Motors, to outline the proposed 
shadow scheme and to ask for his participation.47 Like Daimler, Black raised no objections 
to the idea and said he would be willing to undertake the production of aircraft engines 
under the proposed shadow scheme. Swinton informed Black that he would soon be getting 
a number of motor firms together to decide on the best method of production under the 
shadow scheme. He asked Black if it would be preferable to have the motor firms build 
complete aircraft engines or to divide the production among the participating firms. Black 
replied that he thought the latter approach was preferable.

While reaching out to the motor firms, toward the end of February, the Air Ministry 
contacted the directors of the Bristol Aeroplane Company to advise them that the Ministry 
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was considering placing substantial additional orders for Bristol aircraft engines beyond 
the requirements for the planned 1936–1937 expansion program, to be completed by March 
1939.48 In total, the Air Ministry had a requirement of 8,200 Bristol engines.49 At the request 
of Bristol’s directors, Norman Rowbotham, the manager of the Bristol Aircraft engine 
factory, calculated that with an expenditure of £2,372,813 ($9.5 million), Bristol could 
expand its production facilities to build 7,553 engines, just short of the Air Ministry’s 
requirement.50 On March 13, 1936, Lord Swinton, and Lord Weir, Swinton’s advisor, met 
with Sir Stanley White, Bristol Aeroplane Company’s Managing Director, and H.J. Thomas, 
Assistant Managing Director, to explain the Government’s plans to create a shadow industry 
to expand aircraft engine production.51 Lord Swinton explained that the Government 
intended to place educational orders with the leading motor firms for 1,500 engines to 
develop the technical knowledge and experience to convert the motor industry into aircraft 
engine production in an emergency. Swinton said that the Government was keenly interested 
in obtaining Bristol’s new sleeve-valve engines but was concerned about the production 
problems Bristol was then experiencing. The Government wanted these engines but not at 
the cost of imperiling production. Roy Fedden, Bristol’s chief aircraft engine designer who 
had been brought into the meeting, replied that it would be safer to build the Bristol Mercury 
engine.52 While Bristol believed it could build the required number of engines by March 
1939, Lord Swinton stated that it was vital that the firms outside the aircraft engine industry 
that would be called upon to build aircraft engines in an emergency had obtained experi-
ence beforehand.53 This was why he was proposing giving educational orders for 1,500 
engines to the motor firms. In a discussion of what the selected motor firms should under-
take, Rowbotham suggested that the construction of complete engines by these firms would 
result in unnecessary duplication. It would be more effective, he argued, and far cheaper 
in terms of capital expenditure on factories, machine tools, and labor to have the firms 
specialize in certain components.54

Following his meeting with the Bristol directors and with Captain Black, Lord Swinton 
sent a letter on March 24 to the directors of the Austin, Daimler, Morris, Rootes, Rover, 
Singer, and Standard motor firms that had been allocated to the Air Ministry for war 
production outlining the Government’s proposed shadow scheme to enlist civil industry 
in aircraft engine production to meet current requirements and to create the potential for 
large-scale production in the event of war.55 Swinton was anxious to discuss with the motor 
firms the best means of achieving these objectives and determine whether large-scale 
production during wartime could be obtained by having each firm make complete aircraft 
engines or components, the same question he had put to Captain Black. He asked if the 
firms would be willing to send a representative to a meeting at the Air Ministry on April 
7, 1936 to discuss these questions.

A week before Lord Swinton’s meeting with the motor firms, the Bristol Aeroplane 
Company submitted a proposal to him in response to his request for ways in which Bristol 
could expand its own output of aircraft and aircraft engines.56 Swinton had asked Bristol 
if it could expand its own facilities during the next expansion period or agree to set up a 
shadow factory alongside its existing works.57 The Company responded by pointing out 
that it had used its own capital to finance its expansion for the 1935–1937 period and with 
its current facilities it could commit to produce 30 aircraft engines a week, totaling 2,910 
engines by the March 31, 1939 completion date of Scheme F, though this would leave a 
deficiency of 2,490 engines under the Air Ministry’s planned requirements for 5,200 poppet-
valve engines and 1,700 sleeve-valve engines. If Bristol added an additional 260,000 ft2 of 
factory space, at an estimated cost of £1,149,500, and acquired the necessary machine tools 
at an additional cost of £329,000 ($1.5 million), then the company could commit to increase 
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the production to 40 poppet-valve engines a week and begin manufacturing sleeve-valve 
engines in October 1937 at a rate of 10 per week, growing to 30 per week by May 1938. This 
would total 3,700 poppet-valve engines of the Mercury or Pegasus type, and 1,700 sleeve-
valve engines, closer to the Air Ministry’s requirement. Bristol suggested that the cost of 
this expansion could come through advance payments from the Air Ministry.

However, Bristol was reluctant to use its own capital for this expansion as the company 
did not want to end up with excess capacity once the expansion program ended. Bristol 
would only go forward with this second expansion if the Government would provide 
reasonable compensation for redundant facilities. The company did not object to the idea 
of setting up a shadow factory next to its existing machine tools but expressed its general 
concern with sharing technical information and designs with the motor firms who might 
become competitors. Bristol’s memorandum stated clearly that the company “was disturbed 
at the prospect of the Company’s designs and technical assistance, incorporating years of 
costly research, being issued to existing large organizations which by their resources are 
capable of becoming competitors of the Company in future years.”58 Bristol wanted an 
undertaking from the Government that the motor firms participating in the shadow 
industry would not use any information Bristol provided to make aircraft or aircraft engines 
for anyone apart from the British Government. This concern was likely aimed at Morris 
Motors, as the Company’s chairman, Lord Nuffield, owned Wolseley Aero Engines Ltd., a 
direct competitor. Bristol was particularly concerned about having the motor firms build 
complete aircraft engines and reminded the Air Ministry that it would be cheaper and more 
efficient to have the firms build components instead.

Lord Swinton met with Air Marshal Sir Cyril Newall, the Air Council’s Air Member 
for Supply and Organization and the Director of Contracts for the Air Ministry on April 2 
to discuss Bristol’s memorandum.59 They concluded based on Bristol’s estimates of produc-
tion of 2,900 aircraft engines with its current facilities that the shadow industry should 
manufacture 4,000 Bristol engines to make up the shortfall in the Air Ministry’s require-
ments. Swinton and Newall were sensitive to Bristol’s concerns about possible future competi-
tors and agreed to withhold the production of the Bristol sleeve-valve engines, which was a 
proprietary technology, from the shadow industry firms, unless a change in the international 
situation made this necessary. They also agreed that the participating firms could covenant 
that they would not produce aircraft engines outside of the shadow scheme.

On April 7, 1936, Lord Swinton met with the representatives from six motor industry 
firms—Austin Motor Company, Daimler Motor Company, Rootes Securities, Rover Motor 
Company, Singer Motor Company, and Standard Motor Company—and despite Bristol’s 
apparent reservations—a representative from the Wolseley Aero Engines Ltd., to explain 
the Government’s plan for the shadow aircraft engine scheme.60 Lord Swinton outlined the 
Government’s plan to finance the construction of factories and machine tools for aircraft 
engine production and the need to complete 4,000 Bristol engines of the Mercury and Pegasus 
type by March 1939. He then posed two questions to the group: first, what was the most 
reliable method to achieve this objective, to have each of the firms build complete engines, 
or to have each of the seven firms build separate components of the engine and second, how 
rapidly could the parent motor firms turn over their existing factories and machine tools to 
aircraft engine production in the event of war?61 None of the men present, all senior execu-
tives with considerable experience in automobile production, expressed any reservations 
about the task they were being asked to take on nor questioned the plan of converting their 
parent firms into aircraft engine production in an emergency. The consensus of the repre-
sentatives was that it would be more efficient to have each firm build separate components 
of the engine, as Bristol’s Rowbotham had suggested, as some firms were better equipped 
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to undertake certain operations, and building different components might ease the demands 
for skilled labor, though at least one firm would have to be responsible for assembly and 
testing of completed engines.62 All agreed that while some of the specialized machinery used 
in auto production could probably not be adapted to building aircraft engines, it would 
be relatively straightforward to adapt the standard machine tools in use in the motor firm 
factories to the task.63 Lord Swinton suggested that the seven firms form a committee to 
work out the details of the shadow aircraft engine scheme with the Air Ministry.

Following Lord Swinton’s suggestion, at the meeting on April 7, the participating firms 
formed the Aero Engine Committee to coordinate discussions among the firms and with 
the Air Ministry and the Bristol Aeroplane Company and appointed Sir Herbert Austin, 
chairman of Austin Motors, as chairman of the Committee. The Committee’s first order of 
business was to confirm the recommendation that each of the firms should build components 
of the selected Bristol engine and allocate component production among them. To facilitate 
the Committee’s deliberations, Austin decided to visit the Bristol Aero Engine Department 
at Filton to observe production of the Mercury and Pegasus aircraft engines and to examine 
the component parts of each engine in detail before the Committee’s next meeting.64

Austin’s examination of the factory layout, the machine tools employed, and machining 
operations for aircraft engine components reaffirmed in his mind the consensus opinion 
that the best way to complete the Air Ministry’s order on time would be to have each 
participating firm in the shadow scheme build a component section of the selected engine, 
with the machining work divided up into equal total man hours.65 Although Austin did 
not see any machining operations that he considered particularly difficult, he did note that 
some operations were “less easy than others and all have to be very carefully and accurately 
carried out—in fact, the chief point which still need [s] to be guarded is the definite neces-
sity of reliable and painstaking manufacture and inspection.”66 Austin asked Norman 
Rowbotham, Bristol’s production manager, to divide a Mercury or Pegasus engine into 
seven sections that could be assigned to each of the motor firms. When meeting with Air 
Marshal Sir Cyril Newall a few days later, Austin told him how impressed he was with the 
Bristol factory’s layout and organization to the extent that he did not think that the motor 
firms could “materially improve the manufacturing methods adopted at present by the 
Bristol Company,” particularly if adopting new production methods risked interfering with 
the interchangeability of components.67

At its next meeting on April 20, the Aero Engine Committee drafted a scheme for the 
aircraft engine shadow program calling for each of the seven firms to begin acquiring land, 
erecting a factory, and obtaining the necessary machine tools, jigs, and fixtures to manufacture 
the selected Bristol aircraft engine type, with the Air Ministry providing financing.68 Each 
of the firms would manufacture one component of the engine, and the Aero Engine Committee 
would arrange the allocation of components based on an equal number of man-hours 
employed in the component’s production. Two firms, Austin in Birmingham and Daimler 
in Coventry, would be responsible for assembling and testing complete engines. The factories 
in the shadow scheme would be separate from their parent firms, which would become avail-
able for aircraft engine production only in the case of a national emergency. The Government 
would pay each firm a management fee and a bonus for savings achieved during production. 
The Aero Engine Committee submitted the draft scheme to the Secretary of State for Air, 
who met with Sir Herbert Austin at the end of the month to review the scheme in more detail.

At this meeting, Air Marshal Newall brought up the Air Council’s unease with the 
proposed scheme of dividing production among seven firms, the “1-7” arrangement, a point 
he had already raised with Austin, and that Lord Swinton shared.69 While Lord Swinton and 
Air Marshal Newall recognized that the Aero Engine Committee’s proposal might be the 
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most economic and quickest means of meeting the Air Ministry’s requirements by March 
1939, they had concerns over the potential risks in the “1-7” arrangement and the implication 
for war production.70 There was a risk in wartime that destruction of one factory would disrupt 
the production of complete engines or, as the Secretary of Air suggested, the same disruption 
could happen if one of the firms proved unable to produce its assigned component to the 
required standard. More importantly, there was the issue of preparing the parent motor firms 
for production in wartime, one of the key objectives of the aircraft engine shadow scheme. 
Lord Swinton questioned whether the production of a single component of an aircraft engine 
would provide adequate technical knowledge and experience to prepare the parent firms for 
the manufacture of multiple components or complete engines during the time of war. Lord 
Weir, who was in attendance, reminded Sir Austin of the differences between manufacturing 
motor engines and aircraft engines, particularly in regard to the greater need for accuracy 
and meticulousness in aircraft engine production. His concern, shared with Newall, was 
whether the “1-7” scheme would make the transition to full war production more difficult. 
Would it not be better, he asked Austin, to divide the firms into two or possibly three groups 
to make complete engines even if, as the Air Ministry recognized, this would add significantly 
to the cost of factories and machine tools and might delay aircraft engine production?71

Austin replied that he didn’t think that the “1-7” arrangement would cause difficulty 
in wartime. He was confident that there would be no “weak link in the chain” as he put it 
and that if one firm should run into difficulties the other six would be available to assist. 
He was also confident that even if the seven firms were not building complete engines, the 
experience their shadow factories would collectively gain could successfully be brought to 
expanding wartime production at their parent firms. Apparently, Lord Swinton was still 
not convinced and wanted a definitive answer from all seven firms on the suitability of the 
“1-7” arrangement. He asked Austin to submit a questionnaire to the Aero Engine Committee 
asking if the Aero Engine Committee’s scheme would make it easy to shift to producing 
multiple components during the time of war using their parent motor works or if the firms 
should make two or three components instead.72

The Aero Engine Committee responded to Lord Swinton’s questions with a unanimous 
opinion that the proposed arrangement was the only “safe and practical scheme” to meet 
the Air Ministry’s requirements by the set deadline.73 Lord Swinton brought up the issue 
one last time at a progress meeting with the shadow firms at the end of June. While several 
of the firms said they would have preferred to build complete engines, all agreed that the 
Air Ministry’s program could not be completed on time any other way, without further 
delays and significant costs.74 Having teams of firms build complete engines would have 
required a huge increase in initial costs for factory and machine tools and would have placed 
a heavy burden on Bristol’s ability to provide technical assistance.75 In these series of 
meetings and discussions on the organization of production the shadow aircraft engine 
industry should employ, there was little mention of the methods of production. Only at the 
meeting with Lord Swinton in late June did the subject come up in discussion. Mr. Leonard 
Lord, the managing director of Wolseley Aero Engines Ltd., agreed that specialization was 
the “simplest and most direct method” to achieve the Air Ministry’s goal but suggested that 
the Air Ministry might “break away from the methods of manufacture used by the Bristol 
Company and, by intensive study, design new and simpler methods which would enable 
production to be reached much more rapidly.”76 In response, Sir Herbert Austin argued that 
Lord’s idea involved too great a risk and that the shadow firms should adopt the Bristol 
Company’s designs and processes as a far more straightforward approach to the challenges 
of production.77 Lord Swinton and the Air Ministry accepted the recommendation of the 
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Aero Engine Committee to go forward with their proposed scheme, but the Air Council’s 
concerns over the “1-7” arrangement were not unfounded and were not forgotten.

On June 30, the day after their meeting with Lord Swinton, the members of the Aero 
Engine Committee with other representatives of their companies and representatives from 
the Air Ministry travelled to Filton for meetings with Bristol’s directors and production 
managers.78 There were 15 items on the agenda for the meeting, the most important of which 
was to determine the sections of the engine each firm would make.79 The motor firms needed 
details on the size of factories and the type of machine tools required to manufacture their 
assigned components, sources of supply especially for the jigs and fixtures that would 
be needed, completion dates for factory construction, a program for engine deliveries and 
an agreement as to the extent of technical assistance the Bristol Aeroplane Company would 
provide.80 Before the formal meeting began, the members of the Committee toured the 
Bristol aircraft engine works and looked at a disassembled engine to examine the components 
they would be making.81 Norman Rowbotham had a Pegasus engine disassembled into five 
sections as an example and for each section provided the members of the Committee with 
a list of materials, types of machine tools, and floor space required for manufacture.82

At the meeting, Sir Herbert Austin told the other members of the Aero Engine 
Committee that Bristol had agreed to determine how to divide its engines into sections and 
allocate the sections to different firms. Norman Rowbotham said that Bristol could provide 
detailed drawings and specifications on engine components within a month of the Air 
Ministry deciding on which aircraft engine it wanted the shadow factories to manufacture, 
but he warned that detailed drawings of the jigs, fixtures, and tools required would take an 
additional two to three months. H.A.P. Disney, the newly appointed Director of Aeronautical 
Production at the Air Ministry, informed the Committee that the Ministry wanted the 
shadow factories to be designed to have the capacity to produce up to 65 engines per week 
on a day shift only, though the Committee pointed out that this would require larger factory 
buildings than had been originally envisioned and additional costs to the Government. 
This change would also delay the determination of completion dates and a production 
schedule. At the meeting, Sir Hubert Austin and Sir Stanley White, Bristol’s Managing 
Director, came to an agreement on the technical assistance Bristol would provide the shadow 
factories and confirmed this in a joint letter to the Air Ministry. Bristol agreed to act as 
technical advisor to the shadow factory and to provide information on “all technical matters 
which are necessary for the successful manufacture of engines to the requisite standard of 
workmanship” but also on standards for factory and machine tools.83 Bristol offered access 
to its works and its staff and agreed to provide not only full details of all components but 
also of all necessary jigs, fixtures and tools, and manufacturing processes. In addition, 
Bristol offered to set up a small staff devoted to liaison with the shadow factories to coor-
dinate communications on all technical and production issues.

A few days after the meeting in Bristol, Disney wrote to Sir Hubert Austin to advise 
him that the Air Ministry had decided that the shadow factories should concentrate on the 
production of the Bristol Mercury VIII engine and that production of 4,000 of these engines 
by March 1939 remained the priority.84 With the choice of engine decided, Bristol began 
working out the allocation of sections to each of the seven firms, but over the following two 
months, two of the firms, Singer Motors and Wolseley Aero Engines, dropped out of the 
shadow scheme. In the first case, the Air Ministry decided that Singer should not participate 
as the Ministry did not consider that the firm had an organization with the experience to 
undertake the project.85 Wolseley Aero Engines went through several weeks of off-again-
on-again participation in the shadow scheme until Lord Nuffield finally decided to withdraw 
due to his strained relations with the Air Ministry and his opposition to the shadow scheme 
in principle.86 Wolseley Aero Engine’s departure was a benefit to Bristol, who had objected 
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strongly to the Air Ministry’s proposal to have Wolseley, Bristol’s competitor, take on the 
assembly and testing of complete Mercury engines.87 But with the departure of Singer and 
Wolseley, the Air Ministry had to work out the allocation of production among five firms 
instead of seven and find a replacement for Wolseley who were also expected to manufacture 
the rocker gear for the Mercury engines.

Lord Swinton appealed to Bristol for help. Verdon Smith agreed that Bristol could take 
on assembly and testing of half the output of the remaining five shadow factories, sharing 
the burden with Austin, but notified Swinton that Bristol could not manufacture the 
Mercury rocker gear which would have to be allocated to another firm.88 This change led 
to a reallocation of Mercury engine components to the participating firms with the final 
assignments agreed to at a meeting of the Aero Engine Committee in early October. These 
were (Table 2.1):

This allocation of components remained in place until the Mercury engine went out 
of production in 1944. By the end of 1936, the terms of the agreement with the Air Ministry 
had been decided, a decision taken to proceed with the manufacture of the Bristol Mercury 
VIII engine and the component parts of the engine allocated among the five motor firms, 
while Bristol had started the transfer of drawings and technical information so the firms 
could prepare for production. The next phase was to complete the factories to produce engines.

The Factories
The nature of the product, the production processes, labor and machine tools required for 
its production, and the quantity desired are the key factors in determining the size of a 
factory.89 During Sir Hubert Austin’s first visit to the Bristol aircraft engine factory, Norman 
Rowbotham explained that because the planned shadow factories would be building compo-
nents instead of complete engines, they would not need a large factory space. He estimated 
that a floor area of approximately 100,000 ft2 would be adequate to produce around 20 
engines per week, with space for machine tools, storage of materials and finished compo-
nents, heat treatment and nitriding facilities, inspection, and assembly. In his letter to Sir 
Hubert Austin confirming the Air Ministry’s decision to build the Bristol Mercury in the 
shadow factories, H.A.P. Disney clarified the Air Ministry’s proposed output, stating that 

TABLE 2.1 Reallocation of mercury engine components.

Assignment Hours Total hours

Austin motors Crankshaft and reduction gear 426 676 hours

Engine assembly and test 250

Daimler Crankcase front cover and oil sump 299 729 hours

Rocker gear 430

Rootes Blower, crankcase rear cover 620 700 hours

Petrol pump 80

Rover Connecting rods, pistons 632 715 hours

Cam and tappet gear 83

Standard motors Cylinders and subassembly 676 hours

Bristol aeroplane Engine assembly and testing 250 hours*

* �Notes on a meeting of the Aero Engine Committee at the offices of the Standard Motor Company, 
October 8, 1936, AIR 2/2577, National Archives, Kew, UK.
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the Ministry wanted the firms to plan their factories on the basis of producing 50 sets of 
components per week on a single day shift.90 In comparison, at this time the Bristol Aero 
Engine Department was completing 30 engines a week, primarily the Mercury and Pegasus 
poppet-valve engines with a small number of the new sleeve-valve Perseus engine, with a 
plan to expand production to 36 a week.91 A year later, Bristol had built up production to 
40 engines a week.92 Setting a target of 50 engine sets a week for the shadow factories does 
not seem to have been unreasonable. As the Aero Engine Committee noted, this would 
increase the cost of the factories as producing the required output with a single shift would 
require more machine tools, thus more space. This, apparently, was acceptable to the Air 
Ministry, though Disney noted in his letter to Austin that the factories should be of a size 
sufficient to meet the Air Ministry’s requirement of 4,000 engines and no larger. Room for 
expansion, he said, would not be necessary.93 With the Air Ministry determining the type 
of aircraft engine to be built and the level of output to be achieved and with the component 
parts allocated to different firms, Bristol could advise each firm on the type and number 
of machine tools required with a suggested layout and from that determine the factory floor 
space needed for the machine tools and other shops (Figure 2.3).94

Easing access to labor and management at the parent motor firms, and the goal of 
building war potential, determined the location of the shadow factories. In 1934, the Air 

 FIGURE 2.3  The Standard Motors aircraft engine shadow factory located near the main 
Standard Motors automobile works in Coventry. Proximity to the main Standard Motors 
factories was intended to facilitate their speedy conversion into aircraft engine production in 
the event of war.
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Council, in considering the risk of air attacks on Britain, had divided the country into what 
was deemed relatively safe areas, west of a line drawn from Weston-Super-Mare in Somerset 
to Haltwhistle in Northumberland, and dangerous areas deemed to be in the southeast, 
south and eastern areas of Britain.95 Birmingham and Coventry, the centers of the motor 
industry in Britain and the locations for the five planned shadow factories fell in between 
but were deemed “unsafe” areas.96 Nevertheless, the need for the shadow factories to have 
ready access to management and labor from their parent firms was the paramount concern 
and outweighed the risk of placing the shadow factories next to their parent motor works. 
The Austin and Rover shadow factories were adjacent to their parent works in Birmingham, 
while the Daimler, Rootes, and Standard shadow factories were located in a ring around 
Coventry. The Air Ministry, too, recognized that during the time of war converting the 
parent motor firms into aircraft engine production would take the closest possible coordi-
nation with their shadow factories, an additional reason to have the shadow factories close 
by.97 Countering the argument that a bomber aiming at one factory could hardly miss 
hitting another, a journalist reported that the authorities “are satisfied that the propinquity 
of the factories to each other is not dangerous and indeed argues that the factories are 
extremely difficult to identify amid the sprawling factories of the Midlands.”98

These first aircraft engine shadow factories built for the Air Ministry were “planned 
to a lavishness which contrasts with the stringency that was to be the rule later” and were 
built using “normal peacetime standards and requirements of the managing firms.”99 Disney 
had requested each firm to submit as quickly as possible details of the land selected for the 
factory site, the number of machine tools required, and the proposed layout (Figure 2.4).100

 FIGURE 2.4  A contemporary map showing the plot of land next to the Daimler Radford 
automobile works in Coventry that the Air Ministry purchased from Daimler to build the first 
Daimler shadow factory in 1937.

Source: Daimler Coventry: purchase site for shadow factory, AIR 2/2324: Aircraft 
Production: Shadow Factories (Code B, 6/2), National Archives, Kew, UK.
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Daimler Motors submitted its initial proposal at the end of August, requesting financing 
to build a factory next to its Radford, Coventry main motor works, with 122,400 ft2 of space 
(apparently later increased to 172,000 ft2), ancillary buildings amounting to 14,000 ft2, and 
offices of 8,400 ft2 at an estimated cost, with heating, lighting, and other services of £118,000 
($472,000).101 The Standard Motor Company shadow factory covered a total area of 230,000 
ft2, with the machine shop taking up 132,000 ft2, while the total area of the Rootes and 
Rover shadow factories was 237,000 and 170,000 ft2, respectively.102 The machine shops at 
each factory varied in size based on the number and type of machine tools required for 
manufacturing the allocated Mercury engine component. In contrast to the dedicated 
buildings of the other factories, Austin Motors placed its aero engine manufacturing and 
assembly operations in the same 670,300 ft2 shadow factory where it was building airframes, 
allocating a portion of the factory for the machine tools required for engine component 
production and space for the assembly of completed engines (Figure 2.5).103

The shadow factories followed new principles of industrial factory design. After World 
War I, British industrial architecture adopted the American preference for larger, single-story, 
steel-framed factory structures instead of the previous multistory brick and reinforced 
concrete designs. The ideal factory building was seen as allowing “a smooth and unhampered 
flow” of production from raw materials to finished products.104 This new factory design was 
present in the British automobile industry where several firms had adopted forms of line 

 FIGURE 2.5  A new shadow factory under construction in Coventry. These single-story 
structures followed American industrial building designs. The many windows to allow natural 
light would have to be covered over after Britain introduced a total blackout after the war 
had begun.
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production, arranging machine tools in a sequence of operations rather than by type, 
requiring wider, more open spaces than the vertical mill factories of the past.105 These steel-
framed buildings had steel roof trusses with steel supporting columns with bays 25 ft wide, 
adequate for two rows of machine tools, with walls of brick.106 The buildings typically had a 
saw-toothed, north-lit roof, with the north-facing slope having some clear material to let in 
daylight while the south-facing slope was covered with wood, asbestos, or corrugated iron.107

The new shadow factories were all single-story buildings with steel beam structures and 
brick walls, divided into separate bays, with a 6 in. steel-reinforced concrete floor to take 
the weight of the machine tools.108 The factories followed “the best practice in large-scale 
engineering production” where the layout conformed “to straight directional work flow 
from the material receiving end, through the material view into the approved stores, thence 
to the shops and, finally, back to the finished stores and dispatch.”109 All the factories were 
rectangular single-story buildings built to this new factory pattern, divided into separate 
bays.110 After a visit to the completed factories, a contemporary observer remarked, “the 
shops themselves are of the most modern design and air conditioned and have high roofs 
and a minimum of overhead cables and roof members. Wide concrete gangways separate 
the lines of machines, each of which has its separate power supply. These conditions combine 
to give exceptionally light, airy shops and pleasant working conditions.”111 For some of the 
firms, construction of their shadow factory began toward the end of August 1936, shortly 
after the Air Ministry approved their plans, and most had been completed by the summer 
of 1937. In the years leading up to the war and after, these factories would undergo expansion 
as the Air Ministry increased its requirements for Bristol aircraft engines (Figure 2.6).

 FIGURE 2.6  Installing machine tools in a partially completed shadow factory in Coventry 
in August 1937. Each individual machine tool had its own separate power source. Natural light 
floods the work area.

Im
ag

e 
re

pr
od

uc
ed

 b
y 

ki
nd

 p
er

m
is

si
on

 o
f C

ul
tu

re
 C

ov
en

tr
y 

Tr
us

t/
C

ov
en

tr
y 

A
rc

hi
ve

s.



62 Building Engines for War: Air-Cooled Radial Aircraft Engine Production

The machine tools required for the shadow factories cost three to four times more than 
the factory buildings, though the investment varied by the factory and the number of 
machine tools each factory required. The number ranged from 439 machine tools at the 
Rootes shadow factory to 729 at the Rover shadow factory.112 For each shadow factory, Bristol 
prepared a folder specifying the types of machine tools needed based on the machining 
times for each operation necessary for manufacturing the required component, based on 
Bristol’s own experience in its aircraft engine works.113 Bristol provided as well suggested 
layouts for machine tools based on manufacturing processes and projected output, designing 
the layouts for “line production” even if the initial quantities of components did not require 
this method of quantity production.114 After providing information on machine tools, Bristol 
then prepared schedules and detailed information on the jigs, fixtures, tools, and gauges 
that the shadow factories would need.115 Each of the shadow factories had a specially built 
standard room where the accuracy of the jigs and tools could be checked for accuracy with 
measuring instruments accurate to the ten-thousands of an inch required on many parts 
of an aircraft engine.116 The majority of the machine tools for the first shadow factories came 
from British machine tool makers, and while there were delays in delivery due to the growing 
demand for machine tools from the breadth of rearmament underway, by October 1937, the 
shadow factories had most of the machine tools they needed. The Daimler shadow factory 
had 82% of its machine tools, Rootes had 90% and the Standard Motor Company machine 
tools had 92%.117 As Flight magazine commented after a visit to the shadow factories that 
same month, “to have designed, built, and equipped in twelve months five factories with 
new machine tools embodying the latest practice, and this during a period of increased 
demand from other industries, is a feat bordering on the miraculous.”118

With the prospect of larger orders from the Air Ministry and plans for conversion to 
production of sleeve-valve engines, the Bristol Aeroplane Company had been expanding 
its own production facilities at its own expense. In early 1936, Bristol completed a new 
aircraft engine factory of 200,000 ft2, adding a second building during the first half of 
1937.119 This second building accommodated the engine fitting, subassembly and erection 
sections, as well as sections for manufacturing sleeve valves. Bristol financed these additions 
but received Government financing for a new building to assemble aircraft engines from 
the components produced at the shadow factories. This became Bristol Shadow Factory No. 
2, next to the main aircraft engine works at the Bristol factory at Filton, costing the 
Government £384,023, including £100,000 for machine tools.120 As with the shadow facto-
ries, increasing orders for Bristol aircraft engines would lead to further expansions of the 
Bristol aircraft engine works, financed through the Air Ministry (Table 2.2 and Figure 2.7).

TABLE 2.2 Expenditures on shadow factories 1936–1939.

Original sanctions Revised sanctions
Actual expenditure to 
11.30.1939

Austin motors £720,920 ($2.8M) £701,000 ($2.8M) £668,227 ($2.7M)

Bristol shadow no. 2 £389,786 ($1.5M) £390,873 ($1.5) £384,023 ($1.5M)

Daimler motor £579,841 ($2.3M) £764,244 ($3.0M) £696,939 ($2.8M)

Rootes securities £542,700 ($2.1M) £936,959 ($3.7M) £752,250 ($3.0M)

Rover motor £708,221($2.8M) £842,424 ($3.4M) £796,945 ($3.2M)

Standard motor £610,000 ($2.4M) £889,804 ($3.5M) £627,908 ($2.5M)

Totals £3,551,468 ($14.2M) £4,525,304 ($18.1M) £3,926,292 ($15.7M)

Source: Statistics Relating to the Twelve Air Ministry “Shadow” Factories in Production, Memo of 
December 1939, “Shadow” Factories: Remuneration of Managing Firms, AIR 19/9, National Archives, 
Kew, UK.
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The main criticism of the Government’s shadow scheme was its reliance on a sole-
source supply chain system. Maintaining balanced production among all the factories 
proved to be a challenge. Disruptions did happen during the initial years of production 
at the factories, as will be explained below, and following the German air raid on Coventry 
on the night of November 14, 1940.121 German bombs hit the Daimler Radford works, 
severely damaging the nearby Daimler shadow factory and the Rootes shadow factory.122 
Fortunately, production was ahead of schedule so although it took five weeks to restore 
production, the total loss in output for all the shadow factories only amounted to two 
weeks of production.123 Following the November raid on Coventry and the Government’s 
push to disperse production, the automotive shadow factories acquired smaller buildings 
in the surrounding areas, including a carpet factory, a laundry, a mill, and several garages 
to use as dispersal factories.124 As it turned out, these designated Dispersal Points did not 
have to be used for aero engine production, but later in the war became important sources 
of spare parts.125

 FIGURE 2.7  Damage to the Rootes shadow factory in Coventry from German bombing 
on the night of November 14/15, 1940. The damage took some weeks to repair but production 
resumed fairly quickly.
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The Production Record
By September 1937, the shadow factories were preparing to manufacture the Mercury 
Mark VIII under an initial contract for 1,500 engines and an additional 500 engines in 
the form of spare parts.126 Even before the contractors had completed construction of 
the factories, the management began moving in machine tools and making them ready 
to begin production starting with small test runs. The Air Ministry hoped that the 
shadow factories could begin producing complete engines that month, working up to 
40 engines a month by December, and then steadily increasing production to 200 
complete engines a month by June 1938, but this proved to be optimistic.127 At the Rover 
shadow factory, for example, Mr. S.B. Wilks, Rover’s Managing Director, reported that 
the factory had completed its first set of components on September 15, 1937, even though 
the factory had only received 81% of its required machine tools and 67% of its jigs, and 
was still short of staff.128 That same month, Norman Rowbotham reported to his direc-
tors that he had received the first set of components from three of the shadow factories 
and that he hoped to receive the remaining parts and assemble the first shadow-built 
Mercury engine by the end of the month, commenting on the excellent quality of the 
parts received.129 Bristol had agreed to give the first engine a 100-hour type test in 
addition to the normal endurance test to prove its reliability, the first Mercury VIII 
assembled from shadow factory parts completed this test in November 1937.130 This was 
an important milestone and cleared the way for quantity production.131 By year-end, 
the shadow factories were ready to begin production of components, with some factories 
already ahead of others.132 Rover and Rootes had run into difficulties, Rootes having 
problems with defective raw materials while Rover had run into problems in certain 
machining operations, but the Air Ministry was confident that the shadow factories 
could deliver 25 sets of components by December and begin full production in the spring 
of 1938.133

In January 1938, the Rover Shadow Factory reported that it now had over 1,300 staff 
and most of the required machine tools were in place to allow for production at a rate of 
20 sets of components a week to be attained by March.134 Production of complete Mercury 
aero engines from the shadow factories built up slowly. During January and February 1938, 
the shadow factories did not produce enough components to build complete engines but 
produced two complete engines in March, seven in April, and 21 in May, less than the Air 
Ministry’s target.135 Continued production problems at the Rootes shadow factory and a 
shortage of carburetors disrupted the output for July and August when no complete engines 
came out of shadow production, but the shadow factories finally reached and exceeded their 
goal of 50 Mercury engine sets a week in October, completing 252 complete engines that 
month.136 Over the same period, Bristol struggled to reach its planned program of engine 
production. A shortage of key components and the slow rate of production of the new 
Hercules and Taurus sleeve-valve engines, which were effectively being built by hand, meant 
that by October 1938 Bristol was building less than 40 engines a week instead of the planned 
48 a week.137

Demands from the Air Ministry for more aircraft engines were growing. On March 
30, 1938, 18 days after the Anschluss, the Air Council informed the Aero Engine 
Committee that the Council had decided to go ahead with the full order of 4,000 aircraft 
engines from the shadow factories but had decided that these additional engines should 
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all be the Mercury VIII, instead of a mix of Mercury and Pegasus types as had originally 
been proposed.138 This decision took place against a background of intense debate over 
the composition and cost of the next RAF expansion scheme. Scheme L, which followed 
Schemes H, J, and K, received Cabinet approval on April 27, 1938 and called for an 
increase in total RAF aircraft strength but a reduced number of bombers in favor of more 
fighter aircraft.139 But there was a dramatic shift in the timing of the expansion. Scheme 
L was to be an accelerated program, with the new total strength level to be completed by 
March 31, 1940 instead of March 31, 1941.140 This program required a 170% increase in 
aircraft production over the 1937 level and called for the production of 12,000 new aircraft 
in two years.141 Obviously, this would create a great demand for aircraft engines and 
there was now some concern in the Air Ministry to ensure that aircraft engine produc-
tion kept pace with airframe production. At the end of April, Air Marshal Sir Wilfrid 
Freeman, Air Member for Research and Development, wrote a note to the Chief of the 
Air Staff expressing his concern about engine production. Freeman noted that “we have 
been inclined in the past to think that all was well with the engine production, but this 
is only so because aircraft production has been much slower than we expected. If aircraft 
production had been quicker the engine people would have been hard put to it to keep 
level. It is, in my opinion, that our engine needs should be examined and set out in the 
immediate future.”142 Freeman said it was obvious that an accelerated aircraft program 
would require an accelerated aircraft engine production and that a substantial aircraft 
engine production program would mean expanding production capacity at Bristol and 
at Rolls-Royce.143

H.A.P. Disney had already been in touch with Bristol about the ability of the firm to 
expand aircraft and engine production. Bristol had replied to his inquiry stating that even 
with a night shift aircraft engine production could only be increased from 40 to 44 engines 
per week.144 Verdon Smith, Chairman of Bristol, met with Lord Swinton on April 28 to 
discuss how Bristol could accelerate aircraft production to meet the goals set for March 
1940.145 Smith explained to Swinton that this could be done but only with greater capital 
expenditure. Bristol was reluctant to expand its facilities using its own capital, but Smith 
assured Swinton that Bristol would help in every way possible if the Government would 
finance the factory and machine tools necessary to expand aircraft production.146 In a 
follow-on letter to the Air Council Sub-Committee on Supply, Bristol pointed out that “if 
large numbers of additional engines will also be required, as we understand the case, it will 
be necessary to make considerable extensions of the engine works involving large additional 
capital outlays.”147

Bristol representatives met with the Air Ministry on May 16 to review the acceler-
ated engine program in more detail. The Air Ministry informed Bristol that there was 
a requirement for the following types of Bristol aircraft engines by March 31, 1940 
(Figure 2.8):

•• 475 Pegasus

•• 900 Taurus

•• 700 Hercules

•• 675 Perseus

•• 2,750 total
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The Air Ministry needed more Pegasus engines for the 564 Vickers Wellington and 
430 Handley Page Hampden bombers it had on order, the 900 Taurus and 675 Perseus 
sleeve-valve engines for the new Bristol Beaufort and Blackburn Botha General 
Reconnaissance aircraft, and the Hercules sleeve valve for the B.12/36 four-engine heavy 
bomber (the Short Stirling).148 Mr. Daniel of Bristol remarked that this total was 1,690 more 
engines than the Company’s planned production up to March 1940.149 Norman Rowbotham, 
also in attendance, said that while it would be possible, though not without difficulty, to 
obtain additional facilities and machine tools, the real problem with meeting the require-
ment would be a shortage of labor. Air Marshal Freeman, also at the meeting, suggested to 
the Bristol representatives that it would be possible for the Company to make use of the 
shadow factories to fulfill part of the new program.150 The Air Ministry had already been 
considering changes to the aircraft engine shadow factory program, including the question 
of shifting the shadow factories from the production of the poppet-valve Mercury and 
Pegasus engines to the Bristol sleeve-valve types.151 This was partly in response to repeated 
requests from Lord Austin and the Aero Engine Committee who wanted to know what 
type of Bristol aircraft engine would follow production of the Mercury VIII and partly for 
the need for forward planning for aircraft engine production.152

Verdon Smith, Daniels, and Norman Rowbotham met Air Vice-Marshal W.L. Walsh, 
Air Member for Supply and Organization, Air Marshal Freeman, and other representatives 
of the Air Ministry on June 2 to review the revised aircraft and aircraft engine programs.153 

 FIGURE 2.8  The Bristol Pegasus powered the Vickers Wellington Mk. I twin-engine 
bomber, shown here, and the twin-engine Handley Page Hampden. These two aircraft, with 
the Armstrong Whitworth Whitley, formed the Royal Air Force’s bomber force at the 
beginning of the war.
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Bristol had submitted a proposal to the Air Council covering the cost of expanding the 
aircraft engine works at Bristol, which Rowbotham estimated to be £1,926,000 ($7.7 million) 
for new facilities and machine tools, requesting Government financing for the expansion.154 
The directors had decided against proposing to build a new factory in the Midlands, at 
Government expense, that Bristol would manage as this would simply be another shadow 
factory which the directors found unsatisfactory. Bristol also proposed shifting production 
of the Pegasus engine to the shadow factories. If the shadow factories could take on the 
production of 642 of the Pegasus engines and an additional 353 Mercury engines on order 
from Bristol, this would leave Bristol with 3,686 engines to produce by March 1940, 812 
engines over their current program as opposed to the 1,690 engine shortfall initially 
calculated.155

Air Marshal Freeman objected to switching the production of the Pegasus to the shadow 
factories, as he thought that once the production of the Pegasus had ended, the shadow 
factories would be left with considerable machine tools good only for manufacturing what 
would by that time be an obsolete engine. He argued strongly in favor of the shadow factories 
switching to the new and more promising Bristol Hercules. Rowbotham pointed out to 
Freeman that the shadow factories could not begin production of the Hercules until 1940 
and that manufacture of the sleeve valve and other components for the Hercules would 
require a considerable amount of new machine tools and new jigs and fixtures. More 
importantly, the latest Hercules with a two-speed supercharger offering greater power had 
yet to pass its 100-hour type test.156 The difference between the Mercury and Pegasus engines 
was slight, Rowbotham argued, and he fully expected that the shadow firms could take on 
production of the Pegasus and complete the Air Ministry’s orders by December 1939. 
Freeman appears to have finally accepted the Bristol proposals, but asked that an “ad hoc” 
committee be formed of representatives of the Air Ministry, the Aero Engine Committee, 
and Bristol Aeroplane Company to pursue the question of shifting the shadow factories to 
the production of the Hercules after completion of Mercury production.157

H.A.P. Disney, who had attended the June 2 meeting, then called a meeting with Lord 
Austin and the members of the Aero Engine Committee, together with representatives of 
Bristol, to explain how the accelerated aircraft and aircraft engine programs would affect 
the shadow factories.158 Disney explained that the Air Council had been reviewing the 
accelerated aircraft program and after discussions with Bristol had decided that the shadow 
factories should take on the production of the Bristol Pegasus XVIII engine, with an initial 
order for 1,000, in addition to the existing order for 4,000 Mercury engines, to be completed 
by the end of 1939. He asked if the Aero Engine Committee would agree in principle to take 
on this new order. Timing was important and the shadow firms needed to begin production 
as soon as possible. Disney said that Bristol would continue to manufacture Pegasus engines 
up to March 1939, after which it was hoped that the shadow factories could take over Pegasus 
production, beginning with 20 engines a month by April 1938. Lord Austin said the 
Committee would be willing, but there were questions on how soon Bristol could provide 
the necessary detailed information on the Pegasus and how different production of the 
Pegasus would be from the Mercury. Rowbotham and Maj. George Bulman of the Air 
Ministry assured the Committee that the differences between the Pegasus and the Mercury 
were slight, the most important difference being the two-stage blower of the Pegasus. This 
would put most of the burden on the Rootes shadow factory, who were making the super-
chargers for the Mercury. Although the meeting did not address the issue, it appears that 
because of the similarity of the Mercury and the Pegasus, the existing allocation of compo-
nents would simply be replicated with the Pegasus. Rowbotham estimated that the cost of 
additional machine tools, jigs, and fixtures for the Pegasus would amount to between £70,000 
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and £80,000 ($280,000 and $320,000) and he saw no difficulty in producing both the 
Mercury and the Pegasus concurrently with minimal rearrangement of the machine tools.

The Air Ministry moved quickly on both the Bristol and shadow factory accelerated 
aircraft engine programs. Disney wrote to the Aero Engine Committee on June 23, 
confirming the order for 1,000 Pegasus XVIII engines, with planning for Pegasus produc-
tion to start immediately and authorizing the shadow factories to begin ordering the neces-
sary jigs and tools and to submit lists of new machine tools they required.159 Disney added 
that an order for a small number of Hercules engines might follow. A month later, the Air 
Ministry approved expenditures of up to £50,000 ($200,000) for new machine tools for 
Pegasus production at the shadow factories. That same day, Air Council Committee on 
Supply met with Bristol to go over the agreed plan for expanding aircraft engine produc-
tion.160 While satisfied with Bristol’s revised plans for expanding aircraft and aircraft engine 
production, AVM Welsh, A.M.S.O. informed Bristol that the Committee would have 
preferred for Bristol to set up a new factory away from Filton, but there was not time. The 
next day, the Air Council Committee on Supply sent a letter to Bristol saying the Committee 
had approved the proposed capital expenditures to allow the company to erect new factory 
buildings, at Government expense for aircraft and aircraft engine production.161

The agreed program of aircraft engine production would see Bristol gradually phase 
out the production of the Mercury and Pegasus poppet-valve engines to concentrate on the 
sleeve-valve Perseus, Taurus, and Hercules with the expectation that by June 1939 produc-
tion of the Mercury and Pegasus would cease.162 This program committed Bristol to produce 
4,270 engines by March 1940. The Government would finance the construction of a new 
200,000 ft2 machine shop with 36 bays at a cost of £195,800 ($783,200), with an additional 
£70,600 ($306,000) for new engine test houses. The Government would commit £416,000 
($1.6 million) to purchase 500 new machine tools to equip the new factory, for a total expen-
diture for all items of £924,200 ($3.7 million). Freeman was correct in his assessment that 
the Pegasus, and the Mercury, were by this point obsolete. The final versions of the Mercury 
had a maximum power of 870 hp, while the last versions of the Pegasus reached 1,010 hp, 
but the larger and heavier aircraft coming into service needed even more power. The future 
of the air-cooled radial engine lay with the double-row engines of 14 and 18 cylinders, like 
the Hercules, with power outputs approaching 1,500 hp and greater. Although this does not 
seem to have been recorded in the meetings of the time, it made far more sense to have 
Bristol concentrate its development and production efforts on engines with the potential 
for greater power and leave the Mercury and the Pegasus, which continued in service until 
the end of the war in minor types, to the shadow factories. While Bristol received more 
orders for the Mercury and the Pegasus leading up to the war, the company stopped manu-
facturing the Mercury during 1940, continuing on with the Pegasus until 1942.163

The Munich Crisis in September 1938 brought calls from the Air Ministry for even 
greater production. At a meeting of the Aero Engine Committee on September 19, Lord 
Austin said that he had received a verbal notice that the Air Ministry wanted the shadow 
factories to push the production up to full capacity.164 On October 7, Maj. George Bulman, 
recently appointed Director of Aeronautical Engine Production at the Air Ministry, told 
the Aero Engine Committee that the Government had decided to “double the energies in 
rearmament.”165 Bulman was concerned that as aircraft production ramped up the shadow 
factories might fall behind schedule. After some discussion, the Committee decided that 
75 engine sets per week were probably the maximum balanced level of production the 
shadow factories could achieve, as this was the maximum number of blowers the Rootes 
factory could produce. Bulman replied that he  was in discussion with Rootes about 
expanding their shadow factory. The Air Ministry was also addressing a continuing shortage 
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of carburetors that was a drag on shadow factory production. In early November, the Air 
Council Committee on Supply approved the expenditure of £70,000 ($280,000) (£20,000 
($80,000) on buildings and £50,000 ($200,000) on machine tools) for the Rootes shadow 
factory to expand its capacity.166 Following the Munich Crisis, the Air Ministry informed 
Bristol that it wanted the company to produce an additional 659 engines, 409 Pegasus types, 
and 250 Mercury.167

It was becoming clear to the Air Ministry that the initial estimates of aircraft engines 
required in an emergency were inadequate and would require a substantial increase to 
match the production of airframes.168 More critically, the existing aircraft engine produc-
tion capacity to meet this increased requirement was insufficient. It had also become 
apparent that the central premise of the shadow factory scheme, that in the event of an 
emergency the parent automotive factories could be rapidly converted into producing 
aircraft engines, was seriously flawed.169 A review of automobile factories found that only 
30 to 40% of machine tools in the factories could be readily converted into aircraft engine 
production, requiring 60 to 70% to be replaced. Not only would this be uneconomical but 
since the automobile factories would not be available until the start of an emergency, the 
time it would take to acquire and install new machine tools meant that the factories would 
be unable to begin aircraft engine production until several months after the outbreak of 
war.170 The war potential of the automobile industry would be in the labor the industry 
could provide but not the factories or machine tools. Expanding the existing shadow facto-
ries for greater production would only increase their vulnerability to air attacks. The Air 
Ministry had no practical alternative to relying on the existing shadow factories as they 
were for building Mercury and Pegasus engines, expanding production by adding more 
machine tools, and moving to double or triple shifts in the event of war.

More orders for engines from the shadow factories and Bristol soon followed. In early 
October, the Air Council Committee on Supply had approved orders for an additional 550 
Mercury engines and later in the month decided to divide the order between Bristol and 
the shadow factories.171 This order apparently instructed the shadow factories to begin the 
production of a new model of the Mercury, the Mercury XV, as in January 1939 Daimler 
notified the Air Ministry of increased costs of tooling up for the Pegasus XVIII and the 
Mercury XV.172 With the prospect of more orders to follow and the need for creating war 
potential, the Air Council debated spending an additional £360,000 ($1.4 million) to expand 
facilities at the shadow factories, with £297,000 ($1.2 million) for new machine tools.173 By 
March 1939, using overtime and a partial night shift, the shadow factories had pushed their 
output of engine sets to 80 per week, but the Air Council estimated that the factories could 
not produce more than 90 engine sets a week even with three shifts due to the lack of 
machine tools. The additional allocation would allow the shadow factories to boost output 
to 120 engine sets a week in an emergency, but apparently, the Air Council deferred a 
decision on this point.174 Concerned with maintaining production capacity in the shadow 
factories, once they had completed their initial orders for Mercury and Pegasus engines, 
in April, the Air Council Committee on Supply approved orders for an additional 1,036 
Mercury and 330 Pegasus engines.175 On August 1, on the eve of war, the Air Council placed 
more orders with the shadow firms for 1,200 Pegasus engines for Wellington bombers and 
for 400 Mercury engines for Westland Lysander Army Co-Operation aircraft and the Miles 
Master II trainer.176 The shadow factories had completed their first 39 Pegasus engines 
during June and that same month completed 342 Mercury and Pegasus engines with a 
further 54 complete engines in the form of spare parts.177 By the end of August 1939, the 
shadow factories had built 3,329 complete engines and an additional 478 as spares and were 
on track to complete the original order for 4,000 Mercury engines by year-end.178
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The outbreak of war brought a surge of orders for the shadow factories (now designated 
No. 1 Shadow Engine Group as the Air Ministry had organized the new No. 2 Shadow Engine 
Group to concentrate on the Hercules as described in Chapter 4). The Air Council Committee 
on Supply approved an order for 1,000 Pegasus XVIII engines for 300 additional Wellington 
bombers ordered at the same time and an order for 1,000 Mercury XV engines on September 
23.179 To meet this demand, the shadow factories had to increase their output to 120 engine 
sets a week. Prior to the war, most of the factories had been on a single day shift, but now 
they went to a double-shift system, boosting the production to 350 complete engines in March 
1940 and to 646 complete engines in May.180 Two months after the start of the war, having 
advised the shadow factories to begin planning to increase their output to 150 engine sets a 
week, George Bulman sought approval from the Air Council Committee on Supply to allow 
No. 1 Shadow Group factories to purchase long lead time items to boost production to 150 
engine sets a week by June/July 1940 and to plan for the production of at least 6,000 engine 
sets.181 In his memo, Bulman said the authorization to support the production of 6,000 engine 
sets was a minimum, but he thought authorization for 10,000 engine sets would be an even 
better way of encouraging the shadow factories to build production.182 On December 7, 1939, 
Bulman wrote a note to the Air Council stating that in his opinion, a production rate of 150 
Mercury XV and Pegasus XVIII engine sets a week would not be adequate as the current 
aircraft program’s needs for engines exceeded this level of output.183 Bulman now sought 
approval to allow the shadow factories to order the machine tools they would need to reach 
150 engine sets a week, but to purchase additional materials to boost production to 175 engine 
sets a week as well as to provide the equivalent of 20 complete engines in the form of spare 
parts. The Air Council approved his proposal on December 19, including the following 
expenditures to expand the production capacity at each of the shadow factories Table 2.3184:

Rootes required the largest investment as it was responsible for building blower units 
for the Mercury and the more complex two-stage blower for the Pegasus, while Bulman 
wanted to expand Rover’s production of valves for both engines as the wastage on valves 
was far higher than for other engine components.185

As war approached, the production of the Mercury and Pegasus accelerated. By the 
summer of 1939, production had reached 80 engines a week. The production declined during 
the first few months of the war as a result of blackout restrictions, problems with trans-
porting materials, and the call-up of workers for the services.186 During the first half of 
1940, there were production delays at the Austin and Rootes factories but Bristol and the 
shadow factories attained the Air Ministry’s new target of 150 engine sets per week in June 
1940 and reached 761 engines completed during August.187 The new Ministry of Aircraft 
Production still deemed this insufficient for the number of Blenheim, Hampden, and 

TABLE 2.3 1939 expenditures on shadow factories.

Machine tools Buildings and services Total

Austin Co. £9,000 ($36,000) — £9,000 ($36,000)

Daimler Co. £22,250 ($89,000) £41,700 ($166,800) £63,950 ($255,800)

Rover Co. £131,030 ($524,120) £57,046 ($288,184) £188,076 ($752,304)

Rootes Securities £208,000 ($832,000) £60,000 ($240,000) £268,000 ($1,072,000)

Standard Motor Co. £37,485 ($149,940) — £37,485 ($149,940)

£566,511 ($2,266,044)

Source: Aircraft Council Committee on Supply, No. 1 Shadow engine production, Memorandum by 
D.E.P., December 19, 1939, AIR 6/59, National Archives, Kew, UK.
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Wellington bombers on order that called for an output of 950 Mercury XV and Pegasus 
XVIII engines per month.188 That same month, the Ministry approved a new production 
target for the factories of 200 complete engine sets per week, with an additional 20 sets as 
spares.189 The Ministry approved additional expenditures for machine tools so the shadow 
factories could reach this new target.190 To support expanded production, the Air Supply 
Board approved the expenditure of £55,957 ($223,828) to provide equipment to the De 
Havilland Aircraft Co. Ltd. to manufacture rear covers for the Mercury engines produced 
in No. 1 Shadow Group.191 The Air Supply Board apparently decided to increase the rate of 
production in No. 1 Shadow Group even further, approving expenditures for machine tools 
and equipment to boost output to 280 engine sets per week.192

The production of the Mercury and Pegasus engines peaked during 1941 when the shadow 
factories and Bristol produced 9,611 complete engines, with the shadow factories achieving their 
highest monthly output completing 980 engines in May.193 By the end of 1941, the aircraft types 
using the Mercury and Pegasus engines, principally the Blenheim, Hampden, and early Marks 
of the Wellington, were being progressively withdrawn from operations. The production of the 
two engines continued at a high rate during 1942, with a total output of 8,499 engines from 
Bristol and the shadow factories, but then dropped off sharply during 1943 to 1,711 engines as 
Bristol stopped the production of the Pegasus and demand shifted to the more powerful 
Hercules.194 The production of the Pegasus ended in September 1943 while Mercury production 
came to an end in September 1944, after the shadow factories had shifted to producing the last 
versions of the Mercury, the Mercury XX, 25, and 30.195 From June 1939 until February 1945, 
Bristol and the shadow factories built 16,041 Mercury engines and 15,713 Pegasus engines, with 
the majority completed at the shadow factories.196 The speed with which the shadow factories 
increased their output, despite production problems, was impressive. During 1939, the first full 
year of production, the shadow factories completed 3,410 engines with a peak monthly produc-
tion of 342 engines. Within two years, the shadow factories had more than doubled their monthly 
output to produce 9,611 complete engines, an increase of 181% (Figure 2.9).

 FIGURE 2.9  Shadow factory monthly Mercury and Pegasus engine production.

Source: Abridged Record of Engines, Spares and Accessory Output from Shadow Industry for 1938-44, “History of Production of 
Bristol Aero Engines by the Shadow Industry Operating Under the Joint Aero Engine Committee in Conjunction with the Bristol 

Aeroplane Company Limited,” XC03-8876/066, Royal Air Force Museum.
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Production at the Shadow Factories
Production at the shadow factories, at least until the outbreak of the war in September 1939, 
involved the exact replication of Bristol’s prewar production methods. At the inaugural 
meeting between Bristol and the representatives of the shadow factories in June 1936, the 
automotive firms decided they would “slavishly follow Bristol Aeroplane Company produc-
tion practice and improve on this if and when experience justified any changes.”197 
Fortunately, Bristol had extensive experience in providing technical advice and support for 
manufacturing Bristol engines. For nearly a decade, Bristol had been cooperating with 
European firms building the Bristol Jupiter, Mercury, and Pegasus engines under license. 
To assist the licensees, Bristol had prepared a compilation of drawings, specifications, and 
schedules documenting the production in exhaustive detail known as the “Bristol Engine 
Bible.”198 This compilation, and Bristol’s extensive experience, proved invaluable in setting 
up production at the shadow factories.

Soon after the inauguration of the shadow scheme, Bristol set up a special Shadow 
Industry Office to coordinate the supply of technical information and assistance to the 
factories. Over the next two years, the Office supplied more than 68 folders of detailed 
information and precise instructions on engine production, specifying in exact detail the 
types and number of machine tools to be used in each machining operation, machining 
times, specifications of materials, schedules of equipment for engine testing and assembly, 
among others.199 Bristol based these specifications on its own experience in its aircraft 
engine works.200 The factories set up a managers’ committee which met frequently during 
this initial phase to work out common problems in cooperation with Bristol and the Air 
Ministry, while senior executives of the motor firms formed the Aero Engine Committee 
(Shadow Industry) to provide overall direction.201

Machine tools required for the factories cost three to four times more than factory 
buildings, though the investment varied by the factory and the number of machine tools 
each factory required. The number ranged from 439 machine tools at the Rootes factory to 
729 at the Rover factory.202 After providing information on machine tools, Bristol prepared 
schedules and detailed information on the jigs, fixtures, tools, and gauges that the factories 
would need.203 Each of the factories had a special standard room where the jigs and tools 
could be checked for accuracy with measuring instruments accurate to the ten-thousands 
of an inch required on many parts of an aircraft engine.204 Bristol’s choice of machine tools 
to build the Mercury and Pegasus stressed flexibility. The Bristol machine shops did not 
use special-purpose machine tools that were common in the automotive industry. Instead, 
the company purchased standard machine tools that did not require special jigs or fixtures 
and that could perform several operations on the same machine tool.205 Contemporary 
articles describe labor-intensive machine operations on sequences of separate and different 
types of machine tools, with few mentions of machine tools that could perform multiple 
operations on the same machine. At that time, Bristol classed over 40% of the workforce 
in the Aero Engine Department as skilled workers.206 This was the operation that Sir Hubert 
Austin, the first chairman of the shadow factory group, observed on his visit to the Bristol 
engine works in June 1936, concluding that “it would certainly not be an easy matter to 
improve on their present practice unless special machinery was installed and a large number 
of engines produced.”207

The majority of the machine tools for the first shadow factories came from British 
machine toolmakers, apart from small numbers of automatic machine tools and milling 
machines imported from America.208 While there were delays in delivery due to the growing 



73CHAPTER 2 Building Nine-Cylinder Engines: The Bristol Mercury and Pegasus 

demand for machine tools, by October 1937, the shadow factories had most of the machine 
tools they needed. The Daimler shadow factory had 82% of its machine tools, Rootes had 
90%, and the Standard Motor Company factory had 92%.209

At the time Bristol was advising the shadow factories on setting up production, the 
company itself was still grouping machine tools by type and function and only using 
line production to a limited extent.210 This arrangement was perfectly adequate for batch 
production. When Bristol provided the factories with suggested layouts for machine 
tools, based on manufacturing processes at each factory and projected output, it provided 
several alternatives.211 Bristol did offer a plan that incorporated the possibility of 
employing line production if the quantities of components required this method of 
quantity production at some later date.212 Bristol decided, however, that the initial output 
of 50 complete engine sets per week did not justify setting up an extensive line produc-
tion system.213

While following Bristol’s recommendations, the automobile companies did have some 
leeway in choosing different approaches to production methods and laying out machine 
tools at their respective shadow factories. The automobile companies were familiar with 
line production methods and the concept of flow production. During the 1920s and 1930s, 
several firms reconfigured their factory layouts to improve the flow of components.214 
Despite Bristol’s recommendation that a line production system was not necessary, it appears 
that the Rootes, Rover, and Standard Motor factories adopted some form of line production. 
A report on the Rootes factory noted that “the main machine shop runs in parallel lines 
the full length of the factory” and that the factory had taken care to “minimize the delay 
caused by interruption of the straight flow of machining sequences brought about by the 
necessity of secondary processes such as heat treatment,” a good description of line produc-
tion.215 The Standard Motor shadow factory was described as “quite definitely a show-
place.”216 The Standard factory had “the simplest and yet at the same time the most difficult 
manufacturing program.”217 The Standard factory built the cylinder head and cylinder 
barrel, and while machining these components was complex, it allowed the factory to adopt 
line production, with one line for the cylinder head and one line for the cylinder barrel, 
and facilitated using conveyors to move parts between machining operations.218 How 
production was organized at the Austin, Daimler, and Bristol shadow factories is uncertain.

Inevitably, despite the best efforts of Bristol and the automotive firms, there were delays 
and disruptions in output. Before the beginning of the war, the most serious delays occurred 
at the Rootes Humber factory manufacturing the blower (supercharger) units for the 
Mercury. Apparently, Bristol had specified that the Rootes factory should use the Swiss 
Maag gear grinder for the blower gear wheels, but William Rootes insisted on using the 
British Orcutt grinding machine, only to find later that the Mercury engines equipped with 
the Orcutt ground gears failed their engine test, forcing a change in the gear-grinding 
machine tools.219 In July 1938, Rootes was 774 units behind schedule which “caused a 
considerable amount of discontent among other members as bonus payments would 
be delayed.”220 In July-August 1938, the shadow factories failed to produce a single engine. 
While monthly output improved during 1939, there continued to be problems with the 
Austin and Rootes shadow factories meeting their production targets.221 This became an 
even greater problem after the war began as the Air Ministry pushed the shadow factories 
to rapidly expand production. In March 1940, the Air Council Committee on Supply 
reported that due to difficulties in arranging the supply of materials to the Austin and 
Rootes shadow factories, both factories were seriously behind schedule, with Austin short 
2,000 crankshafts and Rootes short 1,000 blower gear stampings.222 This was due in part 
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to a lack of forging capacity in Britain for forging crankshafts, forcing Bristol to develop 
alternative sources of supply in America.223 This lesson was not lost on the Air Ministry.

How It Was Done: The Transition to 
Large-Scale Production
It took a little over a year for the shadow factories to make the transition to large-scale 
production. From early 1939 to late 1940, the factories expanded their weekly capacity from 
50 to 200 complete engine sets a week, a four-fold increase. Few primary documents are 
available describing how the factories shifted to building engines in greater quantities. The 
Bristol history of the shadow industry refers to the “copious correspondence between the 
Bristol Shadow Office and the individual factories” dealing with all manner of production 
issues, but this correspondence does not seem to have survived.224 However, it is possible 
to show that to expand production the factories are greatly increasing machine utilization 
by moving to double shifts, nearly doubling the number of workers at the factories with a 
doubling of labor productivity through the learning effect.

The transition to larger-scale production began before the start of the war in September 
1939. The factories reached their initial target of 50 engines per week in August 1938. During 
the first half of 1939, the factories used overtime to build up to 80 engines per week, achieving 
this target in July.225 This effort was part of a three-fold increase in aero engine production 
at all the British aero engine factories—at Bristol, the shadow factories, Rolls-Royce, Armstrong 
Siddeley Motors, and De Havilland—between July 1938 and July 1939.226 A July 1939 memo-
randum for the Air Council from the Air Ministry’s Director General of Production on the 
progress of production for rearmament documented how the aero engine factories had 
achieved this increase.227 The memorandum stated that the increase was due to (Table 2.4):

	 (a)	 Increased machine utilization.
	 (b)	 Increased working hours.
	 (c)	 Increased production equipment.
	 (d)	 Increased labor strength.
	 (e)	 Increased area at Main Factories.
	 (f)	 New area at shadow factories.
	 (g)	 Increased subcontracting.228

TABLE 2.4 1940 expenditures on shadow factories.

Number of machine 
tools

Estimated cost of 
machine tools

Estimated cost of 
equipment

Austin Co. 72 £81,400 ($325,600) —

Daimler Co. 12 £11,450 ($45,800) —

Rootes Securities 287 £341,000 ($1,364,000) —

Rover Co. 45 £77,000 ($308,000) £25,428 ($101,712)

Standard Motor Co. 31 £27,040 ($108,160) £1,612 ($6,448)

Total 497 £537,890 ($2,151,560) £27,040 ($108,160)

Source: Air Supply Board, No. 1 Shadow Group- Production of Mercury XV and Pegasus XVIII engines, 
August 16, 1940, Ministry of Supply: Establishment, Registered Files (Series 1). Narratives on supply 
of Aircraft parts, especially aero engines: source papers, AVIA 46/35, National Archives, Kew, UK.
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With the exception of the Rootes factory, additions of new machine tools to the factories 
were modest. To achieve the target of 150 engines per week, in December 1939, the Air 
Ministry approved expenditures of £407,765 ($1.6 million) for more machine tools and 
equipment for the shadow factories and £158,746 ($635,984) for building work to provide 
more storage space for parts and space to assemble the increased number of engines.229 
This represented an increase of approximately 14% over the amount spent on machine tools 
at the factories up to November 1939.230 The Rootes factory received half of this allocation 
for machine tools, representing a 40% increase over the original expenditure for the 
factory.231 This was probably an effort to improve the production of blowers at the Rootes 
factory, which still lagged. In August 1940, a review of production determined that with 
more machine tools production could in fact be boosted to 200 engines a week.232 This was 
done through an additional expenditure of £537,890 ($2.1 million) with £27,040 ($108,160) 
on other equipment, an amount roughly equal to around 20% of the original expenditure.233 
Once again Rootes received the major portion of the allocation for machine tools. These 
two allocations for the Rootes shadow factory nearly doubled the number of machine tools, 
which rose from 606 in 1939 to 1,035 at the end of 1941.234 While the expenditure at the 
Rover factory represented approximately one-third of the original expenditure for the 
factory, the amounts allocated to the Austin, Daimler, and Standard Motor factories were 
less. There is no evidence that these new machine tools were different in any way from the 
standard machine tools already in the factories. It is highly likely, but not certain, that 
during this period, those factories that had not already done so shifted to line production 
to increase output. The directors’ minutes of the Rover Company shadow factory, for 
example, speak of changing the layout of machine tools within the factory to increase 
production to 150 engine sets per week (Figure 2.10).235

 FIGURE 2.10  Monthly engine production and total workers at the first shadow factories 
April 1939 and June 1941.

Source: Abridged Record of Engines, Spares, and Accessory Output from Shadow Industry for 1938-44, “History of Production of 
Bristol Aero Engines by the Shadow Industry Operating Under the Joint Aero Engine Committee in Conjunction with the Bristol 

Aeroplane Company Limited,” XC03-8876/066, Royal Air Force Museum; Ministry of Aircraft Production, Statistical Review 1939-1945.
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The most important factors in increasing production were, however, increasing the 
number of workers at the factories, moving to double shifts, and improving labor produc-
tivity. Between April 1939 and June 1941, the number of workers at each factory nearly 
doubled. More workers, enough to accommodate working double or triple shifts, allowed 
much greater machine tool utilization and increased component production. There is insuf-
ficient data to determine when the individual factories reached this level of employment, 
but it is probable that this occurred toward the end of 1940 when during October weekly 
production reached 200 engines per week for the first time.236 The move to double shifts 
apparently took place shortly before the start of the war.237 It is likely that as the labor force 
expanded, so too did the number of workers assigned to each shift (Table 2.5).

Conclusion
The first shadow scheme for aircraft engine production did not evolve as the Government 
had originally intended. The central premise of the shadow factory scheme that the parent 
automotive factories could rapidly convert into aircraft engine production proved to 
be flawed. The Air Ministry had no feasible alternative except to increase the number of 
engines that could be built in the existing factories employing more machine tools and 
especially more labor. While there may have been some move toward line production, the 
shadow factories appear to have concentrated on continuing to use existing production 
methods but with more workers working more shifts. Fortunately, this effort proved 
successful. The scheme was, as Hornby notes, “an outstanding venture into group organiza-
tion for shadow industry development.”238 The transition into building the Mercury and 
Pegasus in greater quantities at the shadow factories after the start of the war provided 
Bristol, the shadow factory management, and the Air Ministry and Ministry of Aircraft 
Production with invaluable experience. The next challenge, the production of the larger 
and more complex 14-cylinder Bristol Hercules would, however, be entrusted to a new 
shadow factory group, set up on a completely different basis and on a completely different 
scale of factory size, production methods, machine tools, and output.
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Building Nine-Cylinder Engines: 
The Wright R-1820 Cyclone 9

Introduction

As European rearmament accelerated, and as the Roosevelt administration began a 
belated effort to expand American air power, a principal concern was the capacity of 
the American aircraft engine industry to meet the demands for high-performance 

aircraft engines. If production capacity was insufficient, could it be expanded in time, and 
who would finance this expansion? These questions became more urgent during 1940 when 
British and French orders for American aircraft accelerated in the months leading up to 
the fall of France in May 1940, quickly followed by President Roosevelt’s call for 50,000 
aircraft for the American Army Air Corps and US Navy. The quantity of aircraft engines 
now required from Pratt & Whitney and Wright Aeronautical was many times greater than 
their annual production in the years leading up to the war. The urgency of the requirement 
for Wright’s nine-cylinder R-1820 Cyclone 9 air-cooled radial engine forced the company 
to rapidly acquire, with financing initially from Britain and France, expanded production 
facilities, but more importantly to develop the means of shifting rapidly from the compa-
ny’s prewar low-volume batch production methods to high-volume quantity production. 
Critical to Wright’s successful transition were the changes the company implemented to 
its production processes that incorporated the concept of continuous flow production and 
the realization that new types of machine tools would be required not just to increase the 
quantities of components but also to cope with the influx of semi- and unskilled workers 

3
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 FIGURE 3.1  Increase in Wright Cyclone horsepower 1930–1943.

Source: Angle, Glenn: Aerosphere 1939, 1943, Jane’s All the World’s Aircraft 1945.

who had no previous experience working with machine tools. The intensive effort Wright 
put into working out solutions to these problems during 1940–1941 provided a foundation 
for shifting to quantity production of Wright’s bigger, more powerful, and more complex 
engines. 

The Wright R-1820 engine was the Wright Aeronautical Corporation mainstay during 
the decade of the 1930s. During the decade, the R-1820 found wide application in American 
military and commercial aircraft. As aircraft designers shifted to all-metal aircraft with 
greater speeds, range, and payloads, Wright matched the need for increasing power with 
improved models of the R-1820. In the prewar years, Wright had its greatest success with 
multi-engine commercial airliners. Most airline operators of the Douglas DC-2/DC-3 series 
chose the R-1820 over Pratt & Whitney’s R-1830 Twin Wasp. The R-1820 helped Wright 
regain a competitive position versus Pratt & Whitney.1 The Cyclone 9 was best known as 
the engine that powered more than 12,000 Boeing B-17 Flying Fortress built during World 
War II.

In a little more than a decade, Wright Aeronautical more than doubled the power of 
the Cyclone 9. Development of the Cyclone 9 began in 1924, when the US Navy requested 
Wright to develop a new nine-cylinder air-cooled radial engine with greater power than 
the 200 hp Wright Whirlwind engine.2 This in 1927 led to the first Cyclone engine, the P-2 
with the military designation R-1750, which was rated at 525 hp.3 To get more power, Wright 
widened the bore of the Cyclone to increase the capacity to 1,823 in.3, hence its military 
designation of R-1820.4 With the same overall dimensions as the R-1750, the bigger capacity 
of the R-1820’s cylinders boosted the horsepower to 575 hp. As Figure 3.1 illustrates, following 
the R-1820’s introduction in 1930, Wright progressively increased the Cyclone 9’s power 
output through the R-1820F and R-1820G series, so that by 1939, the R-1820G-200 series 
was putting out 1,200 hp, double the power output of the first R-1820, reaching 1,350 hp in 
the R-1820H series later in the war.5



87CHAPTER 3 Building Nine-Cylinder Engines: The Wright R-1820 Cyclone 9

The Wright R-1820-G-200 series engine, the model built in greatest quantity during 
World War II in various models for the military, was a nine-cylinder, single-row, air-cooled 
radial engine with a dry weight of 1,310 lb. Like the Bristol Mercury and Pegasus, the R-1820 
was a poppet valve engine, but with only one intake and one exhaust port in contrast to 
the four ports on the Mercury and the Pegasus. The G-200 series was a major redesign of 
the Cyclone. With the G-200, Wright decided that improved performance was more impor-
tant than interchangeability of parts with earlier models of the Cyclone.6 The cylinder heads 
were cast from an aluminum alloy, and to improve cooling, Wright redesigned the cylinder 
head to increase the cooling area by 20%, deepening the cooling fins from 1½ in. in depth 
to 2¼ in., although this improvement presented an even greater challenge to the Wright 
foundry casting the cylinder heads.7 Wright also redesigned the intake and exhaust ports 
to improve their efficiency. The cylinder head was attached to a strengthened forged steel 
cylinder barrel which, thanks to improved machining techniques, had deeper and more 
closely spaced cooling fins than the G-100 series, offering 60% more cooling area.8 The 
G-200 series incorporated aluminum alloy forged pistons with improved cooling and an 
additional piston ring for more uniform oil flow.9

In the R-1820-G-100 series, Wright had switched from a forged aluminum to a forged 
steel two-section crankcase to strengthen the engine as the power output increased. The 
G-200 series continued with the steel crankcase, but with an improved design to reduce 
weight and simplify machining operations.10 To reduce more weight, Wright used a cast 
magnesium alloy for the front section of the crankcase in place of aluminum. The two-piece 
crankshaft for the G-200 series was made from a forged chrome–nickel steel alloy and 
incorporated two Wright Dynamic Dampers to reduce torsional vibration and stress to the 
propeller shaft.11 The G-200 used a master rod and eight connecting rods forged from 
chrome–nickel–molybdenum steel alloy. Wright refined the supercharge design on the 
G-200 series to improve the flow of air to the intake ports, allowing a greater quantity of 
air to flow more directly to the impeller, and redesigned the impeller blades for greater 
efficiency. To save weight on the supercharger and its mounting, Wright again substituted 
lighter magnesium castings for the mounting and rear housing sections.12 The propeller 
shaft, a hollow forging made from a steel alloy, attached to the crankshaft through the 
reduction gear machined from high-strength nitralloy steel.

The final wartime development of the Cyclone 9 was the R-1820H series. To obtain 
more power, Wright switched to using forged cylinder heads and a new form of cooling 
fins on the cylinder barrel, saving weight and greatly increasing the cooling area on the 
cylinder allowing for higher temperatures in combustion and greater power output. 
Designated the R-1820-56, this model of the Cyclone 9 achieved a weight to horsepower 
ratio of .97 lb/hp, the lowest ratio of any of the high-performance air-cooled radial engines 
built during World War II (Table 3.1).

TABLE 3.1 Comparative data: Wright Cyclone 9 and Bristol Pegasus XVII.

Wright Cyclone 9 Bristol Pegasus XVII

No. of cylinders 9 9

Total cylinder volume 1,823 cu.in. 1,753 cu.in.

Diameter 55 in. 55.3 in.

Dry weight 1,310 lb 1,180 lb

Max. takeoff power 1,200 hp 1,050 hp

Source: Jane’s All the World’s Aircraft 1945-46, (London, 1946).
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Organizing Production
The American aircraft engine industry was small in scale. In January 1939, the factory floor 
space of the entire industry, big and small firms, amounted to 1,762,000 ft2, not significantly 
bigger than the factory space at the Bristol Aeroplane Company and the new shadow facto-
ries in Britain.13 During 1938, as the shadow factories were building up to a production rate 
of 50 Mercury engines per week, Wright Aeronautical was building its Cyclone 9 engine at 
a rate of 35 per week while Pratt & Whitney was building 13 Twin Wasp engines per week. 
Production of these high-performance aircraft engines was growing slowly as the airlines 
and the military services introduced heavier and more capable airplanes. In 1936, the 
industry, primarily Wright Aeronautical and Pratt & Whitney, built 1,827 engines with 
greater than 700 hp, rising to 2,537 engines built during 1938.14 As the world began to rearm, 
the demand for American aircraft and aircraft engines steadily increased. During 1937, the 
American aircraft engine manufacturers sold 1,048 engines abroad generating $5.9 million 
in sales.15 The next year the industry sold 1,309 engines abroad for $7.9 million, and in 1939 
sold 1,880 engines for $14 million, a near doubling of sales.16 The driving force behind the 
increase in foreign sales were purchases of American aircraft and aircraft engines by the 
French and British Governments.

At the end of 1937, the French Government realized that the French Air Force and 
French aviation industry were woefully inadequate and incapable of matching the rapidly 
growing German Luftwaffe in quality and quantity of aircraft.17 In March 1938, the French 
cabinet approved Plan V, a significant increase in the French Air Force’s first-line strength 
and reserves to be achieved by March 1941.18 In the interim, however, the Air Force would 
still be short of more modern aircraft. Even before Plan V received cabinet approval, the 
Government sent a mission to America to explore purchasing American combat airplanes, 
aircraft engines, and machine tools in order to “harness American industry to the French 
war machine” as the French representative explained.19 The French Government hoped to 
purchase as many as 1,000 American aircraft, but found that there were few American 
military aircraft that met French requirements and that the American aviation industry 
was unprepared for either quantity production or quick delivery.20 The only order that came 
from the mission was for 100 Curtiss-Wright P-36 fighters, designated the Hawk 75A, with 
Pratt & Whitney Twin Wasp engines for delivery by April 1939.21

The Munich Crisis in September 1938 only reinforced the reality of France’s weakness 
in the air. With support from the Roosevelt administration, the French Government sent 
a second mission to America to purchase 1,000 American aircraft, particularly modern 
bomber aircraft. In January and February 1939, the French ordered 100 more Curtiss-Wright 
Hawk 75 fighters, 100 Douglas DB-7 and 110 Glenn Martin 167F bombers, 20 Chance 
Vought V-156 dive bombers (an additional 20 V-156 airplanes were ordered in May), and 
200 North American Harvard training aircraft, all equipped with Pratt & Whitney engines.22 
In February, the French Government separately signed a contract with Pratt & Whitney 
for 795 Twin Wasp engines valued at $10.6 million, and a month later placed a contract for 
an additional 300 Twin Wasp engines.23 These contracts were a Godsend for Pratt & Whitney 
which toward the end of 1938 had begun laying off employees as it completed engine 
contracts for the French, British, and the American Army Air Corps.24 Over the next several 
months, the French Government placed additional orders with Pratt & Whitney for 1,050 
Twin Wasp engines and with Glenn Martin for 150 Martin 167F bombers.25

British purchases of American aircraft were more restrained. In the spring of 1938, the 
slow pace of British aircraft production brought up the question of placing supplemental 
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orders with the American aircraft industry.26 Like the French Government, the British Air 
Ministry sent a mission to America to study the productive capacity of the American aircraft 
industry and identify aircraft that might be suitable for purchase for the Royal Air Force, 
particularly aircraft that could be used for land-based maritime reconnaissance, and 
training aircraft.27 Like the French mission, the British representatives concluded that the 
available American military aircraft were technically behind comparable European aircraft 
and that it was unwise to place large orders for American aircraft, with the exception of a 
conversion of the Lockheed 14 Super Electra airliner for maritime reconnaissance and the 
North American Harvard trainer.28 In June 1938, the Air Ministry placed orders with 
Lockheed for 200 Lockheed 14 aircraft, named Hudson, with an option for 50 more, and 
with North American for 200 Harvard trainers.29 The British order for the Lockheed Hudson 
brought Wright Aeronautical an order for 400 Cyclone 9 engines at an estimated cost of $4 
million.30 A few months later, the Australian Government also placed an order with 
Lockheed for 50 Hudson aircraft with Wright engines.31

In the aftermath of Munich, the Air Ministry began to change its opinion about the 
possible contribution of the American aircraft industry. There was an argument that 
American production could augment British production to provide reserves and a flow of 
aircraft far from the threat of German air attack once war had begun.32 American neutrality 
laws and the relatively poor performance of American military aircraft were drawbacks, 
but America did have huge industrial potential that could be tapped over time. This would 
entail a significant increase in production capacity through British capital investment to 
increase the flow of raw materials, machine tools, as well as aircraft and aircraft engines to 
Britain.33 From this perspective, immediate purchases of aircraft and engines would 
contribute to building capacity for future production.

The Munich Crisis had a profound impact on President Roosevelt and his view of air 
power. In its aftermath, Roosevelt came to believe that air power was a force that could 
deter Hitler and determined to strengthen Allied and American air power to the extent 
he could do so within the political constraints America’s isolationism imposed on his 
freedom of action.34 Roosevelt “became convinced for the first time that American airplane 
production should be greatly stimulated with all possible speed.”35 He decided to support 
the French Government’s purchases of American aircraft and begin an expansion of 
American air power.

At a conference with top government and military officials on November 14, 1938, 
Roosevelt stressed the need to quickly build up American air power.36 His objectives were 
an Army Air Corps with 20,000 aircraft and an aircraft industry with a productive capacity 
of 24,000 aircraft a year, but he requested the War Department instead to draw up plans 
for a force of 10,000 aircraft to be built over two years.37 In January 1939, Roosevelt sent a 
message to the Congress calling for an increase in national defenses and asking for $300 
million in appropriations. That April Congress passed the emergency Army Defense Bill 
authorizing procurement of 3,251 aircraft for the Army Air Corps and an increase in the 
Air Corps authorized strength to 5,500 aircraft from its previously authorized but unob-
tained level of 2,320 aircraft.38 With new funding, the Army Air Corps planned to solicit 
bids for 880 aircraft, including new two- and four-engine bombers, training planes, obser-
vation planes, and fighters; appropriations for the US Navy included provisions for 500 new 
aircraft.39 On August 10, the Army Air Corps issued contracts for $78.5 million in new 
aircraft, including $12 million to Pratt & Whitney and $7 million to Wright Aeronautical 
for aircraft engines.40 There was now a third claimant for the American aircraft industry’s 
limited production capacity. In just six months, the industry’s backlog had more than 
doubled, from $151 million in January 1939 to $324 million in August.41
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Two months after the start of war in Europe, Congress amended the Neutrality Act to 
remove the embargo against selling arms to belligerents, allowing for “cash-and-carry,” 
whereby countries had to pay for American materials in cash and transport them on their 
own ships.42 The British and French Governments could now order airplanes, aircraft 
engines, and other materials without fear that they would be embargoed. The French 
Government did not wait for the embargo to be removed but sent a third air mission to 
America that arrived in Washington shortly after the start of war in Europe.43 The two 
members of the mission began ordering more American aircraft and aircraft engines shortly 
after. To fulfill war needs for the first six months of the war, France needed 2,800 additional 
aircraft and 10,000 aircraft engines from all sources.44 In a flurry of orders placed during 
October 1939, the new French mission ordered over 1,000 new aircraft consisting of 130 
Martin 167F bombers, 530 Curtiss Hawk 75A and 100 Hawk 81 (P-40) fighters, 200 North 
American Harvard, and 270 Douglas DB-7 bombers, totaling $70 million.45 At the same 
time, to meet a desperate need for aircraft engines to power French-built aircraft, the 
Government ordered 2,470 Pratt & Whitney R-1830 Twin Wasp engines for the Bloch 176 
B3 bomber, 1,100 Pratt & Whitney R-985 Wasp Junior engines for the Breguet 695 attack 
plane, 1,440 Wright R-2600 Cyclone 14 engines for the Loiré-et-Olivier 458 B4 bomber, 
and 455 Wright R-1820 Cyclone 9 engines.46 After Congress lifted the arms embargo, Britain 
ordered an additional 200 Hudson aircraft, 600 Harvard trainers, 120 Brewster Buffalo 
fighters with Wright R-1820 Cyclone 9 engines, and 50 Consolidated PBY flying boats with 
Pratt & Whitney R-1830 engines, creating additional engine orders for Pratt & Whitney 
and Wright Aeronautical.47

The French and British Governments now found that a real bottleneck had emerged 
to slow deliveries of the American airplanes they had ordered: Pratt & Whitney and Wright 
Aeronautical could not keep pace with the number of aircraft engines needed for the British, 
French, Army Air Corps, and US Navy airplanes now on order, with even larger orders 
likely to be placed in the future.48 With memories of the near-collapse of the aircraft industry 
at the end of World War I when the American Government cancelled all contracts overnight, 
and the lean years of the Depression only just behind them, neither company was willing 
to put its own capital at risk to expand production facilities in case war could be averted 
and orders collapse again.49 Depreciation under the American tax code was also a critical 
financial issue for the companies. At the time, the tax code did not allow rapid depreciation 
of factories and machinery, but only over a period of 20 years. If the aircraft engine compa-
nies built all the facilities they would need to expand production and hostilities ceased, 
they would be left with huge excess facilities and a depreciation expense that would cause 
severe financial losses.50 This, however, was a tax matter for the Congress to resolve, which 
would take time. To provide immediate help to the engine companies, the French 
Government agreed to provide $5 million each to Pratt & Whitney and to Wright 
Aeronautical to double production.51 These funds allowed the two companies to construct 
additional factory facilities and purchase more machine tools, increasing production 
capacity by 250 engines per month at Pratt & Whitney and by 200 engines per month at 
Wright Aeronautical.52

That aircraft engine production could quickly become a bottleneck to aircraft produc-
tion did not come as a surprise. At a conference with Pratt & Whitney, Wright Aeronautical, 
and the Allison Division of General Motors to discuss their production capacity, held shortly 
before the outbreak of war in Europe, the representatives of the companies told Maj. Gen. 
Henry Arnold, Chief of the Air Corps, that even working three shifts and with expanded 
sources of supply, based on present and estimated requirements, there would be a shortfall 
in production within 9 months, and within 12 months, the shortage would amount to 450 
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engines a month.53 The companies made clear that they considered any further expansion 
in production facilities to be “abnormal” and would want this expansion to be financed in 
such a way that the facilities would not become a burden to the companies at the end of 
any emergency.54 They suggested that the Treasury Department agrees to complete amor-
tization of any new facilities built to increase production in an emergency.55

As French and British orders for American aircraft and engines accelerated, the shortfall 
in engine production only worsened. In a meeting on November 9, 1939, with representa-
tives of the War Department, the Army Air Corps, the Navy, and the Treasury and 
Commerce Departments, it was determined that the aircraft industry then had the capacity 
to produce 18,000 aircraft a year, but the aircraft engine manufacturers could only produce 
12,000 engines, creating a shortfall of 6,000 engines.56 To expand production facilities for 
aircraft engines, it would be necessary to address the issue of accelerated depreciation. 
When the issue of the disparity in production was brought to the President’s attention, 
he wrote to Secretary of the Treasury Henry Morgenthau, Jr. that “one of the obstacles to 
the proper equipment of our country for national defense is the disparity between the rate 
of production of airplane motors and that of airplanes themselves. This must be synchro-
nized as soon as possible.”57 The President directed Morgenthau to work out a depreciation 
policy whereby any facilities acquired for increased production could be fully amortized 
over the life of a contract or the period of emergency.58 The President soon gave Morgenthau 
even greater responsibilities: to coordinate British and French aircraft purchases in America, 
to ensure the smooth and speedy flow of supplies to the Allies, and in effect to serve as the 
head of military aircraft production with a more sympathetic view of Allied purchases than 
that of the War Department.59

The main difficulty that would bedevil government planners for months was the 
problem of determining how many aircraft engines were required, from which manufacturer 
and for which type of airplane, for spares, and for airplanes to be built in Britain and France 
that would use American aircraft engines. Soon after the start of the war, and in expectation 
of large orders for American aircraft and aircraft engines, the Roosevelt administration 
began pressuring the British and the French to coordinate their purchases.60 In November, 
the British Government set up the British Purchasing Commission in Washington to cover 
British purchases, and on November 25, 1939, the British and French Governments formed 
the Anglo-French Purchasing Commission. The Anglo-French Purchasing Commission’s 
first task was to explore the possibility of greatly increasing purchases of American aircraft 
and aircraft engines.

On January 5, 1940, members of the Anglo-French Purchasing Commission met with 
representatives of Allison Motors, Pratt & Whitney, and Wright Aeronautical.61 The 
Commission explained that the Allies were surveying the possibility of ordering 10,000 
American aircraft. The members of the Commission realized that engine production would 
likely be a bottleneck for this aircraft program as these aircraft would require upwards of 
20,000 engines, including spares, and it was hoped that these orders could be completed 
by the end of 1940.62 The representatives of the engine companies withdrew for 3 hours to 
calculate their possible production during 1940, returning with an estimate that the three 
companies could probably provide only 4,000 engines, or just 20% of the number required.63 
Realizing that this was a hurried calculation, the engine companies agreed to provide the 
Commission with a more detailed estimate a week later.

During the meeting, the question of using the automobile industry’s factories to build 
aircraft engines came up for discussion, but as the British Government had found when 
considering shifting production to the parent auto firms of the shadow factories, it was 
deemed equally impractical for the American automobile factories to build aircraft engines 
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as it was for the British automobile factories. The president of the Allison Division related 
how Allison had examined $180,000 of machine tools in the company’s sister Cadillac 
Division to see if these tools could be used in the Allison factory, only to find that only 
some 5% were suitable. The Allison president stated his belief that “no great amount of help 
might be expected from the automobile industry owing to the high-precision character of 
work done on aeronautical engines.”64 As in Britain, to build aircraft engines, the American 
automotive factories would have to be completely reequipped with new machine tools and 
their normal operations disrupted, an expensive proposition.65 More critically, Wright 
Aeronautical refused to agree to using General Motors to supplement production at Wright.66 
After speaking with the president of Allison, who also described the delays Allison was 
encountering getting deliveries of machine tools, Secretary Morgenthau made a note saying 
“It is all very discouraging…The American industry will not be able to give the Allies what 
they want, namely 20,000 airplanes [engines] in the calendar year 1940. It just cannot 
be done.”67

Because the aircraft engine companies were already working at full capacity and were 
having difficulties doubling capacity to meet the latest orders, it was doubtful that the 
companies could manufacture more than 13,000 engines by October 1941.68 The shortage 
of engines meant the program could only expect to receive 8,400 airplanes, which would 
require 13,675 engines. By the end of 1940, the companies would have produced 24,000 
engines, but after fulfilling requirements for the Army Air Corps and the Navy, the number 
of engines available for the Allies would not meet the target of 13,675 engines.69 Moreover, 
because 5,000 of these engines were committed to airplanes that were to be built in France, 
the actual number available for American aircraft was around 9,000 engines, meaning that 
the Purchasing Commission had to cut its orders back to some 5,000 aircraft.70

The Anglo-French Purchasing Commission made its final recommendations on aircraft 
and engine purchases in late March and received French and British Government approval 
at the end of the month.71 The number of aircraft to be ordered was significantly less, 10,000 
aircraft, and was comprised of new aircraft types and, as a result, required a different mix 
of aircraft engines. The program called for purchasing 2,440 fighter aircraft and 2,260 
bombers to be divided between the two countries.72 With President Roosevelt’s support, 
and over the objections of the War Department and the Army Air Corps, the Anglo-French 
Purchasing Commission had been allowed to place orders for the most advanced American 
airplanes, some of which had not yet entered production.73 The Commission initially 
planned to place orders with the Glenn Martin Company for 700 new Model 187 twin-
engine bombers (later named Baltimore) and 200 Douglas A-20s, an improved DB-7 for 
the Army Air Corps, and 300 dive bombers for the French, all equipped with Wright R-2600 
Cyclone 14 engines, 550 Douglas DB-7s and 60 Consolidated LB-30 four-engine bombers 
with the Pratt & Whitney R-1830 Twin Wasp engine, and 400 Lockheed Model 37 twin-
engine bombers (later named Ventura) with the Pratt & Whitney R-2800 Double Wasp 
engine.74 These new orders added large numbers of Allison, Pratt & Whitney, and Wright 
Aeronautical engines to contracts placed earlier, taking total unfilled engine orders and 
options to 10,328.75

It was clear to the Anglo-French Purchasing Commission that timely completion of 
the engine contracts for these new aircraft orders would require new production capacity 
at Pratt & Whitney and Wright Aeronautical.76 Since aircraft engines still presented the 
greatest potential bottleneck in aircraft production, the British and French Governments 
committed to making a substantial capital investment in new production facilities for Pratt 
& Whitney and Wright Aeronautical. By May 15, 1940, the British and French Governments 
had made capital commitments of $22.5 million to Wright Aeronautical.77 The French 
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Government had previously provided $10.4 million and the British Government $4.8 million 
to Wright, bringing the total Allied capital commitment to the company to $37.8 million 
and Pratt & Whitney $8.2 million, respectively.78 Of the total amount Wright Aeronautical 
received, $18.6 million went to expanding factory capacity, $7 million to personnel training, 
$2.4 million to support income tax payments, and $9.7 million for undesignated purposes, 
most likely for purchasing machine tools.79 Allied financing was vitally important to the 
expansion of the American aircraft industry. As the history of the Army Air Forces in 
World War II noted, “it is perhaps not too much to say that the expansion financed by 
British and French funds in 1939 and 1940 advanced by as much as a year the time within 
which American aircraft production would reach its peak.”80

Within weeks, President Roosevelt began an American rearmament that would dwarf 
all previous Allied aircraft orders. Following the German invasion of France and the Low 
Countries on May 10, 1940, the President sent a message to Congress stressing the need to 
build American air power and provide more airplanes to the Allies for their defense.81 
Roosevelt recommended that the country build the capacity to produce 50,000 aircraft a 
year and equip the Army and Navy with 50,000 aircraft.82 Converting the President’s 
recommendations into plans, procurement programs, and actual aircraft and engines was 
a massive undertaking. Planners had to determine what type of aircraft and engines would 
be needed, in what quantities, by what date, and from which companies and factories.83 
There were two decisions coming out of the planning process that determined the frame-
work of American aircraft engine production during World War II: first, the realization 
that only the Government had the resources to finance the vast expansion in production 
capacity that would be necessary, and second, that the American automotive industry would 
have to be brought in to help expand aircraft and aircraft engine production.

Planning was the first step. To help coordinate production planning and the overall 
rearmament effort, the President established a new civilian agency, the Advisory Commission 
to the Council of National Defence, better known as the National Defence Advisory 
Commission (NDAC).84 Roosevelt appointed William S. Knudsen, president of General 
Motors and a production expert, as commissioner for the Production Division.85 Knudsen 
set up an Aeronautical Section (later the Airplane Division) to work on planning for the 
50,000 aircraft program in concert with the military services, the aircraft industry, and 
foreign purchasers.86 A big challenge stemming from the President’s program was to “match 
ends with means,” ensuring that America had the production facilities necessary to achieve 
the President’s goals.87 In the weeks following its organization, the NDAC’s Aeronautics 
section completed several reports on the Army and Navy’s plans for aircraft and aircraft 
engine procurement, aircraft manufacturing capacity, and aircraft engine manufacturing 
capacity.88

Report No. 7, “Report on a Study of Aircraft Engine Manufacturing Capacity,” looked 
at the total number of engines that would be needed for the Air Corps, the Navy, and the 
British by June 1942, calculated the number of engines that would have to be built per 
month to complete this program, and then calculated the additional factory floor space 
that would be needed to build these engines at the specified monthly rate of production.89 
The report calculated that by June 1942, Wright Aeronautical would have to build 39,483 
engines of all types, including 11,718 R-1820 Cyclone 9 engines and 23,509 R-2600 Cyclone 
14 engines.90 This was more than ten times the number of engines Wright built during 1939. 
Monthly production of the Cyclone 9 would have to increase from 282 engines in July 1940 
to 600 a month by July 1941, while production of the Cyclone 14 would need to increase 
from 293 a month in June 1940 to 1,204 in July 1941 and 1,560 a month by March 1942.91 
To put these projected production levels in context, in July 1940, Wright completed 215 
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TABLE 3.2 Plant and personnel expansion: engine manufacturers.

Production 
floor area 
(ft2)

Present 
personnel

Required 
production 
floor area 
(ft2)

Required 
productive 
personnel

Expansion 
ratio: floor 
area

Expansion 
ratio: 
personnel

Wright 
aeronautical

2,334,000 6.050 6,620,000 33,100 2.8 5.5

Pratt & 
Whitney

1,202,000 6,994 5,910,000 33,800 4.9 4.9

Total 4,159,000 15,394 14,120,000 74850 3.4 4.6

Source: National Defense Advisory Commission, Airplane Division Report No. 7: Report on a Study 
of Aircraft Engine Manufacturing Capacity, July 22, 1940, Table I, p.7, File 315.30421, War Production 
Board Policy Documentation File, Box 1125, File 315.30413-315.30433, Records of the War Production 
Board, Record Group 179, National Archives and Records Administration (NARA), Washington, DC.

Cyclone 9 engines and 168 Cyclone 14 engines, short of the report’s estimate of then-current 
production levels.92 Wright would need to more than double Cyclone 9 production and 
boost Cyclone 14 production nearly ten-fold based on the report’s estimates.

The report concluded, however, that it would be possible to achieve this goal by June 
1942 if two conditions could be met: first, an increase in the percentage of subcontracting 
at each manufacturer, and second, a huge expansion in production floor space and employ-
ment.93 At the time of the report, the percentage of work done by subcontractors was 
as follows:

Wright Aeronautical 38%

Pratt & Whitney 50%

The report recommended that the level of subcontracting be  increased to the 
following levels:

Wright Aeronautical 50%

Pratt & Whitney 60%

The increase in floor area and employment required to complete the President’s program 
was remarkable as shown in Table 3.2.

Wright Aeronautical would have to expand its factory space by nearly three-fold, and 
its personnel more than five-fold, both figures significantly greater than the entire American 
aircraft engine industry’s floor space and personnel in 1938. Apart from increasing subcon-
tracting, Report No. 7 said nothing about how the engine manufacturers were to increase 
their monthly production to these levels, but stressed the urgency of expansion saying, “it 
is essential to the attainment of this program that the expansion of plant facilities be started 
at once to provide the full magnitude of aircraft engine production at the earliest possible date.”

The size of the planned expansion and the time pressure to complete the President’s 
program made the Army, the Navy, and the NDAC realize that the Government would 
have to finance most of the expansion as the aircraft industry lacked the financial resources 
and companies were reluctant to take on the risk of being left with excess capacity.94 After 
joining the NDAC, William Knudsen proposed that the Reconstruction Finance Corporation, 
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a Government agency established to lend money to businesses during the Depression, set 
up a separate subsidiary to finance factory expansion.95 This subsidiary, the Defence Plant 
Corporation (DPC), provided money to cover the full cost of building a factory and equip-
ping it with machine tools.96 The factory was leased to the manufacturer for a set term with 
title reverting to the Government at the end of the lease unless the manufacturer chose to 
purchase the factory. From 1940 to 1945, the DPC provided $1,357,000,000 in financing for 
new aircraft engine factories.97 Wright Aeronautical was one of the early beneficiaries of 
this new Government financing program, receiving funding to build a large new factory 
to build the Wright R-2600 Cyclone 14.98

The Aeronautical Section’s program planning became more comprehensive as events 
brought greater integration and coordination to American and British requirements and 
purchasing programs. With the fall of France, on June 17, 1940, the British Purchasing 
Commission in Washington took over all French aircraft and aircraft engine orders 
amounting to $425 million.99 With the addition of the French contracts, the British had 
8,275 airplanes and 21,485 engines on order.100 Then, on July 23, it was agreed that the British 
could order an additional 6,118 airplanes and exercise options for an additional 21,000 
engines.101 In September, the Army Air Corps, the Navy, and the British Purchasing 
Commission formed the Joint Aircraft Committee to coordinate all aircraft and engine 
programs.102 From the July 23 agreement on allocations, the Aeronautical Section produced 
the first of a series of reports showing monthly schedules for aircraft and aircraft engines, 
by aircraft type, model, and manufacturer.103 This enabled manufacturers to know exactly 
what was required of them in terms of production over time, greatly facilitating production 
planning. Report 8 covered aircraft, and from this foundation, the Aeronautical Section 
prepared Report 9 covering aircraft engines, followed by Report 10 covering propellers. 
These reports were the foundation of the aircraft program and were regularly updated. The 
Report 9 series used estimated production capacity compared to requirements to determine 
if the supply of an engine model was in surplus or deficit.104 Concerns with a possible shortage 
of engines remained. The first report in the engine series, Report 9A, showed that 83,869 
engines were to be built by April 1942.105 The report concluded that “expansion of produc-
tive facilities in several specified engine types considerably beyond that already contemplated 
by the manufacturers would be necessary if the requirements were to be met.”106

Recognizing that in wartime the aircraft industry was unlikely to have the capacity to 
manufacture all the aircraft and aircraft engines that the Air Corps would need, the Air 
Corps logically thought of converting the automobile industry to manufacturing aircraft and 
aircraft engines as the industry had vast experience in volume production.107 The aircraft 
industry, however, viewed the huge and well-capitalized automobile industry as a potential 
competitor and was reluctant to see automotive companies enter the aircraft or aircraft engine 
field.108 There were cultural differences as well between the two industries. The aircraft engine 
companies saw the automotive industry as obsessed with volume production, measuring 
products built per minute, and constantly seeking ways to speed production and cut costs 
which would lead, they feared, to favoring production over precision and quality.109 The 
automotive industry, in turn, viewed the aircraft engine makers as having limited experience 
with manufacturing and too wedded to techniques that were more akin to making hand-
crafted products.110 Eugene Wilson, then president of Pratt & Whitney’s parent United Aircraft 
Corporation, commented that “to automotive men, the aircraft industry still looked some-
thing like the ancient ‘carriage trade,’ and they discounted our insistence that our standards 
of quality and precision were not easily come by in the mass production industries.”111

In the weeks following the President’s call for 50,000 aircraft, Secretary Morgenthau 
pushed Pratt & Whitney and Wright Aeronautical to grant the Government licenses for 
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manufacturing their engines at different manufacturers the Government would select.112 
The companies had different attitudes toward licensing production of their engines. Pratt 
& Whitney recognized that its management was insufficient to oversee a great expansion 
in production facilities and was happy to turn over management of volume production of 
its standard engines to other companies.113 While accepting the need to increase subcon-
tracting, Wright Aeronautical was reluctant to give other companies full responsibility for 
assembling Wright engines, preferring to establish branch factories that it could manage 
on its own.114 Nevertheless, at Secretary Morgenthau’s request, in early June 1940, both 
Pratt & Whitney and Wright Aeronautical agreed to grant licenses to Government-
designated corporations to manufacture any type of engine if the Government found it 
necessary to do so in the interests of national defense.115 Pratt & Whitney and Wright agreed 
to provide all technical assistance, drawings, specifications, and production data to any 
licensee. Guy Vaughan, president of Wright Aeronautical and its parent Curtiss-Wright 
Corporation, had insisted on some protection for Wright against creating future competi-
tors, so the licensing agreement with the Government provided for termination after a term 
of three years unless Wright and the Government mutually agreed to an extension.116

Despite obtaining their agreement to granting licenses to the Government and the 
obvious need to expand aircraft engine production, the Government did not immediately 
approach the automotive industry to begin license production of Pratt & Whitney and 
Wright engines, initially choosing to finance factory expansions at the two aircraft engine 
manufacturers.117 The Government did approach the Ford Motor Company to build the 
Rolls-Royce Merlin engine under license from the British Government, but Henry Ford, a 
committed isolationist, refused to build engines for the British.118 Knudsen went back to 
Ford in August 1940 and persuaded the company to manufacture the Pratt & Whitney 
R-2800 Double Wasp under license.119

The Army Air Corps’ decision to greatly expand bomber production made it necessary 
to engage the automobile industry more fully in aircraft production. The final plan called 
for the Government to finance two factories in Omaha and Kansas City to build the twin-
engine Martin B-26 and North American B-25 medium bombers, and two factories in Fort 
Worth and Tulsa to build the four-engine Consolidated B-24 bomber.120 Plans called for 
the production of 100 B-26 and 100 B-25 bombers and 100 B-24 bombers a month.121 Meeting 
this new demand for bombers required a large increase in aircraft engine production, above 
and beyond the orders already pushing Pratt & Whitney and Wright Aeronautical to a 
critical point.122 The only alternative was to bring in the automobile industry. On December 
21, 1940, the Studebaker Corporation received a contract to build 2,000 Wright R-2600 
Cyclone 14 engines under license from Wright Aeronautical for the new B-25 medium 
bombers that would be coming out of the Kansas City factory, while a month later the Buick 
Division of General Motors was given a contract to build 2,000 Pratt & Whitney R-1830 
Twin Wasp engines for the Consolidated B-24.123

The Studebaker Corporation, one of the so-called independent automobile companies 
in the automotive industry, became Wright’s first automotive licensee. Although Studebaker 
built far fewer cars than the “Big Three” (General Motors, Ford, and Chrysler), Studebaker 
had a reputation for sound engineering and innovative methods of production, particularly 
for its automobile engines built entirely within its own factories in South Bend, Indiana.124 
Studebaker’s senior management was well thought of. Having rescued Studebaker from 
bankruptcy during the Depression, Howard Vance, Chairman of the Board, and Paul 
Hoffman, president of the company, were considered to be among the best managers in the 
industry.125 In July 1940, Wright Aeronautical had approached Studebaker about building 
parts for the Wright R-2600 engines to be built at its new factory in Ohio, proposing that 
Studebaker builds cylinder assemblies, connecting rods and crankshafts.126 This led to 
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exploratory meetings between Studebaker and Wright, so that when in September the 
Government requested Studebaker to consider building the Wright R-2600 engine 
Studebaker had an idea of what would be involved (Figure 3.2).127

Studebaker was well into preparations for production of the R-2600, with factories 
under construction and machine tools ordered, when the Air Corps changed its objectives 
and, as a result, its contract with Studebaker. In April 1941, General Arnold visited Britain 
and learned that the RAF’s greatest need was for heavy bombers to attack Germany.128 This 
led to a proposal to increase heavy bomber production to 500 aircraft a month, expanding 
production of the Consolidated B-24 and setting up a production pool with Douglas Aircraft 
and Vega, a subsidiary of Lockheed to build the B-17 under license from Boeing.129 President 
Roosevelt approved the Heavy Bomber Program in early May.130 The Heavy Bomber 
Program “necessitated a drastic reshuffling in the plans for production of engines.”131 The 
initial plan to build 180 B-17s a month generated a requirement for upward of 1,000 R-1820 
Cyclone 9 engines, including 35% spare engines, at a time when Wright was building only 
340 Cyclones a month. To meet this new demand, the Army Air Corps instructed Studebaker 
to drop plans to build the Wright R-2600 and switch to building the Wright R-1820, issuing 
Studebaker a new contract for 1,000 R-1820 engines a month.132

By June 1941, the framework for wartime production of the R-1820 Cyclone 9 was in 
place. Wright Aeronautical would build the R-1820 at its Paterson, New Jersey, factories to 

 FIGURE 3.2  The Wright Cyclone 9 R-1820 engine powered the Boeing B-17 Flying 
Fortress, one of the US Army Air Force’s principal heavy bombers at the start of the war. 
Boeing and its two licensee companies, Douglas Aircraft and Lockheed-Vega, built 12,731 
B-17s. After 1942, most B-17s had R-1820 engines built by Studebaker.
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provide engines for other Air Corps (soon to become the Army Air Force) and Navy airplanes 
and would remain responsible for development work to improve the engine, while Studebaker 
took over quantity production of the R-1820 exclusively for the Boeing B-17. The military 
services’ demand for the R-1820 continued until the final months of the war. In March 1945, 
Studebaker and Wright were still building the R-1820 at a rate of over 1,500 engines a month.133

The Factories
During the 1920s and 1930s, American industrial factory design shifted from the older 
“vertical” plane in multi-story daylight factory buildings to the “horizontal plane” in large, 
single-story buildings to facilitate sequencing operations and placement of machine tools 
for line production.134 The idea was to “build the plant around the process.”135 The straight 
line is the best way of arranging line production, and a square or rectangular building 
allows greater flexibility in laying out production lines of machine tools, as well as more 
efficiency if all production processes can be accommodated within one building.136 Building 
on Albert Kahn’s designs for the Ford River Rouge complex, this new form of factory design 
incorporated five key elements:

	 1.	 A single building consisting of a series of “cell-like spaces.”
	 2.	 New building materials, particularly reinforced concrete and high-strength steel to 

permit larger spans and larger workspaces within the factory building.
	 3.	 Larger workspaces, with wider bays and fewer supporting columns, allowed not 

just more machine tools to be placed within the factory, but more efficient 
placement of machine tools for line production.

	 4.	 The transfer of responsibility for materials handling from worker to machine, 
using conveyors, monorails, cranes, and motorized trucks within the factory, 
saving time, space, and indirect labor.

	 5.	 The switch from overhead shafting and belt-driven machine tools to electrically 
powered machines, allowing more efficient placement of machine tools in 
production lines.137

As America began its rearmament, the large single-story building with large unob-
structed floor areas ideal for continuous quantity production became the favored design.138 
Some 80% of the new factories then under construction for defense production followed 
this pattern.139 A new development that began at the end of the 1930s, and that will be seen 
in the Studebaker factories, was the “windowless” factory that relied on artificial florescent 
lighting and air-conditioning.140 Artificial lighting improved working conditions and 
productivity by ensuring that all areas within the factory space had adequate lighting and 
when combined with air-conditioning made multiple shifts more practical. The factories 
building Wright engines during the war would incorporate these features.

As with aircraft engine factories in Britain, the key characteristics of factories building 
the Wright Cyclone 9 were location, size, and design. Between 1939 and the end of 1940, as 
orders for its Cyclone 9 and Cyclone 14 engines poured in from the British, French, and then 
American Governments, Wright had to rapidly expand its production facilities. Having 
decided to retain its original factory building in Paterson, New Jersey, as its center of engine 
production rather than building a completely new and larger factory complex, Wright had 
to hurriedly acquire factory space in and around Paterson. Its factories were a mix of new 
and older industrial building designs. As Wright built several types of aircraft engines in its 
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Paterson factories, these new factories became facilities for building components for multiple 
types of engines. The factories fed components to the main factory building for final assembly 
and testing. This system was similar to the first shadow factory scheme for building Bristol 
Mercury and Pegasus engines. Wright came to this system through happenstance and expe-
dience as it rushed to ramp up production in response to British and French orders.

Wright’s main factory building in Paterson, however, followed the older factory pattern. 
The Plant No. 1 building was a four-story, daylight factory built in 1916 that Wright had 
expanded over the years, adding three wings to increase the floor space to 675,000 ft2.141 In 
1937, Wright hired the firm of Albert Kahn Associates, the leading industrial architectural 
firm in America, to design an attached four-story wing, an experimental and engine test 
facility, and enlarged the assembly building adjacent to the main factory.142 The main factory’s 
location in downtown Paterson was a constraint on its expansion. Another multi-story wing 
was considered the only practical option. The new wing was similar in construction to the 
original factory building, constructed as a flat slab, reinforced concrete structure with exten-
sive steel sash windows to allow daylight.143 The new wing additions to the assembly building, 
and the new experimental test facility increased Wright’s total floor space to 880,000 ft2.144 
While the new wing gave more space for manufacturing, the Wright factory was not ideal for 
quantity production. As a British observer commented at the time, “The layout of the Wright 
shops ensures a good flow, but the installation of its machine tools struck me as being rather 
crowded, and there is the added disadvantage of the fact that the building is not very modern. 
It is laid out on three floors, which entails a certain amount of lost work (Figure 3.3).”145

 FIGURE 3.3  The new Wright Plant No. 2 in Paterson, New Jersey, constructed in just 57 
days with funds from the French Government and completed in June 1940. Plant 2 would 
nearly double Wright’s total production area, but would soon be insufficient to meet the 
demand for Cyclone 9 and Cyclone 14 engines. Wright’s original factory building, which 
became Plant 1, can be seen center right.
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Eight days after receiving a large French contract in October 1939, Wright announced 
plans to build a new factory on a 17-acre tract of land adjacent to its original factory. The 
French Government placed an order for 1,440 Wright Cyclone 9 and Cyclone 14 engines 
in a contract worth $28.6 million, an amount greater than Wright’s total sales in 1938, and 
agreed to provide $5 million to enable Wright to double its production capacity.146 The new 
Wright factory, designated Plant No. 2, was designed for the line production of engine parts 
from its inception and can be classed as one of the second generation of aircraft engine 
factories.147 It was a large, single-story building covering 540,000 ft2 of factory floor space. 
The factory was built of reinforced steel beams and columns on concrete floors reinforced 
with steel mesh to take the weight of machine tools and limit vibration, with concrete and 
brick walls.148 Extensive steel sash glass windows admitted natural light. Raw materials 
entered at one end and finished parts to exit at the other, to be trucked to the assembly 
building at Plant No. 1 nearby. Wider bays and fewer columns permitted 12 double lines 
of machine tools to cover the floor space, separated by wide aisles to allow movement of 
parts and materials, with three main cross aisles that served as collecting points.149 This 
layout was apparently copied from examples in the automobile industry.150 Completed in 
the remarkable short space of 57 days, Plant No. 2 added nearly 50% more floor space, but 
Wright still lacked the capacity to meet the surge in orders for Cyclone 9 and Cyclone 14.

Wright needed more capacity but was reluctant to finance additional facilities with its 
own limited capital. In April 1940, as part of the Anglo-French Purchasing Commission’s 
orders for large numbers of aircraft and aircraft engines, the French and British Governments 
agreed to provide financing to Wright to avoid a potential bottleneck in production, granting 
Wright $16.9 million in capital assistance for buildings, machine tools, and employee 
training.151 With this financial assistance, Wright chose the more expedient route of 
acquiring a disused factory in the Paterson area rather than building another new factory. 
The British Government purchased an idle textile mill in Fairlawn, NJ, 4 miles from 
Paterson, which it leased to Wright.152 This became Wright’s Plant No. 3, adding 450,000 
ft2 of floor space and several acres of additional land.153 The complex had over a dozen 
buildings, including its own power and steam-generating plants. Wright converted one of 
the buildings to an aluminum foundry for casting aluminum cylinder heads, the first of 
its kind at an aircraft engine factory.154 The factory was available, but not ideal for manu-
facturing aircraft engine components and had to undergo considerable renovation. Later, 
the American Government’s Defense Plant Corporation took over this building from the 
British Government.

Wright’s expansion continued. In September 1940, the company started building a 
new magnesium foundry of 110,000 ft2 on the land next to Plant No. 3, the first foundry in 
America built explicitly to cast magnesium aircraft engine parts.155 Later that fall, Wright 
acquired another idle factory complex, a former dying and printing plant in East Paterson, 
which became Plant No. 4.156 This added 433,000 ft2 of factory space, with two adjacent 
multi-story manufacturing buildings, but like Plant No. 3 not ideally suited for heavy-
machining operations. Wright then acquired a smaller factory that became Plant No. 5. 
With the addition of Plant No. 3, Plant No. 4, and Plant No. 5, and 160,000 ft2 of additional 
space added to its main factory and assembly buildings, Wright increased its total floor 
space from 880,000 ft2 in July 1939 to 2.8 million ft2 by the end of 1940.157 Later, probably 
during 1943, Wright added a three-story manufacturing building with 480,000 ft2 of floor 
space at Plant No. 4, taking the total floor area at the Wright’s Paterson factories to over 3 
million ft2.158

Neither Plant No. 3 nor Plant No. 4 were easily adaptable for line production. The main 
manufacturing buildings were older mill buildings, made from heavy timber framing and 
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brick walls, with concrete ground floors and wooden upper floors. They had to be renovated 
and converted for production of engine parts with a thicker concrete flooring to support 
heavier machine tools.159 The wooden upper floors would likely not have supported the 
weight of the heavier, more advanced machine tools Wright was acquiring, and may have 
been used for servicing or administrative functions.

Each of the factories in the Paterson area built certain components for all the Cyclone 
models, feeding finished parts to Plant No. 1 for assembly and testing of completed engines, 
with the distribution as follows:

•• Plant No. 1: Final assembly and miscellaneous parts.

•• Plant No. 2: Crankcases, cylinder heads, barrels and cylinder assembly, crankshaft 
center sections, and propeller shafts.

•• Plant No. 3: Casting aluminum cylinder heads, crankshaft parts and assembly, 
connecting rods, and magnesium castings.

•• Plant No. 4: Gears and cams.

•• Plant No. 5: Pistons.160

This factory system was not ideal for efficient line production as it required transporting 
parts some distance to Plant No. 1 for final assembly. It reflects the pressure Wright was 
under in 1939–1940 to increase production as rapidly as possible. When the American 
Government asked Wright to expand production of the Cyclone 14 engine, and later the 
Cyclone 18, the company would adopt a completely different approach to 
organizing production.

The Studebaker Factories
To build the Cyclone 9, the Studebaker Corporation did not convert its automobile factories 
to aircraft engine production as some have supposed. Studebaker’s automobile plant in 
South Bend, Indiana, was neither suitable nor available. It is not surprising that when the 
American Government approached Studebaker about building aircraft engines, discussions 
turned to building completely new factories to build these engines. When Studebaker began 
planning for quantity production of Cyclone engines in late 1940s, the company had the 
benefit of starting with a clean slate. Studebaker could design its aircraft engine factories 
for quantity production of a specific level of monthly output. The factories were initially 
designed with the capacity to build 1,000 engines a month, but after the attack on Pearl 
Harbor, this was increased to 2,000 engines a month.161

As Studebaker was starting from scratch, with more space available around the Midwest 
and with Government financing, the company had the luxury of being able to build large, 
more modern factories designed for more efficient line production than Wright’s hastily 
acquired factory buildings in Paterson. The principal constraint the company faced was 
access to labor. The limited pool of labor available in South Bend, Indiana, the site of 
Studebaker’s main automobile factory, forced the company to plan for three separate facto-
ries in different locations to build the Cyclone 9. Studebaker built one factory in Fort Wayne, 
Indiana, a second in Chicago, both roughly 90 miles from South Bend, and the third in 
South Bend itself. The Fort Wayne and Chicago factories built parts and components for 
the Cyclone 9, feeding them by rail and truck to the larger, South Bend factory. This factory 
made other Cyclone 9 components and carried out final assembly and testing of the engines. 
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 FIGURE 3.4  The Studebaker aircraft engine factory built on the outskirts of South Bend, 
Indiana. Most wartime aircraft engine factories adopted the form of a large rectangular shape 
that by the 1930s had become the standard for industrial buildings. By 1943, expansions had 
increased the total area of the factory to nearly 1.5 million ft2. This “temporary” wartime 
building was still in use as of 2023.
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With a combined floor area of nearly 3 million ft2, the three factories were nearly equal in 
total floor area to all the Wright factories around Paterson (Figure 3.4).

The factory at South Bend was the biggest of the three. Studebaker based the size of 
the factory on an estimate of the company’s production capacity, the required number of 
machine tools to achieve the specified level of output and a belief that it should concentrate 
on what it did best, machining parts and assembling engines.162 Studebaker decided to 
purchase all cast and forged parts from outside vendors, eliminating the need for foundries. 
Initially, the main machine shop building had 790,400 ft2 of floor space. In 1943, Studebaker 
added another section on the east side of the machine shop, built from reinforced concrete 
framing with a concrete slab roof, giving an additional 166,400 ft2 of floor space for a total 
area of 1.06 million ft2 including the basement.163 The attached engine test cell area, which 
covered 386,035 ft2, brought the total area to nearly 1.5 million ft2. This one building was 
bigger than all the No. 1 Shadow Group factories combined, and bigger than any of the 
factory buildings in No. 2 Shadow Group.

The Chicago factory was next in size, with a machine shop building having 801,191 ft2 
of floor space.164 Responsible for manufacturing a wide range of smaller parts for the 
Cyclone, the Chicago factory had the most machine tools, totaling 1,638 as of October 1944. 
Fort Wayne was the smallest of the three, with its manufacturing building having a floor 
area of 374,400 ft2 and a total area of 470,100 ft2 accommodating 1,075 machine tools.165 
Both factories had easy access to main rail lines and highways to ship parts to the main 
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factory at South Bend. In comparison to their British counterparts, the three Studebaker 
factories together had a total floor area of approximately 2.9 million ft2.166 The three 
Studebaker factories had a total floor area that was nearly as great as the five Wright factories 
in and around Paterson, and nearly five times the size of the factories in No. 1 Shadow Group.

These Studebaker factories were better suited to flow production than their British 
counterparts. All three factories had the same rectangular design, incorporating the then-
standard idea of a single unit with a large, open manufacturing space that could easily 
accommodate machine tools for efficient line production.167 They were windowless following 
the new trend seen in several airframe and aircraft engine factories then under construc-
tion.168 Air-conditioning provided temperature control necessary for precision engineering 
and fluorescent lighting replaced natural light. Artificial light allowed greater flexibility in 
the placement of machine tools around the factory floor as well as changes in plant layout.169 
The buildings were built of structural steel framing, with brick and tile walls and a metal 
roof. Column spacing was 40 ft × 40 ft to allow placing more machine tools, with an 18-ft 
ceiling. To support heavier machine tools, the floor of each factory was a 12-in. double-
reinforced concrete slab covered in 1 in. × 18 in. maple blocks, easily sanded to keep clean. 
Each factory had overhead traveling cranes capable of lifting up to 20 tons. None of the 
factories had to incorporate any protection from air attack. There were no blast walls within 
the machine shops to protect machine tools, the test cells were attached to the main machine 
shop and assembly building, and most importantly, all machining operations could be placed 
in one large structure for maximum efficiency.

The machine shop building at South Bend was built on a north–south axis, with parts 
and raw materials entering in the south end of the building and moving progressively to 
the engine test cell area that was attached to the machine shop at the north end. Unlike at 
No. 2 Shadow Group factories, where test cells were separated from final assembly build-
ings, this arrangement minimized the time it took to move an engine from final assembly 
to the test cells and back for final inspection. Machining departments began at one side of 
the plant with the crankshaft rear-end section, moving subsequently to the crankshaft 
front-end section, on to the crankshaft counterweights, crankcase front and rear sections, 
crankcase assembly, pistons, cylinder heads, cylinder barrels, cylinder head and barrel 
assembly, and finally the heat-treating department.170 After further expansion in 1942, the 
engine test area had 96 production test cells. A spur line connected the factory to the main 
railroad, allowing delivery of raw materials and shipment of finished engines to the factories 
building the B-17 (Table 3.3).171

TABLE 3.3 Army air force industrial facilities expansions as of March 1945.

Company
Total floor 
area (ft2)

Cost of 
construction

Cost of 
machinery Total cost

Maximum 
monthly 
capacity

Wright 
Paterson 
factories

3,442,854 $9,697,496 $35,439,903 $45,262,719 1,554 Cyclone 
9 Engines

Studebaker 
South Bend

1,536,971 $15,727,930 $34,366,128 $50,130,791 2,300 Cyclone 
9 Engines

Studebaker 
Chicago

855,441 $7,199,182 $17,867,468 $25,318,440 Cyclone 9 
Components

Studebaker 
Fort Wayne

505,754 $4,580,648 $12,800,233 $17,439,251 Cyclone 9 
Components

Source: AAF Industrial Facilities Expansions: Status Progress Performance as of March 1945, P. 6 
Engines, File 218.7-3, Air Force Historical Research Agency, Maxwell AFB, AL.
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The Production Record
During the war, Wright built 35,862 Cyclone 9 engines at its Paterson factories, while also 
building the seven-cylinder R-975 Whirlwind, the 14-cylinder R-2600 Cyclone 14, and until 
1943, the 18-cylinder R-3350 Cyclone 18.172 Wright built 26 different versions of the Cyclone 
9 engine for the military services, principally 8,746 R-1820-65 and R-1820-97 versions for 
the Boeing B-17, 5,399 R-1820-60 engines for the Navy’s Douglas SBD Dauntless dive bomber 
and 6,969 R-1820-56 series for the Navy’s Grumman/General Motors FM-2 Wildcat 
fighter.173 Wright was fortunate that its Cyclone 9 was a mature engine; by 1939, the company 
had built over 9,000 Cyclone 9 engines since the early 1930s, so that the factories were 
familiar with its manufacture. Wright built 2,056 Cyclone 9 engines in 1939 and completed 
2,235 during 1940, but with the new factories added during 1940 and new production 
methods, production doubled during 1941 to 4,687 engines.174 Production doubled again 
during 1942 and peaked in 1943 when the Paterson factories built 9,696 Cyclone 9 engines, 
with a rate of just over 1,000 engines achieved during March 1943.

Production of the R-1820 at the Wright factories in Paterson resembled Wright’s prewar 
batch production, but on a larger scale. The company manufactured specific versions of the 
R-1820 for specific types of aircraft, mixing large and small orders within a contract. In 
September 1943, the Army Air Force placed a $129 million contract with Wright Aeronautical 
for aircraft engines for the AAF and the US Navy which included the following orders for 
the R-1820:

•• 500 Navy Model R-1820-54 engines

•• 1500 AAF Model R-1820-56 engines with gun synchro/Impulse Generator 
Drive

•• 3040 AAF Model R-1820-56 engines without gun synchro/Impulse Generator 
Drive

•• 1600 Navy Model R-1820-60 engines

•• 1749 AAF Model R-1820-93 engines

•• 499 AAF Model R-1820-97 engines175

As can be seen, there were variations between the different versions of the R-1820, 
requiring a degree of flexibility in production to accommodate changes in component parts.

Throughout the war, Wright Aeronautical continued development work on the Cyclone 
9, looking to increase performance and reliability. Performance under war conditions was 
considerably more demanding than in peacetime and brought to light design features that 
needed improvement. In late 1943, for example, the Army Air Forces Material Command 
reported failures in the R-1820-65 and R-1820-97 piston rings, propeller drive shaft assem-
blies, master rod bearings, and cam drive gears.176 In response to this report, Wright made 
changes in the design of the R-1820 which required new parts and changes in production.177 
Such design changes were a common and regular occurrence during the war (Figures 3.5 
and 3.6).
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 FIGURE 3.5  Production of principal Cyclone 9 models at the Wright Paterson factories 
1941–1945.

Source: Wright Aeronautical Order and Contracts Department: Summary of Engines Shipped (On an Invoice Basis) by 
WAD and Licensees: From 1929 thru August 31, 1960, pp. 11-12, Aircraft Engine Historical Society, http://enginehistory.org/

reference.shtml#EngProd.

 FIGURE 3.6  Wright Cyclone 9 production at Wright and Studebaker 1940–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).

http://enginehistory.org/reference.shtml#EngProd
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Studebaker’s contribution to Cyclone 9 production was critical. During 1943, Studebaker 
built more than twice as many Cyclone 9 engines as Wright, and nearly three times as many 
in 1944. From 1942 onward, Studebaker’s entire production of the R-1820 Cyclone 9 went 
to the Boeing B-17. Studebaker’s ability to concentrate on just one type of the Cyclone 9 
engine, the -97 version, helped its production record immeasurably. In June 1941, the War 
Department amended Studebaker’s contract to cover Cyclone 9 engines, specifying that 
planned production would reach a peak of 1,000 engines a month by December 1942.178 
After the attack on Pearl Harbor, the War Department ordered Studebaker to double 
production to 2,000 engines a month, a level of output significantly greater than that 
achieved by any British aircraft engine factory in World War II.179 Studebaker began building 
the R-1820-65 version of the Cyclone 9 engine in early 1942, turning out four engines in 
February but achieving the target of 1,000 engines a month in September just eight months 
after starting production. Toward the end of 1942, having completed 3,504 R-1820-65 
engines, Studebaker shifted to building the R-1820-97 version, which differed only in minor 
details from the R-1820-65, building 60,285 by the end of the war.180 Studebaker reached 
the required production rate of 2,000 engines a month in May 1943, doubling its rate of 
production in just six months.181 The company achieved a wartime peak in production in 
March 1944, completing 2,479 engines during the month.182 From April to November 1944, 
Studebaker sustained a production rate of over 2,300 engines a month, producing 27,920 
engines for the entire year, second only to Buick’s production of 30,550 Pratt & Whitney 
R-1830 Twin Wasp engines.183

How It Was Done: Building the Cyclone 
9 at the Wright and Studebaker  
Factories
By July 1940, the estimated number of Wright Cyclone 9 engines needed to meet Army, 
Navy, and British requirements by June 1942 amounted to 11,718 engines, more than five 
times Wright Aeronautical’s production during 1939.184 To meet this requirement, Wright 
would have to triple its monthly production rate, shifting from its prewar batch production 
methods to achieve quantity production in wartime. Compounding the problem was the 
shortage of skilled machinists; Wright would have to rely on employees who had little 
experience with machine tools, yet had to ensure no diminution of quality. Wright accom-
plished this transition by shifting to line production in its factories. Through improvements 
in production engineering and process engineering, Wright speeded the flow of parts 
through the factories, and by using newly developed high-production machine tools that 
semi- and unskilled workers could operate, cut production time even further, thereby 
increasing output. It took nearly two years for Wright to make the shift from batch to 
quantity production of the Cyclone 9 engine. During 1940, the company built an average 
of 186 Cyclone 9 engines a month, but more than doubled monthly production during 1941 
to reach 526 engines completed in December.185

Prior to the war, manufacturing a Cyclone 9 engine was similar to manufacturing the 
Bristol Mercury and Pegasus engines described in Chapter 2. To illustrate the complexity 
of machining the Cyclone 9, Table 3.4 shows the number of machining operations required 
for the main components of the Cyclone 9 engine and the amount of metal removed from 
the rough forgings during the machining process.

.
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As at the Bristol Aeroplane Engine Department, the Wright Paterson factory received 
rough cast or forged parts from the foundry that went through successive stages of 
machining, heat treatment, and painting or plating before final assembly into finished 
engines ready for testing. As orders for its engines increased exponentially after the start 
of the war in Europe, Wright had to find ways to rapidly shift from building engines in 
small batches to continuous quantity production, increasing output while maintaining 
absolute adherence to its standards of quality. Initially, as factories in No. 1 Shadow Group 
in Britain had done, Wright expanded production by adding more workers to get higher 
utilization from its standard machine tools. The easiest way to increase output was to simply 
“…duplicate again and again any existing processes and equipment.”186 In January 1939, 
Wright had 3,398 employees; by the end of the year, Wright had increased employment to 
5,141, and by the end of 1940 had more than doubled the number of employees to 12,408.187

Wright Aeronautical’s problem with increasing production was now common across the 
American aviation industry. With their backlog growing rapidly from both foreign and domestic 
orders, by the end of 1939, American airframe and aircraft engine manufacturers were already 
close to capacity production.188 There were now questions as to how the aircraft industry could 
meet the demand.189 The answer to increasing production of aircraft and aircraft engines was, for 
many observers outside the industry, simple. As Henry Hill, a project engineer with Wright, noted:

To most people this increased production rate is merely a matter of applying the well-
known methods of the automobile industry. This naïve statement has just enough truth in 
it to confuse the minds of many people both inside and outside the aviation industry. Between 
the statement and the actual fact the gulf is very wide indeed. It is true that the principles 
developed by the automobile people in Detroit must be applied to aircraft and engine produc-
tion, but we are sure that it is equally true that these principles must be modified and further 
developed to suit the new set of standards and the new tempo required in the aircraft field. 
Whether we like it or not we must face the fact that in developing the aircraft engine we have 
also developed a brand-new design and manufacturing technique, which is as far removed 
from automobile manufacture as the automobile was from carriage building.190

TABLE 3.4 Machining operations on the Cyclone 9.

Part name No. of operations Rough weight (lb) Finished weight (lb)

Cylinder Barrel 35 68 16

Cylinder Head 37 37.5 27.5

Cylinder Assembly 85 — —

Total 157 105.5 43.5

Crankcase Front 45 178 40.5

Crankcase Rear 45 178 36

Crankcase Assembly 57 — —

Total 147 356 76.5

Crankshaft Front 85 111 76.5

Crankshaft Rear 80 50 22

Counterweight Rear 41 39 19.25

Counterweight Front 36 30 15

Crankshaft Assembly 89 — —

Total 331 230 102.75

Source: Geschelin, Joseph: “Studebaker Know-how Speeds Flying Fortress Engine Output,” 
Automotive and Aviation Industries, Vol. 88, No. 7, (April 1, 1943), p. 21.
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During 1939, a widely shared discussion began in the aircraft industry on production 
issues. That fall, the Society of Automotive Engineers, the professional body for automotive 
and aeronautical engineers, held a special conference on production problems in the 
industry, the National Aircraft Production Meeting.191 Some three thousand people attended 
the three-day conference. Wright sent an exhibit of its engines and had Henry Hill deliver 
a paper on problems in the quantity production of aircraft engines.192 Over the next two 
years, articles appeared regularly in major aviation and specialized industry magazines 
describing how airframe and aircraft engine companies were addressing the problems of 
increasing production, with detailed descriptions of the new methods they were using.193

In November 1940, the Society for Automotive Engineers held its second National 
Aircraft Production Meeting. For this meeting, both Pratt & Whitney and Wright exhibited 
aircraft engines and sent engineers to give papers.194 A key theme of the conference was 
mass production and particularly the application of automobile manufacturing techniques 
to aircraft production.195 Two leading engineers from the Curtiss-Wright Corporation, 
Wright’s parent company, noted the many differences between mass production in the 
automobile industry and aircraft production, but asserted that despite these differences, 
there were opportunities to apply automobile production methods.196 They stated that 
“careful analysis supports the conclusion that much can be gained through the utilization 
of automobile methods and practices when combined with a liberal application of common 
sense.”197 What this required, they argued, was careful attention to design, tool, production, 
and process engineering.198 This was exactly the approach Wright took to the problem of 
shifting to quantity production of aircraft engines.

Production Engineering at Wright  
Aeronautical
Wright’s problem was “to reduce the time required for all manifold operations comprising 
the intricate process of aircraft engine manufacture.”199 To this end, Wright’s production 
engineers concentrated their efforts in four main areas: changing the company’s policy on 
manufacturing engine parts, shifting to line production, reconfiguring processes to speed 
production, and putting much greater emphasis on materials handling. All of these efforts 
can be characterized as an effort to establish flow production, achieving increases in output 
by cutting machining and handling time wherever possible.

An observer at the November 1940 National Aircraft Production Meeting remarked 
on the extent of free exchange of information between companies and the general spirit of 
cooperation in seeking solutions to production problems.200 Wright set up a technical 
production unit to examine the problems of quantity production and to make recommen-
dations based on a study of methods in other industries.201 The unit made a close study of 
automobile manufacturing methods to see what could be applied to manufacturing aircraft 
engines, but went beyond this to study general industrial practices looking at current 
production methods, new types of machine tools, and new manufacturing processes.202 
The challenge was to determine what changes to accelerate production could be justified, 
with the corollary demand that these changes could have no negative impact on the quality 
and reliability of the engines.203 From these studies came new approaches to production 
engineering and a new attitude toward measuring processes, machining, and assembly 
operations not in terms of cost in dollars, but cost in time.204

For years, Wright’s policy had been to manufacture nearly all the machined parts for 
its engines in its own factory in order to exercise complete control over quality.205 Purchased 
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parts made up less than 25% of the cost of a Wright engine.206 The company now changed 
its policy to one of purchasing a much higher percentage of parts from outside vendors. 
Increasing subcontracting to speed production was also a policy that Government mobiliza-
tion agencies actively encouraged. Subcontracting reduced the number of employees Wright 
needed to train and freed up supervisory personnel and skilled machinists for other tasks.207

The shift to line production was a significant change for Wright from past practices. 
The objective of line production was to arrange the machine tools so that the work passed 
sequentially from machine to machine in the proper sequence, ideally so that the work 
pieces could be moved a minimum distance with minimum effort and in a minimum 
amount of time.208 As Wright expanded its production facilities, conversion to line produc-
tion became possible within each manufacturing building, although the dispersion of 
Wright’s factories around Paterson was not ideal. In a method that was analogous to No. 1 
Shadow Group’s production of the Bristol Mercury and Pegasus, Wright chose to view its 
Paterson factories as a single production unit, composed of greatly enlarged manufacturing 
operations for particular aircraft engine parts, each made at a different factory, feeding the 
main assembly operation in Plant No. 1.209

The first step in designing a layout for line production was to determine the number and 
type of machine tools required for each major line.210 Analyzing the production schedule, the 
time required to manufacture each part and the number of working minutes each month, 
helped determine the required number of machine tools. Plant layout engineers then prepared 
a figure showing the types of machines, their placement in the sequence of machining opera-
tions, and the amount of floor space each machine tool required, making allowance for the 
spacing needed for the operator, proper placing between machines, storage space for finished 
work, and aisle space for moving rough and finished parts. This figure determined the floor 
space each department required, making it possible to calculate the total floor space for a new 
or converted building. From all this information, layout engineers prepared production strips, 
long pieces of black Upson Board showing the layout of a specific production line, and placing 
on these strips scale templates cut out in the shape of the specific machine tools to be used in 
their proper sequence. These production strips went on a larger board outlining the factory 
space available, with spaces added for other processes like heat treatment, painting, and 
assembly operations. Using this visual aid, production engineers could grasp the overall layout 
of line production and could make changes to the production strips to assess the implications 
of changing manufacturing processes or adding new types of machine tools. Unlike the auto-
mobile industry, where changes in design tended to be implemented when the factories were 
gearing up for their annual model change, design changes to aircraft engines were continuous 
throughout the year, thus putting a premium on building flexibility into line production.211

While the straight-line layout was considered the ideal for maximizing flow, under certain 
circumstances, this proved difficult to achieve. Developing a layout for fabrication operations 
was more difficult than laying out assembly operations and depended on the sequence of 
operations and the type of machine tools employed for each operation.212 At Wright’s Plant 
No. 2, the company resorted to a U-shaped line for machining cylinder barrels and cylinder 
heads and for the final cylinder assembly. To improve the flow of work, however, Wright laid 
out the sequence of machining operations so that a part never backtracked but was always 
moving forward.213 Parts moved down one side of a line, would turn and move down the 
other side, then shift to the next line, and repeat the process until machining was complete.

Wright reorganized its foundry operations to conform to line production methods, allowing 
for an uninterrupted flow of operations from intake of raw materials to finished cylinder head 
casting.214 At Plant No. 1 and Plant No. 2, Wright automated painting and electro-plating Cyclone 
engine parts, removing most handheld devices and hand operations.215 At Plant No. 1, Wright 
completely revamped its assembly operation. For years, the company had used what it called a 
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“spot assembly” system, in which four-man teams assembled an entire engine taking a full 
8-hour day to complete the job.216 Assembling a complete engine required a high degree of skill 
and experience as well as thorough familiarity with all the parts of a Cyclone engine. As produc-
tion accelerated, Wright found that skilled assemblers were not to be had. Instead, the superin-
tendent of the assembly department and his foremen worked out a new system that used a 
coordinated, progressive sequence of operations. The team broke down the process of assembling 
a Cyclone 9 engine into separate operations on groups of parts that took no more than 24 minutes 
to assemble.217 Teams of one to three workers manned long benches set at right angles to the 
main assembly line. Each team built up one subassembly, each worker adding a piece or pieces 
as needed, the completed subassembly joining the main assembly line where it was added to the 
engine as it passed by.218 The benefits to this method were the savings in assembly time and the 
shorter training time, as each assembler no longer had to be familiar with every part of a Cyclone 
engine, but only the parts that he/she would assemble.

From their study of automobile production methods, Wright’s production engineers 
learned that “machine tools alone are not the total answer to the problem of increased 
output; proper material flow is of at least equal importance.”219 As Wright expanded its 
factories, the company devoted more attention to finding ways of moving materials by 
machine instead of by hand to speed production. The electro-plating operations in Plant 
No. 1 and Plant No. 2 involved careful cleaning of parts to be plated in various chemical 
solutions and then plating operations to cover parts with tin, chromium, lead, or in the 
case of cylinders that would be subject to saltwater corrosion, with molten aluminum.220 
Painting involved spraying parts with a primer, drying them, then spraying on two coats 
of enamel before baking. Previous methods involved moving parts from one operation to 
the next and spraying on paint manually, turning the part to paint all surfaces. In both 
electro-plating and painting operations, Wright installed conveyors to move individual 
parts through each stage of the process.221 In its foundry operations, Wright put in automatic 
hoists, conveyors, and roller systems to move heavy molds, molten aluminum, and rough 
castings.222 Using an overhead monorail allowed foundry workers to use a larger ladle in 
place of a smaller hand ladle, allowing faster and more thorough pouring into the mold.223

Wright progressively installed conveyor systems along its production lines so that parts 
moved from machine to machine along the conveyor line.224 The conveyor systems saved 
floor space by eliminating the need to store work in process or finished parts alongside a 
machine tool. This allowed more machine tools to be placed along a production line. 
Conveyors replaced the hand carts and shop trucks used to move parts from station to 
station, removing potential bottlenecks and freeing workers for other tasks. As more and 
more women joined the Wright workforce, the conveyor system and hand-operated or 
automatic hoists reduced the need for women to use their own strength to shift heavy parts, 
thereby removing one of the principal objections to employing women in the factories.225

All these methods, such as purchasing more parts from outside vendors, shifting to 
line production for key engine parts, reconfiguring manufacturing processes, and expanding 
and improving materials handling, saved time and speeded production. This was a process 
of achieving incremental savings in time all along the manufacturing process, but the 
increments, when added together, contributed to faster rates of production. But, the compa-
ny’s efforts to develop high-production machine tools through process engineering were 
far more important to increasing Wright’s production.226

Process Engineering at Wright
In an article written in September 1941, the Wall Street Journal commented that “perhaps 
no individual company in the aircraft industry has turned to the use of automatic single 
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purpose machines in the same degree as the Wright Aeronautical Corporation.”227 In 
contrast to companies who depended on standard machine tools, the Journal noted that 
“Wright is following the automobile practice of using gigantic machines which are only 
good for exactly one job.”228 Wright’s dilemma in 1939 was that it was facing, concurrently, 
a growing demand for its aircraft engines with a growing scarcity of skilled machinists.229 
The company realized that it would be impossible to train the number of workers it would 
need in time to meet demands for higher production.230 The volume of production required—
and the fact that the British and French Governments, and later the American Government 
were willing to provide financing for new machinery—now justified using expensive high-
production machine tools that Wright had not found economical for batch production in 
place of skilled workers. The machines that Wright now required had to have two key 
characteristics: first, they had to be more productive than standard machine tools, producing 
more parts per operation and at a faster rate, and second, they had to be adapted to the 
limited skills and experience of the workers Wright would hire going forward. To cope with 
the same dilution of skill levels that Bristol faced in Britain, the skill of the machinist had 
to be built into the machine, the task of the process engineer.231 Machines had to be made 
“practically fool proof” with operations that were “completely automatic, except for loading 
and unloading.”232

When Wright began developing high-production machine tools, the company had 
little experience to draw on. As one Wright executive explained the problem, “there was 
no precedent upon which calculations could be based or any guarantee that it would 
be possible with automatic equipment to hold the extreme accuracy and fine finishes 
demanded for this class of work.”233 At first, there was considerable skepticism that auto-
matic machine tools could be used in aircraft engine production.234 One principal concern 
was whether automatic, high-production machine tools could be designed with a degree 
of flexibility that would accommodate the design changes that were a regular feature of 
making aircraft engines.235 The Paterson factories became a laboratory for developing 
advanced automatic machine tools for aircraft engine production.236

Wright began working with the major machine tool builders to design machine tools 
that would meet Wright’s requirements, realizing that it was presenting the machine tool 
companies with an “almost impossible set of problems.”237 Wright also undertook a detailed 
study of machine tools and methods then in use with the automobile industry to determine 
if there were machine tools that could be adapted to Wright’s needs.238 The American 
automobile industry was the leader in developing techniques of mass production and had 
continuously stimulated the machine tool industry to invent new types of machine tools 
to speed production and achieve greater precision and finer finishes at lower costs.239

At the same time, Wright applied the tools of process engineering to examine the fabrica-
tion of every part of a Cyclone 9 engine to see where and how a process of deskilling could 
be applied and a new machine tool designed for a specific operation.240 Wright found that while 
the cost of a high-production machine tool was higher than an equivalent standard machine, 
in most cases, there was an actual saving as one high-production machine might replace several 
standard machine tools.241 The difficulty Wright faced with increasing production rates using 
high-production machine tools was that these newly designed tools took from 6 to 15 months 
to build.242 In the interim, Wright continued to use standard machine tools, but replaced them 
as soon as the new high-production machine tools arrived at the factories.243

Wright’s shift to relying on more high-production machine tools went through three 
phases. In the first phase, beginning in 1939, Wright simply continued what it was doing, 
adding more standard machine tools and workers, as the shadow factories building Mercury 
and Pegasus engines had done. In the second phase, during 1940 and into 1941, Wright 
purchased semi-high-production machine tools that could be easily acquired, that could 



112 Building Engines for War: Air-Cooled Radial Aircraft Engine Production

produce parts previously made on standard machine tools, and that employed semi-skilled 
workers.244 It used these machines to test new production methods that it passed on to its 
new factory at Lockland, Ohio (see Chapter 5), to gain knowledge and experience that could 
be applied to the design of more advanced high-production machine tools. During this period, 
Wright purchased 2,000 machine tools for its Paterson factories at a cost of $28 million, 
although many of the high-production machine tools Wright ordered would not reach the 
factories until 1941, beginning the third phase of machine tool utilization (Figure 3.7).

Not all the high-production machine tools Wright developed in consultation with the 
machine tool builders were new designs. Many were derived from machine tools in use 
with the automobile industry, after careful study.245 The most critical aspect of this evolu-
tion was to incorporate automaticity into the design to cope with the influx of semi- and 
unskilled workers.246 As previously explained, all a semi- or unskilled operator had to do 
with an automatic machine tool was to load and unload the machine and check the result 
for accuracy with gauges provided; the machine would automatically complete all machining 
operations in the correct sequence with no intervention from the operator.247

Wright found that, contrary to what was expected, the automatic machine tools it 
developed were even more accurate than standard machine tools because their heavier 

 FIGURE 3.7  Drilling 180 cylinder pad holes in the R-1820 Cyclone 9 crankcase at the 
Studebaker engine factory in South Bend using a specially developed Greenlee multiple drill. 
This special machine performed all the required operations at one time. Formed of two steel 
forgings weighing 300 lb, after 150 machining operations, the finished crankcase weighed 
just 75 lb.
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construction limited unwanted vibrations.248 Among the more important types of machine 
tools that were transferred from the automobile industry were multiple-spindle drilling, 
tapping and boring machines that could perform these operations in succession on multiple 
work pieces using a single machine tool; precision boring machines using cemented carbide 
tools for rough drilling and a diamond tool for fine finishing; automatic milling machines; 
and internal and external grinding machines and gear finishing machines.249 Automatic 
multiple-spindle lathes were another important development for quantity production.250 
By mounting multiple single-point cutting tools in a specially designed jig, a multi-tool 
lathe could perform multiple cuts at the same time, for example, cutting all the fins on a 
cylinder barrel or cylinder head in one operation instead of having to shift the work piece 
from one machine to another for progressive operations.251 An examination of improved 
production methods using high-production automatic machine tools to manufacture the 
main components of Cyclone 9 engines provides numerous examples of the dramatic savings 
in production time, space, and man power these machines delivered (Figure 3.8).

 FIGURE 3.8  A line of men and women working on cylinder heads, in this case for the 
Pratt & Whitney R-1830 engine. Prior to the war, many operations to manufacture cylinder 
heads were done manually or by individual machine tools, moving the work piece from 
machine tool to machine tool.

na
0

40
23

1, 
C

ou
rt

es
y 

of
 th

e 
N

at
io

na
l A

ut
om

ot
iv

e 
H

is
to

ry
 C

ol
le

ct
io

n,
 D

et
ro

it 
Pu

bl
ic

 L
ib

ra
ry

.



114 Building Engines for War: Air-Cooled Radial Aircraft Engine Production

 FIGURE 3.9  An early model of the Greenlee Automatic Transfer Machine at the 
Studebaker factory in South Bend. Wright Aeronautical worked with the Greenlee Brothers 
machine tool company to develop an automatic transfer machine that could perform all 
operations on a cylinder head automatically with a savings in time and labor.
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In manufacturing cylinder heads, machines replaced hand operations at the start of 
the process at the foundry. After a cast cylinder head had cooled and been removed from 
the mold, excess aluminum and minor irregularities had to be removed from the cast fins. 
This had been done manually, but Wright designed a special machine to clean up the cylinder 
heads using an abrasive grinding wheel and a master cam which profiled the cylinder head, 
moving the grinding wheel automatically.252 Each cylinder head required a number of holes 
to be drilled, reamed, countersunk, and tapped, including holes for the two spark plugs, 
holes for the valve springs, holes for the studs holding the intake and exhaust port flanges, 
and holes for the intake and exhaust port rocker box covers. In the 1930s, operators used 
a single-spindle drill press to make all these holes in the cylinder head, one at a time, having 
to change the type of tool—a drill, reamer, borer, counterbore, or tap—for each operation.253 
With the need to increase production, Wright then designed semi-production machine 
tools, one of which could drill, ream, countersink, and tap spark plug holes in one continuous 
operation, automatically moving the cylinder head from station to station.254 But the 
cylinder head would then have to be moved to another machine to perform these operations 
on the intake and exhaust ports and a third machine to machine the holes for valve springs 
and finally a fourth machine to drill holes for rocker box covers.255 Wright replaced all these 
machines with what was no doubt the most impressive of the many high-production 
machine tools Wright developed during the war, the Greenlee Automatic Transfer Machine 
(Figure 3.9).
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A transfer machine is “a multi-head automatic machine [tool] which performs a 
sequence of operations simultaneously on a series of product units which are automatically 
indexed forward from one machine station to the next.”256 In 1940, the Nash-Kelvinator 
Corporation, one of the small American independent car companies, and the International 
Harvester Company, a maker of diesel tractors and diesel tractor engines, worked with the 
Greenlee Brothers & Company to develop transfer machines to drill and bore holes in 
engine blocks.257 The transfer machine incorporated a linked series of individual multi-
spindle machine tools placed on both sides of an automatic conveyor to form a mini-
production line.258 The key feature of the transfer machine was that it “indexed,” or moved, 
the work piece from machine to machine automatically, saving a considerable amount of 
time because the operator did not need to move the work piece from machine to machine. 
All the operator did was load the work piece at the front of the machine and unload it at 
the end of the machining operations.

An initial investigation of automatic machine tools indicated that there were no 
existing tools that could speed up cylinder head production.259 In early 1940, a local 
Newark, New Jersey, company put Wright Aeronautical in touch with Greenlee Brothers, 
who proposed a “seemingly impossible machine” based on their earlier transfer machines 
for the automobile industry.260 After lengthy discussions between Greenlee and Wright 
engineers, Wright ordered one automatic transfer machine from Greenlee. Working with 
Greenlee, Wright helped design and develop a machine that would automatically drill, 
ream, bore, countersink, and tap all the required holes in a cylinder head in one continuous 
operation.261 This first machine, the Greenlee Automatic Transfer Machine No. 1, took 
nearly a year to build and was set up most likely in Plant No. 2 in Paterson in the spring 
of 1941.262 This first machine was 80 ft long with 56 stations.263 This machine required 
only eight men per shift, doing the work of 40 standard machines and 124 workers in a 
24-hour day.264

The Greenlee automatic transfer machine was just one of many high-production 
machine tools Wright and Studebaker developed during the war to manufacture other 
components of the Cyclone engines as a description of manufacturing other components 
of the Cyclone 9 will show. The cylinder barrel for the Cyclone 9 went through two major 
operations, cutting the cooling fins on the outside of the barrel and creating a smooth 
finish on the inside. First, the cylinder barrel went through a rough finishing process to 
remove metal from the inside of the barrel. Multi-spindle, six-station Bullard Multi-Au-
Matic boring machines replaced single-spindle boring machines.265 After rough finishing 
the cylinder barrel and completing the nitriding hardening process, the cylinder barrel 
was transferred to a Fay automatic lathe with a special magazine tool holder that could 
cut all 41 cooling fins on the outside of the cylinder at one time.266 Once the cylinder 
head was attached to the cylinder barrel, the complete assembly went to a specially 
designed Heald internal centerless grinder that automatically placed the assembly in 
position for machining and automatically removed the finished part and loaded a new 
part onto the machine.267 A flange at the bottom of the cylinder barrel required 20 holes 
to be drilled, bored, reamed, and countersunk for the studs that attached the flange to 
the crankcase. Here again a specially designed machine replaced single drilling and 
reaming machines. A Baker vertical, 40-spindle, five-station machine completed this 
operation automatically. The cylinder assembly was loaded onto the first station and 
moved automatically around the machine to each of the four stations. The second station 
drilled ten holes in the flange, the third station drilled the remaining ten, while the fourth 
and fifth stations reamed and countersunk the holes to the required configuration. 
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The Baker machine cut the operating time from 6.5 to 1.5 minutes, replaced five standard 
machine tools, and reduced the operators required over three shifts from 14 to 2, saving 
85 man-hours.268

The front and rear sections of the Cyclone 9 forged steel crankcase went through rough 
and finish machining, were then joined together, and placed on a Foster “Fastermatic” 
automatic turret lathe that finished the holes for the cylinder assemblies and the cylinder 
pad faces where the cylinder assembly flanges would be attached. The fixture holding the 
crankcase rotated automatically until the “Fastermatic” had completed machining all nine-
cylinder holes and cylinder pads.269 An Ex-cell-o automatic multiple drilling machine 
drilled 20 holes in the cylinder pads to anchor the cylinder assembly, drilling ten holes in 
two pads at a time, and then moving the part automatically to drill the second set of ten. 
The machining operation moved to a Baush multiple back-counterbore machine which 
could counterbore 16 holes at once, automatically moving the fixture holding the crankcase 
for the next operation. A third machine carried out tapping, finishing the threads for the 
bolts that would hold the cylinder flange to the crankcase.270

In another example, during 1941 and 1942, Wright devised a method to speed up 
machining the articulated rods for the Cyclone 9 at Plant No. 3 in Paterson. Previous 
practice had been to mill the inner section of each articulated rod separately on a Cincinnati 
milling machine, working on one articulated rod at a time.271 When one side of the rod 
was finished, the fixture holding the rod had to be manually turned over to finish the other 
side. When grinding the ends of the articulated rods to the correct shape, the end of the 
rod had to be oscillated by hand against the grinding disc, a laborious process subject to 
inaccuracies. Wright engineers designed a special fixture that would fit on a standard 
grinding machine. An arbor, a fixture for holding multiple work pieces, held seven articu-
lated rods, and two arbors could fit on the grinding machine. When the machine had 
finished grinding one side of the rods, the arbors were flipped over to grind the other side 
so that 14 rods could be machined at one time. The arbors were then placed on a Mattison 
grinding machine that automatically oscillated the rod ends while grinding them, elimi-
nating the need for hand oscillation.272 Two Mattison grinders replaced five standard 
machines, reduced the number of operators required from 14 to 4, and saved 124 man-
hours in production time.273

David Hounshell states that the Greenlee automatic transfer machines at the Wright 
factory reduced production time from 59 worker-minutes to 8 worker-minutes, but there 
is insufficient information to estimate the relative impact on productivity of the Greenlee 
automatic transfer machines overall.274 Some idea of their importance can be gleaned from 
a brochure Wright published late in the war documenting the high-production machine 
tools it put into operation in its various factories.275 This brochure listed the savings in 
employees required, production hours, and standard machine tools for a range of high-
production machine tools, including two large Greenlee automatic transfer machines. On 
a combined basis, these various high-production machine tools required 470 fewer 
employees, saved 3,862 production hours, and replaced 163 standard machine tools. It is 
interesting to note that the two Greenlee machines contributed 45% of the savings in 
employees required, 42% of the savings in production hours, and 46% of the savings in 
standard machine tools. More data is needed to determine the relative importance of the 
automatic transfer machines to improve productivity, particularly as the Greenlee automatic 
transfer machines were limited in number, while the number of other types of high-produc-
tion machine tools in a factory would likely have been greater. At the Wright factories that 
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employed them, there were only one or two Greenlee machines as these machines were 
costly, in some case more than 35 times the cost of other high-production machine tools. 
It seems likely that the factories building Wright engines had multiple high-production 
machine tools in their production lines (Figure 3.10).

Wright’s introduction of the forged cylinder head for the Cyclone 9 in place of the cast 
cylinder head provides an example of how technological improvements affected production 
processes. This change required extensive production and process engineering to develop 
new methods and processes of manufacturing that were completely new parts. The benefits 
of using a forged cylinder head were considerable, as it enabled Wright to boost the power 
output of the Cyclone 9 to 1,350 hp while reducing production time.276 By December 1941, 
Wright had an experimental machine shop working on production versions of the forged 
cylinder head and had placed orders for machine tools in expectation of beginning full-
scale production in June 1942.277 Wright believed, optimistically as it turned out, that it 
could produce enough forged cylinders for 100 Cyclone 9HC engines by December 1942.278 
In the event, Wright did not reach its target until October 1943.

Manufacturing a forged cylinder head proved challenging. When Wright began 
working on forged cylinder heads, it found that the early examples were effectively handmade 
and far from ready for quantity production.279 Wright first had to work out a forging tech-
nique that could produce forged cylinders in quantity. The limited number of drop hammers 
in the US with the required power was only one of the many obstacles Wright had to 
overcome.280 The forging process that Wright developed started with a drop hammer forcing 

 FIGURE 3.10  Peak Cyclone 9 monthly production at Wright’s Paterson factories  
1940–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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aluminum bar stock into the general shape of the cylinder head. After heating to the proper 
temperature, the semi-finished work piece, or billet, went successively through three dies 
in a 1000-ton capacity press, the first forming the rocker boxes, the second forming the 
content of the cylinder head, and the third forming the combustion chamber inside the 
cylinder head.281 After this, the forged cylinders had to go through a careful heat treatment 
process to relieve the internal stresses incurred in the forging process. This allowed the 
external cooling fins to be machined accurately with less wear on the cutting tools.282

To speed production, during 1943 Wright developed at its Paterson factories a special 
continuous conveyor system linked to two parallel gas–electric furnaces.283 Twelve rough 
forged cylinder heads at a time went via the conveyor to the gas furnace where they were 
heated to 960°F and soaked for 6 hours. After cooling to 340°F, the trays carrying the 
cylinder heads went via the conveyor to the electric furnace where they were heat-soaked 
for 8 hours, followed by another cooling period and then a final 5-hour heat-soak at 450°F. 
Wright found that with the forging process, rejections amounted to only 5% of the total, 
compared to 20% with the casting process, a great savings in materials and production 
man-hours.284

Milling the cooling fins around the uneven contours of the cylinder head was the most 
difficult problem Wright faced with the forged cylinder head. Wright’s initial attempts to 
mill the fins with standard milling machines proved unsuccessful.285 Severe vibration 
caused fatigue cracks in the machined fins. The solution came through working with the 
Cincinnati Milling Machine Company to adapt one of the company’s Hydro-Tel vertical 
profile milling machines that could mill four forged cylinder heads, using a cam and master 
template to guide two specially developed 13-in. cutting wheels with nine carbide-tipped 
teeth to cut four identical fins on the tops of all four cylinder heads at the same time.286 A 
similar Hydro-Tel machine cut the fins on the sides of the cylinder head. One of these 
Hydro-Tel machines could work on eight forged cylinder heads at one time using two rotary 
fixtures.287 Wright had the Snyder Tool & Engineering Company build a specially adapted 
machine tool for the other difficult machining operation, forming the valve pockets and 
the intake and exhaust ports on the head of the cylinder.288 Once Wright had perfected 
these milling operations, a forged cylinder head could be treated much like a cast cylinder 
head for subsequent machining operations.

A three-section, 124-station Greenlee automatic transfer machine performed finish 
milling operations, and drilled, reamed, countersunk, and tapped all holes required in the 
cylinder head as well as counterboring seats for the valve springs, the valve guide holes, 
and the valve seats.289 It took considerably more time to machine a forged cylinder head 
but forging eliminated the more labor-intensive and time-consuming operations casting 
cylinder heads at the foundry.290

Wright’s development of the forged cylinder head illustrates the intense effort that went 
into process engineering. A detailed article on the process of machining fins on forged 
cylinders mentions no less than 16 different types of machine tools employed during the 
process, including two separate Greenlee automatic transfer machines.291 All these machines 
had to be adapted or specially built to meet the unique requirements of machining forged 
cylinder heads. It took Wright and the machine tool companies months of experimentation 
and effort before these machine tools could be placed in operation. Wright’s experience in 
switching to a new method of production for the forged cylinder head shows that the mass 
production methods Wright had adapted for aircraft engine production were not as inflex-
ible as some observers have implied.
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Inspection and Quality Control
In aircraft engine production, quality control was critical and far broader in scope than in 
automobile engine production. It is important to recognize that manufacturing component 
parts of the Cyclone 9 engine was only one part of the production process. Improvements 
in production engineering had to build in time and space for inspection to ensure quality 
control. In shifting to quantity production, with all the changes in manufacturing processes 
and the switch to high-production machine tools, the overriding concern of Wright’s engi-
neers was that there be no diminution in the accuracy and quality of engine parts and 
complete engines. As Wright’s General Superintendent put it, “lower quality does not build 
engines—it builds trouble…for this reason, there can be no compromise with quality.”292 
Quantity production vastly increased the quantities of raw materials and engine parts going 
through the Wright factories, compounding the problem of quality control. By the summer 
of 1941, when Wright was ramping up its purchases from outside vendors, Wright’s Quality 
Control Department was inspecting 105,000 parts a day.293 At Wright, quality control began 
when raw materials and rough forgings or castings arrived at the factory door, continued 
through the manufacturing process and only ended when the completed engine had passed 
its final tests.

Wright’s Quality Control Department, which in August 1941 had around 1,100 inspec-
tors on staff for the Paterson factories, contained a small group of highly experienced 
inspectors devoted solely to the inspection of every tool, gauge, and fixture in the facto-
ries.294 This function was vital to maintaining accurate manufacturing but is not always 
considered as part of the inspection process. In addition, these inspectors performed 
regular checks of all the company’s measuring devices using a set of master gauges as well 
as checking the personal measuring tools that the machinists and inspectors used in their 
work. The Raw Materials Inspection Department ran tests on any forgings, castings, or 
metal stock that came into the factories, sending a sample of each to the laboratory for 
testing and only releasing the materials with the laboratory’s approval. In the manufac-
turing areas, each production department had its quota of floor inspectors who inspected 
the first work piece from each new setup of a machine tool for quality and accuracy. 
Inspectors at the Heat Treat Department tested each part after heat treatment to check for 
the required level of hardness. At the completion of machining operations, every compo-
nent part went through a final inspection measuring dimensions, weight, and finish. The 
administrative load from inspection must have been considerable, as all major parts subject 
to high stress had their own individual record cards that were filed and maintained at the 
factories, even after the components had left as part of a completed engine. Inspectors put 
steel parts through a Magnaflux inspection to detect any minor flaws or defects undetect-
able by the human eye, while non-ferrous parts were X-rayed. A “profilometer” used a 
diamond-tipped stylus to measure the smoothness of surface finishes down to one-
millionth of an inch. Parts that failed inspection went to the Salvage Department where 
a committee of Wright and Army Air Force engineers determined whether the part could 
still be used, needed to be reworked, or should be discarded. The requirements for accurate 
record keeping no doubt added more clerical workers to the staffs in the factories and 
partly helped to explain why nearly 50% of the employees never actually worked on aircraft 
engine production (Figure 3.11).
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Even with monthly engine production rates increasing, Wright did not change its 
standard practice for the most important test of all, the production test of a complete engine. 
Once assembled under the eyes of inspectors, the engine went to the engine test cells where 
it was mounted on a test stand and connected to fuel and oil lines. During the first or “green” 
test, the engine was run for up to 7 hours at various speeds, with inspectors recording all 
data on performance. When the green test was over, the engine went back to a disassembly 
line, which was like the assembly line but in reverse, where every engine was taken completely 
apart. Subassemblies went to separate disassembly benches, where they were taken down 
to their component parts and each part subject to close inspection, before moving back to 
an assembly line for final assembly and a final, shorter test run of 15 to 30 minutes after 
which the engine went through one more inspection. Most of this assembly and disassembly 
could only be done by hand, but Wright did automate the engine cleaning process that took 
place after the final test run. Once laboriously done by hand, one engine at a time, Wright 
installed a continuous washing machine where engines attached to an overhead conveyor 
passed through several jets of a cleaning solution to remove all traces of dirt and oil before 
packing and shipment to the airframe factories.295

Reading about aircraft engine production during World War II, it is not readily apparent 
how critical the effort at quality control was to successful production, nor the volume of 
inspections and the sheer number of parts inspected daily, often by young women with 
only a few weeks of training. Like much else about wartime aircraft engine production, 
quality is simply taken for granted. By all accounts, Wright did an excellent job of quality 
control in the production of the Cyclone 9 engine at its Paterson factories. It is ironic, given 
the company’s commitment to quality, that quality control would be the cause of so many 
problems and so much controversy at Wright’s Lockland, Ohio and Wood-Ridge, New 
Jersey factories later in the war.

 FIGURE 3.11  Studebaker-built Cyclone engines being assembled prior to undergoing a 
“green test.” The worker on the right is installing the connecting rods into the crankcase while 
in the center workers add the cylinder assemblies.
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As with the improvements that came through production engineering, the cumulative 
impact of the changes in production output through process engineering and the progressive 
development of high-production machine tools can be seen in the increases in monthly produc-
tion rates of the Cyclone 9 at Wright’s Paterson factories and especially, as will be seen, at 
Studebaker. By the end of 1941, Wright was building Cyclone 9 engines at a rate of 500 month; 
15 months later, the Paterson factories reached their peak production of 1,007 Cyclone 9 engines 
in a single month, more than ten times the number built in January 1940.296 What is important 
to understand about Wright’s successful transition to quantity production of the Cyclone 9 is 
that there was no one “magic bullet” that achieved this, but rather a wide range of continuous 
incremental gains from a change in manufacturing process or an improved machine tool that 
cut production time or increased the number of parts per operation. When Wright started the 
process, there was, as was thought at the time, no guarantee that it would be successful.

How It Was Done at Studebaker
While Wright developed the formula for shifting from batch to large-scale production, 
Studebaker, with the advantage of starting with a clean sheet and its own extensive experi-
ence in volume production, perfected it. Studebaker, using the knowledge Wright had 
accumulated and its own automotive experience, went on to establish a record of even greater 
output and productivity in factories that were better suited to line production and achieving 
improved flow. Studebaker’s production of the Cyclone 9 engine integrated the size and 
design of factory buildings, improvements in production engineering, and more high-
production machine tools. Studebaker’s newer and larger factory buildings, designed from 
the beginning for line production, gave their production engineers greater scope for applying 
the lessons in production and process engineering they took from Wright (Figure 3.12).

 FIGURE 3.12  Peak monthly production of the Bristol Pegasus and Wright Cyclone 9 
engines 1939–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946); Ministry of Aircraft 

Production: Statistical Review 1939-45, (London 1945).
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In searching for an explanation for Studebaker’s wartime production record, it is neces-
sary to start with an understanding of the knowledge and experience the company brought 
to manufacturing the Cyclone 9 engine. At its main South Bend automobile factory, 
Studebaker was using some of the most advanced machine tools in the automotive industry.297 
To manufacture engines for its new Champion series, Studebaker had several Greenlee four-
station automatic transfer machines, an early version of the much larger transfer machines 
Wright, Greenlee, and Studebaker would develop for machining Cyclone 9 cylinder heads. 
Studebaker also employed several other types of Greenlee horizontal and vertical drilling 
machines with four work stations that could hold six engine blocks at a time.298 Studebaker 
employed a variety of multi-spindle machine tools, from a Baker Brothers two-way hydraulic 
machine holding 30 spindles to a massive National Automatic Tool Company (NATCO) 
unit with 103 spindles for drilling holes in cylinder blocks.299 The machine tools of other 
companies—Barnes Drill Company, Cincinnati Milling Machine Company, Norton, 
Ex-Cell-O, and Snyder—were also represented. The new methods and processes that Wright 
was developing through production and process engineering would, no doubt, have been 
familiar to Studebaker’s own production and tooling engineers (Figure 3.13).

Lists of the machine tools purchased for the South Bend and Chicago factories provide 
evidence supporting the argument that high-production machine tools were an important 
component of production at these factories.300 Studebaker used many of the high-production 
automatic machine tools that Wright had developed, notably Snyder milling machines, 
Baker, Barnes, Ex-Cell-O and NATCO multi-spindle drilling machines, and Bullard Mult-
Au-Matic machines, as well as several types of Greenlee multi-station machines, and hori-
zontal and rotary automatic transfer machines.301 Some of these machine tools were expen-
sive, with a Bullard eight-spindle machine costing $38,000 (£9,500) and a NATCO multi-
spindle machine $18,000 (£4,500) compared to $3,000 to $10,000 (£750 to £2,500) for 
standard machine tools.302 All these specially designed machine tools replaced multiple 

 FIGURE 3.13  Total wartime engine production: American Automobile Licensees.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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standard machine tools. Studebaker drew on the knowledge of these machine tool compa-
nies and their experience in building machine tools for Wright’s new engine factories.303

In 1942 Studebaker, who had also worked with the Greenlee company, added automatic 
transfer machines for the Cyclone 9 at its factory in South Bend.304 The new Greenlee 
machine added milling operations to the drilling, reaming, countersinking, and tapping 
built into the earlier versions.305 This machine was 176 ft in length, composed of three 
sections with 50 workstations each. In between the stations, washing machines cleaned the 
cylinder heads after they had gone through machining operations. At full operation, the 
Greenlee automatic transfer machine held 203 cylinder heads and turned out a completed 
head every 50 seconds (Figure 3.14).

In building the Cyclone 9, Studebaker followed Wright’s methods and processes, but 
also incorporated its own experience in laying out a factory for efficient production.306 
Interestingly, even with the pervasive emphasis on straight-line production, Studebaker 
chose a different arrangement for the Fort Wayne gear factory. Manufacturing aircraft 
engine gears was a challenge for mass production methods as each gear presented a unique 
production problem due to its design, dimensions, materials, and required heat treatment.307 
As this was more akin to batch production, Studebaker arranged the Fort Wayne factory 
into functional departments rather than setting up progressive straight-line assembly 

 FIGURE 3.14  An R-1820 Cyclone 9 undergoing a test run in one of the large test cells at 
the Studebaker factory. Every single engine built at the factory had to undergo a “green test,” 
running for 4 hours over a normal range of speeds with several 5-minute periods of operating 
at maximum speeds.
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operations, with each of the functional departments covering one type of operation—
cutting, grinding, heat treatment, surface finishing—with the gears moving from depart-
ment to department in the correct sequence.308 Starting gear production completely from 
scratch gave Studebaker’s production engineers the freedom to work out new manufacturing 
methods, purchase new machine tools, and develop new machine tool designs that were 
more efficient for machining the complicated gears.309 Using these new methods and 
machine tools, the Fort Wayne factory reduced the cost of a set of gears for the Cyclone 9 
engine to nearly half of Wright’s original estimate (Figure 3.15).310

At the South Bend aircraft engine factory, Studebaker paid special attention to materials 
handling, using mechanized and gravity conveyors and overhead monorails to move parts 
from machine to machine as well as hoists to lift heavier components.311 Industrial tractors 
replaced hand carts to move parts around the factory. To speed assembly operations, it set 
up a motorized conveyor line as in its automotive plant. The conveyor line carried engines 
in various states of assembly on specially designed hand trucks attached to the motorized 
conveyor. Studebaker set up subassembly lines at right angles to the main assembly line, as 
Wright had done, but added motorized conveyors to some of these lines. Although 
Studebaker thought this assembly system acted as a constraint on its rate of production 
and would have preferred one continuous assembly line, with experience the assembly 
process turned out seven and a half engines per hour.312

 FIGURE 3.15  After completing the “green test,” every engine was torn down and every 
part inspected. If inspectors found no defects, the engine was re-assembled and sent for a 
final test run before being packed for shipment.
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Studebaker resorted to a high level of subcontracting. From the early stages of produc-
tion planning, it had to be decided which engine parts should be made in its own factories 
and which should be purchased from outside vendors. Studebaker apparently went beyond 
Wright and purchased around 50% of the labor content of the Cyclone 9 from outside its 
own factories, although later in the war, the percentage of subcontracting appears to have 
dropped below this level.313 Early on, Studebaker decided to purchase all steel castings for 
the crankshaft, crankcase, cylinder barrels, and engine gears from specialist foundry firms 
removing the need to build foundries at any of the three factories. Studebaker divided 
production of the remaining parts for the engine between its three factories, with the South 
Bend factory building one-half, and Chicago and Fort Wayne the rest, but in most cases, 
this work involved machining castings or forgings acquired from other subcontractors.314

Studebaker did employ more workers than the shadow factories building the Mercury and 
Pegasus, but these workers built proportionately more engines. In November 1943, the month 
of peak employment at the Studebaker factories, there were 17,551 total employees with nearly 
half working at the South Bend factory.315 This compares to 11,883 workers at the shadow 
factories in September 1941, the year of peak Mercury and Pegasus production. This figure may 
not include management and engineering staff at the shadow factories, so that the actual differ-
ence between total number of employees at Studebaker and shadow factories may have been 
less. The important point is that with approximately 50% more workers, the Studebaker factories 
built 181% more engines in November 1943 than the shadow factories built in September 1941.

Studebaker’s labor productivity was impressive. From June 1942 until March 1945, the 
rate of monthly output exceeded the increase in the total number of workers. During 1944, 
Studebaker built more Cyclone 9 engines while reducing the total number of workers and 
the total workers per engine built. As production increased and management and workers 
gained experience, Studebaker continually reduced the cost per Cyclone 9 engine. The cost 
to the Government of the first production Cyclone 9 engines was $10,061 (£2,515) per engine, 
but at the point of maximum production, Studebaker had reduced the cost per engine to 
$6,430 (£1,607), a 36% reduction in cost (Figure 3.16).316

 FIGURE 3.16  Reduction in estimated cost per engine at the Studebaker factory.

Source: The Studebaker Corporation Aviation Division, Cost of Shipments and Sales Statistics, December 31, 1943,  
copy in the Studebaker National Museum Archives, South Bend, IN.
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Studebaker’s ability to accelerate production of the Cyclone 9 was considered to be “…
better and more even than that of most other manufacturers.”317 There are several reasons 
behind Studebaker’s performance. First, as with the Mercury and Pegasus, the Cyclone 9 
was a proven engine with a long production record. Technical drawings and engineering 
information were readily available from Wright Aeronautical, and Studebaker had the 
benefit of Wright’s advances in production and process engineering. Second, Studebaker’s 
production was almost entirely devoted to a single model of the Cyclone 9, limiting the 
disruptions from changing over to a new engine model. Thirdly, Studebaker brought to the 
Cyclone production program managers with years of experience in quantity production 
and with the strategic realism to focus on what Studebaker could do best, machining 
components, and assembling engines.318

Conclusion
The story of production of the Wright Cyclone 9 engine during World War II is a story of 
success that, in retrospect, appears seamless but in fact involved intense effort, ingenuity, 
and faith in ultimate success on the part of engineers at Wright, Studebaker, and the machine 
tool companies. This impressive wartime record was not a “miracle of production” but the 
methodical application of production and process engineering. It is important to bear in 
mind that in the beginning of America’s expansion of airframe and aircraft engine produc-
tion, there was no guarantee of success and little previous experience of quantity production 
to draw on. What was available was the knowledge and experience of other industries, 
principally the automobile and machine tool industries. These industries generously shared 
information with the aircraft engine manufacturers through direct exchanges, professional 
associations, and industry publications. Successful quantity production came through 
integrating factory size, production engineering, and process engineering. As in Studebaker’s 
case, larger factory buildings gave greater scope for applying more efficient methods of 
production and process engineering. To build the bigger and more complex Cyclone 14 and 
Cyclone 18 engines in quantity would require even larger factories and more advanced 
high-production machine tools.
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Building 14-Cylinder Engines: 
The Bristol Hercules

Introduction

The Bristol Hercules engine was second to the Rolls-Royce Merlin in terms of numbers 
of British aircraft engines built during World War II. The 14-cylinder Hercules was 
larger, more powerful, and more complicated than the Bristol Mercury and Pegasus, 

with a unique sleeve-valve system. It represented a new generation of British aircraft 
engines, with more power than the early marks of the Merlin. Yet, while the Merlin is 
famous, the Hercules is barely known despite the enormous scale in which it was made, 
and indeed the size and importance of the new factories which built it. The factories and 
the methods and tools used to build the Hercules were very different from those used 
to make the earlier generation of Bristol engines. Hercules production conforms to the 
second phase of wartime engine production, which was characterized by large factories, 
line production methods, and new types of automatic machine tools, mainly imported 
from the US.

Hercules production was on a completely different scale from building the Mercury 
and Pegasus. To build the Hercules, the Government set up a completely new shadow factory 
scheme, using factories with four to five times the total floor area of the first shadow factories 
to build complete aircraft engines, not components. The new shadow factories were built 
on greenfield sites, well away from their parent automotive factories. They employed new 
flow production methods derived from the American aircraft engine manufacturers, not 

4
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from Bristol, and new types of machine tools that semi- and unskilled workers, including 
higher percentages of women, could use with minimum training. The new shadow factories 
were equipped with greater numbers of more advanced, special-purpose high-production 
machine tools, many imported from America, to achieve quantity production. They were 
thus very different from the first shadow factories. The new Bristol shadow factory at 
Accrington would become the model for these new methods, though the Accrington factory 
receives only a cursory mention in the literature.

Large-scale production of the Hercules came from advances in production engi-
neering, specifically the effort to achieve greater flow by adopting line production, with 
careful attention to plant layout, placing machine tools in the proper sequence of opera-
tions. The new shadow factories also benefited from greater attention to process engi-
neering, reconfiguring manufacturing operations for greater efficiency and higher rates 
of output. Facing the challenges of dilution and the need for deskilling machining opera-
tions, Bristol and the shadow factories, like Wright and Studebaker, adopted more auto-
matic machine tools, though not to the same extent as the American companies. Yet, the 
Hercules factories fell short of the goal of full line production, due to constraints imposed 
on the design and location of the factories to minimize the risk of disruption from air 
attack (Figure 4.1).

 FIGURE 4.1  The Hercules was Bristol’s first 14-cylinder sleeve-valve engine to be built in 
quantity. The 1,375 hp Hercules II was the first production version, replaced in 1941 with the 
1,615 hp Hercules VI, shown here, which went into production at the shadow factories. During 
the war, Bristol and the shadow factories built 9,206 Hercules VI engines.
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The Hercules was Bristol’s response to the demand for airplane engines of ever greater 
power. When it was introduced in 1937, the Hercules was rated at 1,375 BHP making it at 
the time the most powerful British aircraft engine to have passed its type test.1 The distinc-
tive characteristic of the Hercules engine was the sleeve-valve mechanism which offered 
certain advantages over the standard poppet-valve mechanism in engines like the Mercury 
and Pegasus. The sleeve valve replaces the valves used in poppet-valve engines that take in 
the fuel–air mixture into the cylinder and eject the exhaust gases after combustion.2 Instead, 
the cylinder in the sleeve-valve engines had three inlet and two exhaust ports cut into the 
cylinder’s side. A metal sleeve, placed between the inner wall of the cylinder and the piston, 
moved in a reciprocating vertical, elliptical motion during the combustion cycle. As it did 
so, four ports cut out in the sleeve aligned with the ports on the cylinder wall to allow the 
fuel–air mixture to enter the cylinder and the exhaust gases to be forced out. The advantage 
of the sleeve valve was that it did away with the entire valve mechanism, and all its compo-
nent parts, in the poppet-valve engine.3 The removal of the valve mechanism reduced 
maintenance and the number of components that needed to be manufactured thereby 
reducing manufacturing costs, though manufacturing a cylinder with the sleeve-valve 
mechanism created its own unique production challenges that proved to be difficult 
to overcome.

The origins of the Bristol Hercules aircraft engine can be traced back to Roy Fedden’s 
contacts with Harry Ricardo in the 1920s. Ricardo, an independent researcher and 
consulting engineer on internal combustion engines, had been exploring with the support 
of the Air Ministry the possibilities of using the single sleeve-valve mechanism to improve 
the efficiency of petrol engines given the poor anti-knock qualities of fuels then available 
and the tendency for extremely hot exhaust valves to fail, a reliable method for cooling 
the exhaust valve having yet to be developed.4 Fedden thought Ricardo’s work was prom-
ising, and in 1926, Bristol began an intensive program to develop an aircraft engine 
employing the single sleeve valve, also with financial support from the Air Ministry.5 In 
1934, after eight years of research and thousands of hours of testing, Bristol introduced 
the Perseus, a nine-cylinder air-cooled sleeve-valve aircraft engine offering maximum 
power of 760 hp.6 At the time of the Perseus’ debut, Bristol claimed that not only the cost 
of manufacture would be cheaper than comparable poppet-valve engines, but also, inter-
estingly, that “Greater scope is afforded for large production with unskilled labor.”7 Bristol 
followed the Perseus with the Aquila, a smaller 500 hp sleeve-valve engine, but knowing 
that other competitors were working on more powerful double-row air-cooled radial 
engines to meet the never-ending demand for greater power, Fedden and his team began 
working on a design for a 14-cylinder two-row sleeve-valve engine using the same cylinders 
as in the Perseus.8 Bristol had come to recognize that the nine-cylinder radial engines of 
up to 1,000 hp would no longer meet the requirements of the aircraft manufacturers who 
would need aircraft engines of 2,000 hp or greater.9 By early 1935, Fedden had worked out 
a design for a 14-cylinder sleeve-valve engine that promised an initial power output of 
1,320 hp well above the Pegasus or the Perseus nine-cylinder engines then available.10 In 
November 1936, the Hercules successfully passed a 50-hour civil type test and created a 
sensation when it went on display at the Paris Air Show that same month.11 The Hercules 
made its British debut at the Society of British Aircraft Constructors show at Hatfield in 
June 1937, but by then the new Bristol engine was already under consideration to power 
new bombers for the Royal Air Force.12
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Organizing Production
Demand for the Hercules engine came about from a reassessment of the RAF’s requirements 
for bomber aircraft.13 To provide an effective deterrent against German air power, the RAF 
needed bombers that could carry a heavy load of bombs to Germany. This required a new 
class of airplane, the heavy bomber, with the speed, range, and armament necessary to fly 
to Germany and return. To obtain this speed and range and carry a heavier load of bombs, 
fuel, crew, and guns required much more powerful engines.14 In the summer of 1936, the 
Air Staff issued two Operational Requirements, one for a heavy bomber under Specification 
B.12/36 calling for a cruising speed of 230 mph with a bomb load of 2,000 lb and a range 
of 1,500–2,000 miles and one for an improved multi-role medium bomber under Specification 
P.13/36 with similar performance.15 In the spring of 1937, the Air Ministry ordered proto-
types from two manufacturers for each specification. Short Brothers responded to the 
B.12/36 requirement with a proposal for a large and heavy four-engine bomber with four 
Bristol Hercules engines, as did Supermarine, the other chosen firm, whose four-engine 
design could take either the Bristol Hercules or the Rolls-Royce Merlin.16 Named the Stirling, 
the Short Brothers design would enter service as the RAFs first four-engine monoplane 
bomber. A.V. Roe and Handley Page submitted designs for the P.13/36 requirement using 
two 1,800 hp Rolls-Royce Vulture engines then under development, and these would enter 
production as the Manchester and the Halifax.17 Handley Page adapted the Halifax to take 
four Rolls-Royce Merlin engines. Later models of the Halifax would absorb much of 
Hercules production.

By early 1938, it was becoming apparent that the RAF would need considerable numbers 
of high-power aircraft engines for its new fleet of bombers and for future designs. Planners 
at the Air Ministry envisioned a need for 1,500 Short Stirling bombers, and this total, with 
an additional requirement for 1,500 Manchester and 500 Halifax bombers, became part of 
the RAF’s expansion Scheme L in October 1938.18 This requirement for Stirling bombers alone 
would require, at a minimum, 6,000 Hercules engines, while the Air Ministry was considering 
equipping the Vickers Wellington with the Hercules and using the Hercules in a new general 
reconnaissance bomber designed by Armstrong Whitworth, which would mean a need for 
even more Hercules engines.19 Even with expanded facilities, it appeared doubtful that Bristol 
alone could produce the quantity of Hercules engines the RAF would require. The only realistic 
alternative was to turn to the automotive industry and the shadow factories.

To build the Hercules engine in the quantities and the time required, the Air Ministry 
set up a completely new shadow factory organization enlisting the automotive firms already 
involved in building the Bristol Mercury and Pegasus in the first shadow factory group. 
This second shadow factory scheme saw greater investment in larger factories, even more 
machine tools, and many more workers than in the first shadow factory scheme. The idea 
of getting the shadow factories to build the Hercules arose well before the factories had 
even begun to produce the Mercury engine in quantity, though the organization that finally 
emerged for the second shadow factory scheme was completely different from what was 
originally envisioned.

To build the Hercules, the Air Ministry wanted to change the structure of the shadow 
factory organization. At the meeting on June 10, 1938 to inform the Aircraft Engine 
Committee and Bristol of the Air Ministry’s decision to have the shadow factories take on 
production of the Bristol Pegasus as well as the Mercury, H.A.P Disney, Director of 
Aeronautical Production, brought up the Air Ministry’s intention to have the shadow 
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factories take on production of the sleeve-valve Hercules once they had completed the 
contract for the 1,000 Pegasus engines.20 Initially, the Air Ministry had decided the shadow 
factories should build 500 Hercules, beginning production in March 1940 or earlier at a 
rate of 35 Hercules engines a week based on their shop areas and using a single day shift. 
Concerned with the issue of vulnerability implicit in the current organizational structure 
where the shadow factories built component parts of the Mercury and Pegasus instead of 
complete engines, Disney explained that with the Hercules, the Air Ministry wanted the 
members of the Aircraft Engine Committee to be divided into two groups, with each group 
producing complete engines. He proposed the following division:

	 (a)	 Rover
Bristol
Standard Motor

	 (b)	 Rootes
Daimler
Austin

The Aircraft Engine Committee members, although all recognized the need to deal 
with the vulnerability issue, disagreed with the Air Ministry’s proposal and proposed instead 
that the shadow factories keep their existing structure, but with each factory building 
duplicate sets of parts, so that the loss of production at one factory could be made up from 
another. Disney responded by saying that the Air Council Committee on Supply was “very 
anxious” that there should be two distinct groups but would listen to recommendations 
from the Aircraft Engine Committee.21 The Aircraft Engine Committee agreed to come up 
with an estimate of the costs of producing the Hercules in two groups as the Air Ministry 
wanted and proposed meeting with Bristol to examine a Hercules engine to understand 
what they would be undertaking. At this meeting, the representatives of the shadow factories 
recognized that production of the Hercules was “a big departure from the Mercury engine.”22

Increasing requirements for Bristol engines, a reassessment of the ability of the parent 
automobile firms to convert their factories to aircraft engine production in time of war, 
and concern with available capacity for Aircraft Engine production, against a background 
of a rapidly deteriorating international situation, caused the Air Ministry to change its view 
on the best means of organizing production of the Hercules. In early October 1938, the Air 
Council Committee on Supply determined a need for 4,550 Mercury engines from the 
shadow factories, with the order for 1,000 Pegasus engines to follow as quickly as possible.23 
The requirements for Hercules engines were even greater. The Committee discussed a plan 
for an immediate order for 3,000 Hercules, plus spares, to be split between Bristol and the 
shadow factories, and a program for 7,000 Hercules engines and spares over two years.24 
By year end, these numbers had increased again. For just the airplanes the Air Ministry 
had on order, there would be a need for 5,005 Mercury, 3,291 Pegasus, 1,366 Hercules, 1,354 
Perseus, and 1,100 Taurus sleeve-valve engines.25 At a meeting with the Aircraft Engine 
Committee on October 7, 1938, Maj. George Bulman, Director for Engine Production, had 
warned the Committee of the need for an accelerated program of rearmament and the 
concern that aircraft production might exceed aircraft engine production at the shadow 
factories.26 The Aircraft Engine Committee determined that their best rate of balance 
production would be 75 complete engines a week, or 300 a month. At that rate, it would 
take over two years for the shadow factories to complete the probable number of Mercury 
and Pegasus engines the RAF would need.
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That fall, the long-held assumption that the main automobile firms could easily convert 
their factories to building aircraft engines in an emergency, was called into question and 
found to be incorrect. At his meeting with the Aircraft Engine Committee on October 7, 
Bulman brought up the question of the role of the parent motor companies in time of war, 
suggesting that a duplicate set of jigs and tools be provided to the parent factories to 
manufacture the Pegasus in time of war.27 No doubt to his astonishment, the members of 
the Committee replied that “such a provision would be wholly inadequate and impracti-
cable, as duplicate jigs and tools for use in the shadow factories would be unsuited to the 
machinery in the parent factories and the plant available would be inadequate.”28 The 
Committee recommended that a thorough study should be undertaken to draw up a plan 
for employing the parent factories. The Air Ministry did conduct a study only to find that 
the majority of machine tools used to manufacture automobiles were too specialized to 
use in manufacturing aircraft engines and that converting these factories would be costly 
and time-consuming.29 The study determined that only 30 to 40% of the machine tools 
in the automobile factories could be converted to producing aircraft engines, requiring 
the Government to finance replacing 60 to 70% of existing machinery in the factories with 
new machine tools, a process that would likely take months to accomplish after the start 
of war.30 This would result in a huge shortfall in production. The war potential of the 
automotive firms was now seen as providing labor for the shadow factories, but neither 
factory space nor machine tools.31 The Air Ministry now had to accept that the planned 
conversion of the automotive firms to producing Bristol engines in the event of war would 
no longer be possible, leaving the question of where and how to acquire the additional 
production capacity.32

Air Marshal Wilfrid Freeman, Air Member for Development and Production in the 
Air Ministry, met with representatives of Bristol on March 8 and 10, 1939 to present a 
proposal to increase capacity for producing Bristol engines to meet peacetime requirements 
and to form a base for rapid expansion of production in time of war.33 The Air Ministry’s 
proposal had three elements: first, to build at Government expense a new shadow factory 
away from Filton that Bristol would manage to produce 130 to 150 double-row engines at 
a cost of £2.5 million ($10 million); second, to expand the factory and plant at Filton to 
produce 100 to 120 single-row Mercury or Pegasus engines to cost £1 million ($4 million); 
and third, to engage the Standard and Rover companies to manage a new, Government-
financed factory to build double-row engines at a cost of £3 million ($12 million).34

Standard and Rover, selected because of their record of capable management, would 
be invited to build 200 complete double-row engines a month, either separately or together, 
with a work force of 3,000 to 4,000 men. The new Bristol factory could produce 120 double-
row engines a month, with 3,000 to 3,300 workers, the two new factories making up the 
deficiency in double-row engines. The existing shadow factories would continue with the 
planned conversion to Hercules production, but would reserve 20% of their capacity to 
continue building 40 Mercury and Pegasus engines a month. Bristol could still produce 50 
Mercury and Pegasus engines at Filton, while the remaining shortfall of 110 in Mercury 
and Pegasus engines, Bulman suggested, could be produced at the new Bristol factory. One 
of the advantages of the new scheme was that the creation of more factories would, in future, 
make it easier to convert some factories to new types of aircraft engines without interrupting 
production at the others.35 In addition, setting up new shadow factories to build complete 
engines instead of expanding the existing ones would reduce the vulnerability of having 
the shadow factories build separate components, responding to one of the main criticisms 
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of the shadow factory scheme. Paring two firms to work together, each firm manufacturing 
50% of the components of the Hercules engine would also reduce the risk of unbalanced 
production that had affected the first shadow factories.

After further discussions with Bristol and the automotive companies, the Air Ministry 
proposed that four motor firms—Standard, Daimler, Rootes, and Rover—be grouped in 
pairs, Standard with Daimler and Rootes with Rover.36 Each firm in the pairings would 
build a factory, and each factory would manufacture 50% of the Hercules engine’s compo-
nents. One factory in the pairing—the Standard factory in the Standard–Daimler pairing 
and the Rover factory in the Rootes–Rover pairing—would take on responsibility for final 
assembly and testing completed engines with parts from its own production and parts 
transported from its partner factory. Each pair of factories was designed for an initial output 
of 100 complete engines per month on a day shift.37 This was soon raised to 125 complete 
engines a month from each pairing, or 250 per month from the four factories.38 The new 
Bristol shadow factory, to be designated Bristol No. 3 Shadow Factory, would build complete 
engines and was to have an initial capacity of 260 Hercules engines a month, providing a 
combined capacity of over 500 Hercules engines a month from all five factories.39 This was 
125 engines per week, less than the Mercury and Pegasus production program, but the 
Hercules was a more complicated engine to build.

With Bristol in agreement, the new shadow scheme went forward. The Treasury autho-
rized expenditures of £6 million ($24 million) to create the new capacity for production of 
Bristol aircraft engines, and in June, the Air Ministry instructed Daimler, Rootes, Rover, 
and Standard to begin work on the four new factories and to place orders for the steel needed 
for construction.40 The new factories formed No. 2 Shadow Group, with the first shadow 
factories becoming No. 1 Shadow Group, each with its own coordinating committee. This 
structure continued until May 1940, when the two committees merged to form the Joint 
Aircraft Engine Committee.41 The Joint Aircraft Engine Committee would coordinate the 
work of the two shadow groups until the end of the war.

There was one more addition to Hercules production that took place during 1942, the 
delayed conversion of No. 1 Shadow Group to producing Hercules component parts to support 
No. 2 Shadow Group factories. The conversion had been the Air Ministry’s intention, but 
the need for greater numbers of Mercury and Pegasus engines after the start of the war 
delayed the Air Ministry’s plans. By mid-1941, the Air Ministry could foresee a steady decline 
in demand for these engines as the now-obsolete Blenheim, Hampden, and early marks of 
the Wellington went out of production.42 Looking at the new generation of high-powered 
aircraft engines emerging from development, the Ministry of Aircraft Production’s Air Supply 
Board, which had replaced the Air Council Committee on Supply, decided that there was 
insufficient production capacity for the 2,000 hp Napier Sabre engine and that No. 1 Shadow 
Group should convert to producing the Sabre and not the Hercules.43 Daimler, Rootes, Rover, 
and Standard would make the component parts for the Sabre while Austin and Bristol’s No. 
2 Shadow Factory would assemble and test complete engines, the conversion to cost an 
estimated £3 million ($12 million).44 By the end of the year, however, the Air Supply Board 
realized that continued problems with the Sabre’s development would delay quantity produc-
tion for some time to come.45 In the months following the Supply Board’s decision on 
converting No. 1 Shadow Group to Sabre production, revisions to the overall aircraft program 
created an unforeseen demand for an additional 2,750 Hercules engines.46 At the end of 
December 1941, the Minister of Aircraft Production decided that No. 1 Shadow Group would 
convert to producing Hercules VI engines in cooperation with No. 2 Shadow Group, while 
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continuing to manufacture Mercury and Pegasus engines in smaller quantities.47 In January 
1942, the Air Supply Board approved an expenditure of £3.5 million ($14 million) to cover 
purchase of 2,400 new machine tools for the conversion with the goal of bringing the 
combined production rate of No. 1 and No. 2 Shadow Groups up to 1,350 Hercules engines 
per month, with an additional equivalent of 250 engines as spare parts, by the end of 1943.48 
The actual expenditures under this program amounted to £4.01 ($16 million), split between 
No. 1 and No. 2 Shadow Groups, with No. 1 Shadow Group receiving £1.05 million ($4.2 
million) and No. 2 Shadow Group £2.4 million ($9.6 million) for the new plant (Table 4.1).49

The Factories
As with the factories in the first shadow scheme, the key variables for factories built under 
the new scheme were location, size, and design based on required monthly output. With 
the contribution of the parent automotive factories now seen as providing labor and manage-
ment instead of factory space and plant for aircraft engine production, the Air Ministry 
wanted the new shadow factories to have access to this pool of workers and managers from 
their parent firms.50 But because these new factories would be substantially bigger than the 
No. 1 Shadow Group factories, they needed more space than was available near the parent 
automobile factories. The Air Ministry therefore decided that the new factories would 
be located in open country around Birmingham and Coventry, but not more than 3–4 miles 
from their parent factories to ease problems of transportation and to avoid the need to 
provide housing.51 Although they would work in pairs, the factories remained some distance 
apart and component parts and subassemblies had to be transported from one factory to 
the other for final assembly, adding time to the production process.

Daimler found a site 3 miles northwest of the center of Coventry and had received 
instructions to locate its new factory no more than 5 miles from the factory of its partner, 

TABLE 4.1 Capital expenditure on no. 2 shadow group factories as of December 1942  
(in millions of £).

Factory
Initial cost 
estimate 1942 factory

1942 machine 
tools 1942 total

Daimler No. 2 £1.8M ($7.2M) £1.081M ($4.3M) £1.865M ($7.5M) £2.947M ($11.8M)

Rootes No. 2 £1.8M ($7.2M) £1.212M ($4.8M) £1.919M ($7.7M) £3.131M ($12.5M)

Rover No. 2 £1.8M ($7.2M) £1.574M ($6.3M) £2.650M ($10.6M) £4.225M ($16.9M)

Standard No. 2 £1.8M ($7.2M) £1.805M ($7.2M) £3.136M ($12.5M) £4.942M ($19.8M)

Bristol No. 3 
Factory

£4.026M ($16.1M) £1.750M ($7.0M) £4.141M ($16.5M) £5.891M ($23.6M)

Source: CAB 102/274, National Archives, Kew, UK.
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Standard Motor, which was located 3½ miles to the west of the city.52 For some reason, 
the same logic did not apply to the Rootes–Rover combination, as Rootes located its No. 
2 Factory 17 miles away from Rover. The Rootes plant was 4½ miles southeast of Coventry 
at Ryton-on-Dunsmoor, while Rover’s No. 2 Factory was located at Solihull, 8 miles from 
the center of Birmingham. For the new Bristol No. 3 Shadow Factory, the Air Ministry 
chose a site near the town of Accrington, northeast of Manchester, west of the line 
demarcating the danger zone for air attack.53 The Ministry believed that the Accrington 
factory could draw labor from the area around Manchester, although this would prove 
difficult to do.

The factories in No. 2 Shadow Group were substantially larger than the factories in No. 
1 Shadow Group. The machine shops at each of the No. 2 Shadow Group factories covered 
around 660,000 ft2, with some of the assembly buildings almost as large.54 In total area, 
machine shops, assembly buildings, offices, canteen, test houses, and other ancillary 
buildings included each of the four shadow factories covered an area of close to 1,000,000 
ft2, and in some cases more, more than five times larger than the average factory in No. 1 
Shadow Group (Figure 4.2).55

 FIGURE 4.2  An aerial view of the Standard Motors No. 2 Shadow Factory at Banner Lane, 
to the west of Coventry. This factory was the largest of the shadow factories building the 
Bristol Hercules. Paired with the Daimler No. 2 Shadow Factory, the Standard Motors No. 2 
Shadow Factory built 50% of the required parts and assembled completed engines.
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The Standard No. 2 Shadow Factory at Banner Lane was the largest of the four factories 
in No. 2 Shadow Group. The complex consisted of three large parallel buildings, two for 
machining and one for final assembly building, ancillary buildings, and engine test stands 
that were separated from the final assembly building.56 The total floor space was approxi-
mately 1,141,000 ft2.57 At some 925,000 ft2, the Rover No. 2 Shadow Factory at Solihull 
southeast of Birmingham was three times bigger than its No. 1 Shadow Factory, and 
comprised one large machine shop and a separate assembly building, plus engine test stands, 
separate from the assembly building, and ancillary buildings.58 Daimler and Rootes, respon-
sible for manufacturing only components, made do with one large machine shop and a 
separate building for putting subassemblies together. If each of the pairings is considered 
as a single factory unit, then the total area they occupied was probably close to 2,000,000 
ft2 in total floor space, comparable to the new shadow factory Rolls-Royce was building at 
Hillington, near Glasgow, which had an initial floor area of 1,508,000 ft2.59 None of the new 
factory buildings, however, were as big as the Studebaker aircraft engine factory at South 
Bend, Indiana.

Bristol’s No. 3 Shadow Factory at Accrington was a bit larger in total area as it was 
charged with building complete engines on site, like the Rolls-Royce shadow factory at 
Hillington. The Accrington works comprised four large square buildings, comprising three 
separate machine shops to manufacture components and a fourth shop for engine assembly, 
each 200,000 ft2 in area (see Figure 4.3).60 Within the machine shop buildings, an average 
of 130,000 ft2 was devoted to machining operations. In the machine shops, for which 
accurate plans still exist, the bays appear to have been 30 ft wide, allowing ample room for 
machine tools, with 18 bays per shop building. Special departments for heat treating or 
other processes were located alongside the machining areas. Bristol added a slightly smaller 
building of approximately 120,000 ft2 close by to build exhaust rings, cowlings, flame 
dampers, and other external parts for the Hercules. There were 24 engine test stands occu-
pying 260,000 ft2, placed several hundred yards from the final assembly building and 
protected with earthen berms, with only one entrance into the engine test stand area. 
Completed engines had to move from the engine assembly building by truck to the test 
cells and back again, which took time. With offices, canteen, and other ancillary buildings, 
the Accrington factory had over 1,300,000 ft2 in total floor space.

The new factory buildings were typical of the period, large steel sheds with steel 
columns, placed on a thick concrete slab, supporting strong steel beams with steel trusses 
attached to the beams to support the roof structure.61 Most of the buildings had a north-
lit, saw-tooth roof to allow in daylight, with some additional artificial lighting, although 
in some factories the daylight glazing may have been blacked out at all times. Walls 
were of brick and were not intended to provide structural support but to keep out the 
weather and provide some protection from bomb fragments.62 Additional features for 
air-raid protection were the principal difference between the new and the older 
shadow factories.
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The need for the factories in No. 2 Shadow Group and Bristol’s No. 3 Shadow Factory at 
Accrington to take precautions externally and internally against damage from air attack had 
a significant impact on the design and layout of these factories. The British Government’s 
concern with air-raid protection focused on dispersal of factory buildings and production 
lines “to reduce to a minimum any interference with production by bomb hits.”63 The goal 
was to avoid disrupting production, and a key to this was to move away from the trend toward 
very large industrial buildings.64 To limit possible damage, it was deemed preferable to have 
several smaller buildings rather than a single large structure. A direct hit on a single large 

 FIGURE 4.3  A plan of Bristol No. 3 Shadow Factory at Accrington. Note how the factory 
was divided into five separate machine shops, A to E, instead of built as one large single 
building. The engine test cells were to the left of the machine shops, separated by a large 
earthen berm and several hundred yards from Shop “A,” the engine assembly building.

Source: AIR 2/3684, National Archives, Kew, UK.
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building could destroy the entire roof removing protection for the machine tools inside, but 
smaller buildings could, to some extent, contain an explosion thereby preventing damage to 
adjacent buildings.65

The Government recommended that factory buildings should be spaced widely apart, 
with a minimum of 50 ft between buildings and should not be in parallel or in a regular or 
symmetrical form, although the factories in No. 2 Shadow Group did not follow this 
prescription. This need, in turn, had a significant effect on the ability of these factories to 
maximize the potential for flow production. To protect machine tools in the factories, the 
Government recommended that blast walls be built laterally within the factory buildings.66 
The Bristol Accrington factory and the Rootes Ryton factory both incorporated blast walls, 
and it is likely that the other shadow factories did as well. The blast walls at the Rootes 
factory were “fourteen inches thick and constructed at different heights according to the 
configuration of the equipment being protected.”67 Up until late 1943, the machine shops 
at the Bristol Accrington factory had extensive blast walls within the machining area for 
air-raid protection (see Figure 4.4). These were 1 ft 2 in. wide and 4 ft 6 in. high. The factories 
in No. 2 Shadow Group and the Bristol Accrington factory were a compromise between 
requirements for air-raid protection and production organization. Because of the risk of 
air attack, they were not and could not be built as large single buildings with wide open 
internal spaces ideally suited to flow production (Figure 4.5).

 FIGURE 4.4  Protecting the shadow factories against damage from aerial bombing was a 
primary concern. This photograph of the Rootes No. 2 Shadow Factory shows what appear to 
be blast walls separating the different groups of machine tools. With no fear of air attack, 
American factories could arrange their machine tools for optimum productivity.

R
ol

ls
-R

oy
ce

 H
er

it
ag

e 
Tr

us
t-

B
ri

st
ol

 B
ra

nc
h.



CHAPTER 4 Building 14-Cylinder Engines: The Bristol Hercules 149

 FIGURE 4.5  This illustration shows the layout of the blast walls in the No. 4 Machine Shop 
at the Bristol No. 3 Shadow Factory at Accrington, taken from the original factory plans. The 
blast walls were apparently removed in late 1943 or possibly later. The factory management 
told the Ministry of Aircraft Production that the walls had “…always caused great 
inconvenience.” Bristol Aeroplane Co. Ltd., Accrington-Engine Factory-Proposal to remove 
protective walls in machine shop, September 21, 1943, Air Supply Board Meeting No. 269, 
September 30, 1943, AVIA 10-200, NA. The Board deferred a decision out of concern that 
demands from other factories would require considerable construction labor, and a concern 
that workers would think their safety was being compromised.
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Although the factories of No. 2 Shadow Group would adopt elements of line produc-
tion, the restrictions air-raid precautions imposed on the factories were not ideal for this 
method. At these factories, the flow of work was neither continuous nor direct. The location 
of blast walls within the machine shops would have interfered with the placement of machine 
tools and mechanical conveyor systems, restricting the flow of work. Finished parts had to 
move between buildings at most of the factories, from the machine shops to final assembly 
in separate buildings. Completed engines had to be taken from the assembly building to 
the engine test sheds and brought back to the assembly building for final inspection. All 
these steps added time to the production process, invariably slowing production from what 
might have been achieved in a larger, single-purpose machine and assembly building. This 
was not true flow production.

The Production Record
The Hercules engine was in production, on a small scale, before the war began, and 
continued in production until the war’s end. Of the 60,672 Hercules engines built during 
the war, the No. 1 and No. 2 Group contributed 37,884 or 62%.68 Bristol’s No. 3 Shadow 
Factory built 14,379 Hercules engines, making the total for the combined shadow factories 
52,243 engines, equal to 86% of the total Hercules production.69 As the new factories 
ramped up Hercules production, the Bristol parent factory concentrated more on engine 
development, coming out with improved models of the Hercules and the more powerful 
18-cylinder Centaurus sleeve-valve aircraft engine so that its contribution to Hercules 
production declined after 1942. The Air Ministry placed its first order for Hercules engines 
with Bristol in June 1938 with an order for 400 engines to be delivered by March 1940.70 
By October, the number of Hercules engines the Air Ministry required had multiplied, 
with the Ministry now seeing a need for as many as 7,000 Hercules engines to equip the 
planned order for 1,600 four-engine B.12/36 Short Stirling heavy bombers which would 
need 6,400 Hercules, half of which would be built at Bristol’s aircraft engine works with 
the rest at the shadow factories.71 In November 1938, the Air Ministry added two more 
aircraft to the list of requirements for the Hercules, the Saro Lerwick flying boat, and the 
Armstrong Whitworth Albemarle twin-engine General Reconnaissance Bomber.72 As 
an example of the complexities of balancing aircraft and aircraft engine programs, of 
these first three applications for the Hercules engine, the Lerwick turned out to be a 
failure and was cancelled, the Albemarle was a disappointment in its chosen role, and 
its production substantially cut back, while the Short Stirling, whose performance, espe-
cially at altitude, also failed to live up to expectations, was not built in the numbers 
originally envisioned. Other applications for the Hercules emerged in time, saving the 
Air Ministry from having stocks of aircraft engines with no aircraft to put them in (Figures 
4.6 and 4.7).
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 FIGURE 4.6  The British Air Ministry initially required Bristol Hercules engines in quantities 
for the Short Stirling, the Royal Air Force’s first four-engine bomber shown in this 
photograph, and for the Saro Lerwick and Armstrong Whitworth Albemarle. Ironically, only 
the Stirling was built in meaningful numbers.
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 FIGURE 4.7  Comparative Production of Complete Hercules Engines 1941–1945.

Source: Ministry of Aircraft Production Statistical Review 1939–1945; History of Production of Bristol Aircraft engines by the  
Shadow Industry, Abridged Record of Engines, Spares and Accessory Output from Shadow Industry 1941–1945; New Engines 

Delivered-Piston Engines, Rolls-Royce Heritage Trust-Bristol Branch.
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Two factors created a sustained demand for the Hercules: first, the success of Bristol’s 
twin engine, Hercules-powered Beaufighter; and second, a decision to expand the RAF’s 
bomber force for the strategic air offensive against Germany. After the fall of France in June 
1940, Prime Minister Winston Churchill wrote a minute stating his belief that the only 
means Britain had of defeating Germany was through “an absolutely devastating, exter-
minating attack by very heavy bombers from this country upon the Nazi homeland.”73 By 
the summer of 1941, the British aircraft industry had yet to produce bomber aircraft in the 
numbers Churchill believed were necessary for a strategic air offensive against Germany. 
On September 7, 1941, the Prime Minister requested a substantial expansion in the produc-
tion of heavy and medium bombers.74 He had been informed that to maintain a force of 
4,000 bombers, the RAF would require 22,000 aircraft to be built between July 1941 and 
July 1943.75 On the assumption that 5,500 aircraft could be obtained from America, that 
left 16,500 bombers to be built in Britain, while the forecast for British production amounted 
to only 11,000 bombers.76 Churchill instructed the Ministry of Aircraft Production to 
arrange production of 14,500 bombers, less than required, but still 3,500 more than 
planned.77 Building that many four-engine heavy bombers in a short space of time for what 
became the Bomber Programme would require an enormous expense for additional machine 
tools and materials as well as labor, all of which were in short supply. The Ministry of Aircraft 
Production realized that the best way to meet the Prime Minister’s required number of 
bombers was to expand production of the twin-engine Vickers Wellington, at the time RAF 
Bomber Command’s mainstay, and to push out the Prime Minister’s time frame beyond 
July 1943 (Figure 4.8).78

 FIGURE 4.8  The Bristol Hercules gave the Vickers Wellington bomber a new lease on life. 
Built in greater numbers than any other British bomber of World War II, the Wellington was in 
service in various roles until the end of the war. Out of the 11,461 Wellingtons completed 
during the war, the Hercules powered some 7,400.
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In 1938, the Air Ministry had instructed Vickers to develop a version of the Wellington 
with the Hercules III engine as the Wellington Mk III, but the difficulties with Hercules devel-
opment and production delayed the Wellington Mk III’s entry into service until 1941.79 The 
Bomber Programme, and the Hercules engine, gave the Wellington a new lease on life. Under 
the Target Programme of July 1941, production of the Wellington was to begin tapering off in 
July 1942, declining to less than a hundred aircraft a month by January 1943, but under the 
Bomber Programme, Wellington production was planned to increase and expand to 300 aircraft 
a month by June 1943 to meet the Prime Minister’s targets.80 Production of the Wellington 
increased by nearly 50% from 1941 to 1942, and continued at more than 2,000 aircraft a year 
through 1944.81 Ultimately, Vickers would build 1,517 Hercules-powered Wellington Mk III 
and 3,804 Wellington Mk X aircraft for Bomber Command and other overseas commands, and 
over 1,500 Hercules-powered Wellingtons for RAF Coastal Command.82

This created a demand for significantly more Hercules engines for the Wellington, the Short 
Stirling as its production expanded, a version of the AVRO Lancaster with Hercules engines, 
growing numbers of Bristol Beaufighters, and the Albemarle, now converted to serve as a glider 
tug. The Air Ministry’s Engine Programme of January 1942 resulted in significant new orders 
for the Hercules engines from the shadow factories, with No. 1 and No. 2 Shadow Groups soon 
to be combined, and Bristol No. 3 Shadow Factory, with a planned combined output of 1,350 
engines per month to be attained by August 1943.83 The Engine Programme called for 5,000 
sets of materials at No. 2 Shadow Group to be turned into completed Hercules engines as soon 
as possible, to be followed by an order for 8,000 more engines, while the Bristol No. 3 Shadow 
Factory was to receive an order for 4,000 Hercules engines, making a total of 17,000 engines on 
order.84 This was in addition to 4,907 Hercules engines still to be delivered under previous 
contracts with Bristol No. 2 Shadow Group and Bristol No. 3 Shadow Factory (Figure 4.9).85

 FIGURE 4.9  The Bristol Hercules also gave new life to the Handley Page Halifax. The 
Halifax with Hercules engines demonstrated improved performance over the earlier Rolls-
Royce Merlin engine versions. During the war, Handley Page and its group of companies built 
over 3,000 Halifax bomber and transport aircraft with Hercules engines.
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A new source of demand for the Hercules came from the Air Ministry’s decision to 
convert the Merlin-powered Handley Page Halifax four-engine bomber to the Hercules 
engine. In July 1941, the Ministry of Aircraft Production became concerned with a possible 
shortage of Rolls-Royce Merlin XX engines for the Halifax and the AVRO Lancaster then 
coming into production and requested Handley Page to fit a Halifax with the Hercules as 
a trial.86 A prototype Halifax with the Hercules first flew in October 1942 and proved to 
have superior performance to the Merlin engine versions, which by this time had been 
found to be inferior to the Lancaster in terms of ceiling, bomb load, and range.87 The 
Halifax and the Hercules proved to be a winning combination, giving an increase in power 
at takeoff compared to the Merlin, critical for heavily loaded bombers, higher maximum 
and cruising speeds, and an improved ceiling. Designated the Halifax Mk III, the first 
production version made its first flight in August 1943 and series production began soon 
after with a change in the engine to the Hercules XVI.88 The Halifax Mk III was built in 
greater numbers than any other version of the Halifax, 2,091 being completed by the end 
of the war.89

Even better performance came from matching the Halifax with the final version of the 
Hercules built during the war, the Hercules 100. This version of the Hercules incorporated 
a major redesign of the supercharger, where the Hercules VI could produce 1,455 hp at 
12,000 ft altitude and the Hercules 100 with the new supercharger design could produce 
1,590 hp at 19,500 ft.90 A Halifax with the Hercules 100 began flight tests in December 1943, 
with the first production model completed in October 1944 as the Halifax Mk VI.91 With 
the Hercules 100, the Halifax gained an increase in maximum and cruising speeds at higher 
altitudes than the Hercules Mk III, and more importantly, 4,000 ft in service ceiling. 
Compared to the 2,000 lb bomb load the earlier Merlin-powered Halifax could carry to 
Berlin, the Halifax Mk VI could take 9,000 lb over the same distance.92 It is perhaps too 
much to claim that the Hercules resurrected the Halifax from possible oblivion, but in 
giving the Halifax improved performance, the Hercules helped sustain the bombing offen-
sive against Germany in the final year and a half of the war.

Throughout the war, the shadow factories, the Bristol No. 3 Shadow Factory and the 
Bristol parent factory, were continually introducing new models of the Hercules engine, 
responding to the RAF’s requirement for ever greater engine power. The factories regularly 
brought a new model of an engine into production while simultaneously phasing out an 
older model, at times producing multiple models concurrently. In general, Bristol and the 
shadow factories managed this process well, sustaining production while converting to a 
new engine model with few disruptions.93 The factories consistently met or came close to 
meeting their production targets.94 Where there were delays, these were most often due to 
factors beyond their control, such as delays in the delivery of machine tools and shortages 
of labor (Figure 4.10).95
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Between 1941 and 1945, the shadow factories built six different models of the 
Hercules, while Bristol’s No. 3 Shadow Factory built five models.96 As an example, the 
Rover No. 2 Shadow Factory began manufacturing the Hercules XI in 1941, ending 
production in 1942 and shifting to the Hercules VI and Hercules XVI, ending produc-
tion of the Hercules VI in early 1943 and shifting to the Hercules XVI, which the factory 
continued to produce until the end of the war. The factory started producing the Hercules 
XVII and XVIII at the end of 1943 and continued to produce these models until the 
beginning of 1945, having shifted its main effort to the Hercules 100  in 1944.97 
Transitioning from one engine model to another was not, as might be assumed, a simple 
matter as often component parts changed or required different operations sometimes 
requiring substantial re-tooling. In the case of production of the Hercules 100 at the 
Rover No. 2 Shadow Factory, the new model had seven completely new components to 
be manufactured and seven existing components that required radical modifications to 
their manufacture, the combination of new and modified components requiring 44 new 
machine tools (Figure 4.11).98

 FIGURE 4.10  Production of Main Models of the Hercules 1941–1945.

Source: Ministry of Aircraft Production Statistical Review 1939–1945, pp.;31-32.
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March 1944 marked the high point of Hercules production during World War II. 
In early 1944, the Ministry of Aircraft Production began to make reductions in the 
aircraft program which had an effect on the engine program. The new engine program 
of April 1944 called for a reversal in the decision to increase production at the shadow 
factories to 1,500 Hercules engines a month and at the Bristol No. 3 Shadow Factory to 
425 a month to reduce planned production of all Bristol engines from 2,485 a month to 
2,180 a month by January 1945.99 More cuts in the Ministry of Aircraft Production’s 
labor force led to further reductions in the aircraft program, particularly for Halifax 
bombers, leading to an amended engine program revised in November that called for 
further reductions in Bristol engines from all factories to 1,410 in January 1945 and 
down to 609 by July 1945, with output at the No. 1 and No. 2 Shadow Group factories 
planned to decline from 700 to 199 engines.100 The shadow factories, the Bristol parent 
works, and Bristol Accrington factory began cutting back production over the summer 
of 1944, with production at the shadow factories dropping from 1,359 in June to 746 
complete engines by December.101

In March 1945, with the war against Germany nearing its end, production of the 
Hercules at the shadow factories and at Accrington was scheduled to end in July, with 
the Bristol engine works at Filton taking over production on a much reduced basis, 
declining to 15 engines a month by early 1946.102 Shutting down the factories took several 

 FIGURE 4.11  Production of Complete Hercules Engines at Rover No. 2 Shadow Factory 
1941–1945.
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months. The pattern at the Rover No. 2 Shadow Factory is likely to be representative of 
what was happening at the other shadow factories.103 In early April 1945, officials from 
the Machine Tool Control office of the Ministry of Supply arrived to begin disposing of 
redundant machine tools, while on April 21, the factory held a “finishing up” party. At 
the end of May, the night shift in the machine shop ended, as did the training school, 
while on June 23, the machine shop ceased production. Work on the last Hercules 100 
began on July 4, and the factory completed all its contracts for Hercules engines on August 
31, 1945. Engine production at the Bristol No. 3 Shadow Factory ended in July, and to 
keep the remaining workers employed, the factory shifted to repairing Hercules engines 
until the war ended.

The record of Hercules aircraft engine production during World War II illustrates three 
important aspects common to both British and American aircraft engine manufacturing 
during the period: first, the critical importance of production at the automotive shadow 
factories; second, the challenge of managing Irving Holley’s “dilemma of mass production,” 
balancing quantity production with improvements in aircraft engine quality; and third, 
the equally important challenge of matching aircraft engine production programs with 
airframe production programs that were subject to changing operational and performance 
requirements.104

How It Was Done: Building the Hercules 
Engine
The Hercules was a complex piece of precision engineering with over 7,000 parts, more 
than double the number of parts in either the Mercury or the Pegasus, and took 4,457 
man-hours to build compared to 3,662 man-hours for the Pegasus XVIII.105 The Hercules 
had 14 cylinders arranged in two rows of seven and a two-speed supercharger.106 The 
crankcase, made from forged aluminum alloy, was in four sections, a front cover, front 
section, center, and rear sections. The operating mechanism for the sleeve valves in each 
of the 14 cylinders was attached to the front section of the crankcase, with a series of 
gears driven by the crankshaft that drove 14 cranks that operated the sleeve in each 
cylinder. The supercharger assembly and other accessories attached to the rear section of 
the crankcase. As a double-row engine, the Hercules had two main journals for the two 
connecting rod assemblies, one for each bank of cylinders, each assembly having a master 
rod and six connecting rods made from forged steel alloy. The crankshaft was made of 
nickel–chrome Nitralloy steel, stamped to rough form, and then machined. The crankshaft 
drove the propeller through a series of reduction gears at the front of the crankcase and 
the impeller blades of the supercharger through gears attached to the rear section of the 
crankcase. Though there were more of them to manufacture, these components of the 
Hercules were basically the same as those in the Mercury and Pegasus and did not require 
more complex machining.107 The Hercules cylinder and sleeve valve were not so straight-
forward (Figure 4.12).
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The sleeve-valve cylinder barrel for the Hercules presented “many machining difficul-
ties, particularly for line production.”108 The top and bottom thirds of the Hercules cylinder 
had concentric fins to aid cooling, but the middle third, termed the induction belt, had two 
exhaust ports and three inlet ports, with eccentric fins (i.e., not completely circular) in 
between.109 The ports had a difficult profile that had to be cut to precise limits, while the 
cooling fins on the outside of the cylinder varied in depth adding to the difficulty of 
machining the cylinder barrel. Manufacturing the sleeve itself was even more challenging 
and resulted in “possibly more manufacturing problems than any other component.”110 To 
fit between the wall of the cylinder barrel and the piston, the sleeve had to be exceptionally 

 FIGURE 4.12  Manufacturing the sleeves for the Hercules was difficult. The sleeves had to 
be machined with exacting precision, as any distortions could cause seizure within the 
cylinder when the engine was operating. Bristol helped design this special machine tool to 
simultaneously lap the outside and the bore of the sleeve. One operator could supervise 
several machines.
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thin, a little over 1/10 of an inch thick, machined to a tolerance of 0.0012 of an inch.111 The 
thinness and hardness of the sleeve meant that distortions could occur after every machining 
operation.112 These distortions could lead to seizure of the piston. Bristol spent considerable 
effort to find the correct material for the sleeve, finally determining that a sleeve made from 
austenitic nickel–chrome–tungsten steel, with nitriding, would work best.113 In the fall of 
1939, as No. 2 Shadow Group’s new shadow factories were under construction, Bristol was 
still having problems manufacturing the Hercules.114 It took Bristol several years to overcome 
the sleeve valve’s production problems and establish true interchangeability.115

A description of manufacturing the Hercules engine begins with the cylinder. 
Manufacturing the cylinder barrel alone required over 100 separate machining operations.116 
The cylinder barrel was made from an aluminum alloy forging that weighed 54 lb at the 
start of machining and 22 lb at the end. One of the more difficult operations on the cylinder 
barrel was to machine the cooling cylinder fins. The Hercules cylinder had two banks of 
20 concentric cooling fins on the top and bottom sections, and 19 eccentric cooling fins in 
the center section in between the inlet and exhaust ports. The special Maxi-cut lathe that 
Bristol helped to develop with the British Drummond Brothers machine tool company 
could cut the 40 concentric fins on the side of the cylinder barrel in one operation using 78 
separate tungsten carbide cutting tools. Later in the war, a further development of this 
Maxi-cut machine allowed cutting either the concentric or the eccentric cooling fins, using 
up to 100 cutting tools in a completely automatic operation.117 This 7-ton machine had the 
rigidity to enable thousands of cylinders to be cut using the same set of cutting tools. The 
cylinder head consisted of two light aluminum alloy die castings. A standard American 
Heald Borematic machine was specially adapted to automatically machine all the external 
surfaces of the cylinder head, the operator simply loading and unloading the workpieces 
onto the machine.118

Manufacturing the sleeve was the most difficult of all the machining operations for 
the Hercules engine.119 The sleeve was a 14 in. long cylinder with a diameter of 6 and 1/8 in. 
and a thickness of 1/10 in., with a thicker eccentric base belt that housed a pocket for the 
ball joint that turned the sleeve in the cylinder. The Firth-Vickers Co. Ltd. in Sheffield 
provided Bristol and the shadow firms with nickel–chrome–manganese steel forged sleeves 
in rough form. The critical aspect of the machining process was to avoid any distortion of 
the sleeve which would prevent it from fitting in the cylinder barrel. Through trial and 
error, Bristol found ways of machining the sleeve in successive stages to reduce the risk of 
distortion, taking off only small amounts of excess material during each operation. British 
James Archdale and Co. boring machines performed a rough boring of the internal surfaces 
of the sleeve, while an American Cincinnati Milling centerless grinding machine finished 
the external surfaces. Later on in the war, a six-station American Bullard Multi-Au-Matic 
performed these operations, with four stations working at the same time while two were 
loading and unloading the workpieces.120 Until Bristol developed a special-purpose machine 
for punching out the inlet and exhaust ports on the sleeve, the factories used a specially 
designed James Archdale Co. four-spindle profiling machine to machine the ports, working 
on two sleeves at a time. Grinding the base at the bottom of the sleeve took place on a special 
grinding machine designed to operate on seven sleeves simultaneously. After these opera-
tions, the sleeves went through a nitriding process for extra hardening, then final finishing. 
Strict quality control and inspection throughout the machining process ensured that the 
maximum ovality of the sleeve did not exceed 0.0025 in.121

Machining the remaining main components of the Hercules—crankcase, crankshaft, 
master rod and articulated rods, piston, supercharger and propeller shaft, and reduction 
gear—was more straightforward and followed normal practice for machining these parts, 
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but here too Bristol and the shadow factories developed special-purpose machine tools to 
speed production. The Hercules crankcase was made up of four light alloy forgings, with 
front, center, and rear sections, and a front cover, which were bolted together to form the 
complete unit.122 The front cover and the three main sections required a large hole to 
be bored through for the crankshaft, while the three main sections had 14 positions for 
attaching the cylinder barrels, with 12 holes drilled around each position to bolt the cylinder 
barrel to the crankcase. The front cover and center section required seven holes each for 
the cranks driving the sleeve-valve mechanisms. These repetitive operations provided an 
opportunity for machines that could perform multiple operations simultaneously or operate 
on several workpieces at the same time. Production engineers also broke down standard 
operations on the crankcase into multiple operations for unskilled workers.123 Much of the 
initial finishing of the exterior of the crankcase sections took place on a British Alfred 
Herbert Company turret lathe equipped with multiple tools for drilling and grinding. A 
twin-head Archdale boring machine bored holes for the two rows of cylinder barrels using 
two boring tools, with the crankcase temporarily bolted together and mounted on a table, 
which the operator turned in sequence. To drill holes for the cranks for the sleeve-valve 
mechanisms, a Heald Borematic drilled all the required holes in a sequence of operations 
on the same machine without having to remove the crankcase.

As a double-row engine with two banks of cylinders, the Hercules required a two-throw 
crankshaft to attach the two master connecting rods for each bank of cylinders. The crank-
shaft was made of three sections, the front section, called the front web, which held a 
damping device and a splined shaft to connect with the propeller shaft, the center section, 
the central crank, and the rear web which also had an attached damping device.124 The 
crankshaft sections were steel forgings that were machined to a fine finish. There appear to 
have been fewer opportunities to build special machine tools for multiple operations on 
crankshaft sections, though in a few operations two workpieces could be mounted on a 
single machine. The external profile of the master connecting rods, however, could 
be machined four at a time on the same milling machine, while another type of milling 
machine could perform operations on six articulated rods simultaneously.125

Bristol engineers developed several special-purpose machines to manufacture the 
supercharger for the Hercules. The volute casing (the section of the supercharger that 
received the fuel/air mixture after compression), an aluminum alloy casting, had a combi-
nation of boring and facing operations carried out on a single Herbert combination turret 
lathe, the different turret faces holding the necessary tools for each operation.126 A single 
three-spindle Archdale drilling machine performed both drilling and tapping operations 
required on the volute casing.127 Machining the impeller for the supercharger presented 
other production problems, particularly machining the complex shape of the pockets 
between the blades on the impeller which varied in length and depth.128 Specially designed 
milling machines had to be developed to carry out this machining operation, two machines 
working in pairs with one machine working on the periphery of the forged alloy impeller 
stamping and the second machine working progressively inward to the center of the impeller. 
The operations on both machines were fully automatic and continuous, the workpiece 
attached to a special fixture. These special milling machines were modifications of another 
type of machine designed to mill the inlet and exhaust port contours on the sleeves and 
cylinders of the Hercules engine.129

Completed components flowed toward the assembly area where teams assembled 
complete Hercules engines and sent them on for rigorous testing. The assembly section 
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had three departments, one to assemble the engine before testing, a second to strip down 
and inspect each engine after testing, and the third to reassemble the engines for shipment.130 
The engines moved from station to station and department to department on specially 
built cradles which moved along rail tracks set into the flooring. Final assemble was the 
closest approximation to the assembly lines familiar in automotive factories. To assemble 
a complete engine, the assembly team first bolted the crankcase onto the cradle which 
could be swiveled to the proper position for adding components or subassemblies. The 
cradle moved along the rail track past benches holding components and subassemblies in 
the proper sequence for assembly. Bristol’s Shadow Industry office provided detailed 
instructions for assembling Hercules engines. The three sections of the crankshaft 
comprised a subassembly, and when assembled, the master connecting rod and articulated 
connecting rods were added and fitted into the crankcase. As the cradle moved along the 
rail track, it gained pistons, sleeves, cylinders, the many gears operating the sleeve valves, 
the complete supercharger assembly, and the main accessories (such as carburetors, 
magnetos, and oil pumps).

Every single one of the 60,672 Hercules engines built during the war underwent a 
thorough test before it left the factory, beginning with a 5-hour running in period during 
which an electric motor drove the engine to test the workings of all components together.131 
The engine then moved to a sound-proof testing station where workers inserted spark plugs 
and attached oil and gas lines for running the engine on its own power, first a period of 
running at low power then progressively increasing the throttles to run the engine at rated 
power for 2 hours. The engine was then run at full power for 5 minutes and then returned 
to the assembly shop where it was stripped down, and every part subjected to a minute 
inspection. The re-assembled engine was fitted to a dynamometer and run again for a set 
period to test that power output, fuel, and oil consumption were within set limits. Then, it 
was back to the test stand for more running at rated and peak power for more tests of output 
and fuel consumption. After this final test, the engine went back to the assembly shop for 
cleaning and preparation for packing and shipment. It is important to recall that, as with 
manufacture of the Mercury and Pegasus, inspection and quality control was continuous 
throughout production, from raw materials to completed engine.

How It Was Done: Setting Up Quantity 
Production
To produce the Hercules in the quantities the RAF needed required new methods of produc-
tion. The Bristol Aeroplane Company used knowledge gained from other industries, espe-
cially from American aircraft engine manufacturers, and developed completely new produc-
tion processes specifically for Hercules production. This involved an intensive effort at 
production engineering, setting up the factories for flow production, and process engi-
neering, determining the manufacturing processes and sequences that would be required 
to build the Hercules engine and the types and numbers of machine tools that would 
be needed for quantity production.132 New production processes most often required new 
types of machine tools, and in developing these tools, Bristol relied on the principle of the 
transfer of skills, from the skilled machinist to the semi- and unskilled machine operator 
by incorporating new jigs and fixtures for standard machine tools or by designing new 
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types of machine tools with expanded capabilities.133 To build the Hercules in quantity, 
Bristol would borrow production methods from the principal American aircraft engine 
manufacturers, Pratt & Whitney and Wright Aeronautical, and purchase many more 
machine tools from America’s leading machine tool manufacturers.

In September 1939, Air Marshal Sir Wilfrid Freeman, Air Member for Research and 
Development at the Air Ministry, encouraged the Air Ministry to specifically request Bristol 
to explore “Americanising” their production practices, adopting American production 
methods and American machine tools where possible to attain “a standard of efficiency 
which would reduce the number of operations and labor requirements.”134 The Air Ministry 
wanted Bristol to determine if, for certain machining operations, American machine tool 
companies could develop one machine tool that could replace the operations of several 
others.135 Bristol had already asked authorization to purchase up to 80% of the machine 
tools needed for the Accrington factory in America given the large backlog and long delivery 
dates in the British machine tool industry.136 The demands for new plant from the factories 
for No. 2 Shadow Group, as well as from other sectors of the aircraft and munitions indus-
tries, had placed huge demands on the British machine tool industry to the extent that 
deliveries of certain types of machine tools, particularly grinding machines, would take 
over a year to deliver in quantity.137 The Air Ministry agreed to Bristol’s request and arranged 
an authorization from the Treasury for Bristol to purchase machine tools in America, with 
an initial limit of £1.25 million ($5 million).138 Bristol agreed to send a production engineer 
to the US to investigate American methods and purchase American machine tools, selecting 
Frank Whitehead, Bristol’s Machine Shop Superintendent, for the job.139 The Air Council 
Committee on Supply met on October 3, 1939 to confirm that the Accrington factory would 
employ American production methods and the funds allocated to purchase American 
machine tools.140

What is important to consider are the American production methods Whitehead 
observed, the advances in production and process engineering the American aircraft engine 
manufacturers were implementing, as well as the types of American machine tools 
he purchased. He left England for America in early October 1939, spent four months visiting 
manufacturers, and returned to England in March 1940, having placed firm orders for 775 
machine tools and conditional orders for an additional 137 machine tools from the leading 
American machine tool manufacturers, as well as jigs and fixtures.141 Whitehead apparently 
wrote a full report on his visit to America, but unfortunately this report has yet to be uncov-
ered. Whitehead visited the Pratt & Whitney aircraft engine factory in Hartford, Connecticut, 
and likely spent time at the Wright Aeronautical factory in Paterson, New Jersey, given 
Bristol’s long-standing contacts with Wright, and probably visited several large machine 
tool companies.142 He had visited the Pratt & Whitney factory before in 1935 and so was 
likely familiar with Pratt & Whitney’s production methods.143

The factory layout and production methods at the Pratt & Whitney Hartford factory 
provided the model for Bristol Accrington and probably the layout of the factories in No. 
2 Shadow Group, which depended on Bristol for guidance on production methods for the 
Hercules.144 The advances in production engineering at the Pratt & Whitney factories were 
based on the flow production concept. The Hartford factory was a large single-story rect-
angular building 400 ft wide and 1,000 ft long, giving a total space of 400,000 ft2.145 The 
company divided this space into separate units, called manufacturing departments, each 
responsible for a separate component of its air-cooled radial engines, with a further division 
lengthwise between ferrous and non-ferrous parts. The ferrous side of the factory produced 
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the cylinder barrel, connecting rods, crankshaft, and gears, while the non-ferrous side made 
the aluminum cylinder head, piston, crankcase, and miscellaneous parts.146 Each manu-
facturing department made a complete component with machining operations set up on 
the basis of line production, with raw materials entering the department area at one side 
and the completed component exiting the opposite side after a thorough inspection, to 
be carried on trucks to the final assembly section.147 The Pratt & Whitney factory speeded 
up production by arranging for the continuous forward flow of parts through successive 
machining operations, minimizing the time between operations, and ensuring that compo-
nent parts did not need to be removed to storage between operations.148

During the time that Whitehead was in America and visiting Pratt & Whitney, the 
company completed a new 274,000-ft2 factory building next to its original plant exclusively 
to build its 14-cylinder double-row Twin Wasp engine (similar but slightly smaller than 
the Hercules).149 Also designed for flow production, the new building had separate produc-
tion lines for different components with production flowing toward a center aisle for transfer 
to final assembly. There were three new elements to production that Whitehead may have 
observed or discussed with Pratt & Whitney factory management. First, Pratt & Whitney 
had conducted a detailed time study of the production of every component of an aircraft 
engine, adding up all the separate operations to determine the number of hours required, 
dividing this total by the number of working hours in a month to determine the number 
of parts a machine tool could produce.150 Calculating this for all the machine tools in the 
factory, Pratt & Whitney could determine the number of engines it could produce per 
month, and if it needed to increase output, it could calculate the number of additional 
machine tools needed. Secondly, with an increasing number of engines on order justifying 
the economics, Pratt & Whitney had started developing specialized high-production 
machine tools to speed up production, designing one machine that could do the work of 
two or three standard machine tools in its older plant.151 Thirdly, Pratt & Whitney was 
facing a growing scarcity of skilled machinists and was working with trade schools in the 
Hartford area to develop training programs for machinists and its own training programs 
to increase the number of machinists and tool makers, in addition to a program to train 
junior executives.152

The Bristol Accrington factory followed the Pratt & Whitney model of separate units 
for component production and the concept of flow production, though the factory’s layout 
was less than optimal. Instead of one large factory building with Pratt & Whitney’s straight-
through production, the Accrington factory had, as noted, four separate buildings consisting 
of three machine shops and one assembly building for aircraft engine assembly and strip-
ping and rebuilding after engine testing.153 Bristol did not divide production by type of 
material as Pratt & Whitney had done, but did have each of the three machine shops 
manufacture complete components, with No. 2 Machine Shop producing crankcases and 
superchargers, No. 3 Machine Shop making all the cylinder barrel components, including 
cylinder sleeves and cylinder heads, and crankshafts and No. 4 Machine Shop building all 
connecting rods and all gears for operating the sleeve valves and propeller reduction gears.154 
Within each machine shop, the operations and machine tools were organized according to 
the principles of flow production, from raw material to final inspection before being trans-
ported to No. 1 Fitting Shop for assembly and testing, though as previously mentioned, the 
internal blast walls within the machine shops were an inconvenience and no doubt 
obstructed the uninterrupted flow of materials and parts (Figure 4.13).155
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The factories in No. 2 Group also adopted the flow production concept to increase 
output, arranging machining operations in accordance with the line production concept, 
placing machine tools in the logical sequence to insure flow. In some cases, the factories 
took the methods and layouts that Bristol recommended through the Bristol Shadow 
Industry office and in other cases developing their own methods based on their experience 
with line production in the automotive factories.156 Rootes Securities, for example, had also 
gained valuable experience in production engineering and flow production of complex 
machines at its shadow factory building the Bristol Blenheim aircraft.157 This experience 
may well have helped Rootes in production of the Hercules. As Bristol had done with the 
first shadow factories, the Bristol Shadow Industry office provided detailed information to 
the No. 2 Group factories on building design and layout, machine tool balance, jig, fixture 
and tool requirements as well as detailed instructions and drawings on how to manufacture, 

 FIGURE 4.13  The shadow factories arranged their machine tools according to the 
principles of flow production as shown in this photograph of the Rootes No. 2 Shadow 
Factory where machines working on Hercules crankcases are grouped together. However, 
note how the workpieces are still stacked on the floor alongside the machine tools waiting for 
workers to move them to the next stage of production.
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inspect, and test components.158 Some of the factories put in conveyor systems in parts of 
their production lines, but generally the factories did not use conveyors to the same extent 
as in the automotive factories, using instead specially designed trolleys that could protect 
components as they moved from machine to machine.159 As an example of flow production, 
one of the shadow factories set up manufacture of the three sections of the Hercules crank-
case into three separate lines with production flowing toward final assembly so that the 
three crankcase sections all arrived at the assembly area completely machined and prepared 
for assembly.160 The layout of the Standard Motor No. 2 Shadow Factory at Banner Lane 
earned praise for its efficient production, helping the factory to regularly exceed its produc-
tion targets and no doubt incorporating Standard’s own experience in automobile produc-
tion to Bristol’s recommendations for Hercules production.161 Again, the presence of blast 
walls within the machine shops, however, may have restricted the flow of parts.

The Tools
Whitehead’s selection of American machine tools was even more important to the quantity 
production of Hercules engines. After reading a report from Whitehead on his progress in 
America, Norman Rowbotham wrote to the Air Ministry commenting that “the acquisition 
of plant from that country will permit a more rapid start of engine production at the 
Accrington factory, and will also allow it to operate with workpeople of lesser skill and 
numerically smaller than plant based on the processes which we are operating at Filton.”162 
The machine tools that Whitehead acquired were a combination of machines designed for 
high levels of output and special-purpose machines that were less common in the British 
machine tool industry. With a much smaller automotive industry, British machine tool 
manufacturers had less incentive to develop the specialized and automatic machine tools 
required for large-scale production of automobiles.163 Instead, British firms concentrated 
on building standard, universal-type machine tools, relying on imports from America and 
Germany for specialized machine tools.164

During the 1930s, the American machine tool industry developed new, improved 
models that offered superior performance.165 Stronger, more rigidly built machines allowed 
faster cutting speeds and cemented carbide and tungsten carbide cutting tools that enabled 
cuts to far higher tolerances of ten thousandths of an inch. These newer cutting tools enabled 
machine tools to cope with the new high strength steel alloys required for high-powered 
aircraft engines. Precision boring machines, internal and centerless grinding machines, 
new types of milling machines, and surface broaching machines developed for the automo-
tive industry produced much finer surfaces with less risk of flaws that could lead to fatigue 
failures. To reduce the required number of machine tools and operators, several machine 
tool companies developed machine tools with multiple spindles, drills, or other tools that 
could perform, automatically, multiple sequential operations such as drilling, boring, 
reaming, and tapping on a single workpiece or multiple workpieces.166 Thus, one operator 
using one “automatic” machine could replace several operators using multiple machines, 
while improved electric motors allowed easier and more precise control. In the automotive 
industry, these new machine tools enabled, in some cases, a doubling of production in the 
same amount of time.167

The critical problem facing Bristol Accrington and the No. 2 Group factories was the 
growing shortage of skilled labor to operate machine tools. As early as May 1938, in a 
meeting with Air Ministry to discuss expanding Bristol’s aircraft engine production, 
Norman Rowbotham, Bristol’s head of production, had warned that while acquiring the 
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necessary buildings, machine tools and materials would not be without difficulty, the more 
serious problem was the shortage of skilled labor.168 During the rest of 1938 and into 1939, 
Bristol recruited more labor and maintained a high level of skilled workers, some 44% of 
the Bristol Engine Department being classed as skilled, but by December 1939, Rowbotham 
was reporting to the Bristol directors that labor shortages were holding up production.169 
The aircraft industry had expanded dramatically, growing from 40,000 employees in 1934–
1936 to 370,000 by the end of 1939, but the future need was even greater.170 In discussions 
with the Ministry of Labor in November 1939, the Air Ministry estimated that to fulfill the 
Cabinet’s plan for production of 2,500 aircraft a month by July 1942, the aircraft industry 
would need 1,500,000 workers just as the services and other war industries were clamoring 
for skilled workers.171 Supplying skilled workers for the aircraft and other munitions indus-
tries became the principal concern of planners in Government ministries (Figure 4.14).172

 FIGURE 4.14  An example of a newly developed machine tool that incorporated the 
principle of deskilling with faster operation. This machine tool could drill 14 holes in the 
Hercules crankcase simultaneously, replacing several individual machine tools.

H
is

to
ry

 o
f P

ro
du

ct
io

n 
of

 B
ri

st
ol

 A
er

o 
En

gi
ne

s 
by

 t
he

 S
ha

do
w

 In
du

st
ry

 O
pe

ra
tin

g 
un

de
r t

he
 J

oi
nt

 A
er

o 
En

gi
ne

 C
om

m
it

te
e 

In
 C

on
ju

nc
tio

n 
 

w
ith

 t
he

 B
ri

st
ol

 A
er

op
la

ne
 C

om
pa

ny
 L

im
ite

d,
 X

0
0

3-
88

76
/0

66
, R

oy
al

 A
ir 

Fo
rc

e 
M

us
eu

m
, H

en
do

n.



CHAPTER 4 Building 14-Cylinder Engines: The Bristol Hercules 167

The shortage of skilled labor in Britain during the war required an intensive focus on 
process engineering, developing the manufacturing processes and machine tools that would 
accommodate the influx of less-skilled labor into the factories. Throughout the war, short-
ages of skilled workers, particularly toolmakers, setters for machine tools, and machinists 
remained chronic.173 By early 1940, it had become apparent that the solution to the shortage 
of labor was dilution, the progressive deskilling of manufacturing processes through process 
engineering whereby the work of a skilled machinist was broken down into simpler opera-
tions that a semi- or unskilled worker could perform on standard machine tools with special 
jigs and fixtures and by the increasing use of machine tools that could perform multiple 
operations that substituted for skilled workers but that unskilled workers could operate 
with a modicum of training.174 Even before the start of the war, the Air Ministry had deter-
mined that production of the Hercules would require new methods and new types of 
machine tools to cope with the pending shortage of skilled labor. The existing literature 
provides little information on how this worked in practice.

The composition of machine tools at the shadow factories changed during the war to 
accommodate the needs of greater production and the steady reduction in skill levels in 
the work force. The Bristol aircraft engine department had begun using some automatic 
machine tools as early as 1933, but it appears that wartime demand accelerated their use 
in production.175 The productivity gains of using so-called automatics were dramatic. During 
the war, the British Machine Tool Control published a pamphlet demonstrating the benefits 
of using automatic machines that contrasted three methods of producing a single component 
(Table 4.2).

Automatic machine tools required less space, fewer operatives, and were more produc-
tive. Employing more automatic machine tools and more unskilled labor freed up the more 
skilled workers for other tasks better suited to their skills.

While in America, Frank Whitehead purchased multi-spindle drilling machines from 
Baush Machine Co., automatic vertical, multi-spindle Mult-Au-Matic lathes; boring 
machines from the Bullard Machine Co.; grinding machines from Brown & Sharpe and 
Cincinnati Milling Machine Co.; gear shaping machines from Fellows Gear Shaper Co.; 
turret lathes from Gisholt Machine Co.; many internal grinding machines from the Heald 
Machine Co.; cylindrical grinders from the Norton Co.; and turret lathes from Warner & 
Swasey.176 As well as buying these machines from American machine tool manufacturers, 
Bristol later sent its own representatives to America to work with American machine tool 
companies to design machine tools, jigs, and fixtures to save time and labor in manufac-
turing the Hercules.177 Whitehead ordered the machine tools of the generation that were 
available in late 1939, or would be available during 1940. He purchased 772 American 

TABLE 4.2 Productivity gains from automatic machine tools.

Method 1 Method 2 Method 3

Machines required 23 Centre Lathes & 10 
Drilling Machines

12 Capstan Lathes 4 6-Spindle Automatic 
Chucking Machines

No. of operations 5 2 2 (two machines per 
operation)

Total operators & 
setters required

76 per day of 2 shifts 30 per day of 2 shifts 10 per day of 2 shifts

Source: Intelligent Production Planning, M.T.C. Leaflet No. 4, AVIA 22/716, National Archives, Kew, 
UK.
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machine tools at a cost of £1,6 million ($6.2 million) and placed orders for an additional 
137 machine tools costing £349,912 ($1.4 million), exceeding the Treasury’s initial alloca-
tion of £1.25 million ($5 million).178 Most of the machine tools he ordered ranged in price 
from £1,250 to £3,330 ($4,000 to $13,320), with the most expensive being the Bullard Mult-
Au-Matics at £5,250 ($21,000) apiece. As will be seen in Chapters 5 and 6, the more advanced 
machine tools that were introduced in American aircraft engine factories later in the war 
would be even more expensive.

Many of these machine tools featured automatic operation with multiple tools to 
perform several operations simultaneously with minimal setting up. In one case, Bristol 
worked with the Bausch Machine Tool Co. in America, a builder of multi-spindle drilling 
machines, to develop a machine to simultaneously drill 14 holes in the Hercules crankcase.179 
Working with the English Drummand Company, Bristol engineers built a Drummand 
Maxi-cut lathe to machine the external surfaces of the Hercules cylinder barrel simultane-
ously, while another machine, designed to cut out and profile the exhaust ports on the side 
of the cylinder, could perform this operation on four cylinders at the same time. Perhaps 
most impressive, Bristol production engineers designed a special-purpose machine to punch 
out the ports in the cylinder sleeve without distortion in 6 minutes.180 The previous milling 
and finishing of these ports had taken 2½ hours. All these small incremental improvements, 
making possible multiple, simultaneous machining operations, machining multiple work-
pieces at the same time, reducing the need for complicated setting up of a machine tool, 
and cutting the time for machining operations helped speed up manufacture of Hercules 
components while reducing the need for additional labor. Faster machining, fewer machining 
operations, and less movement of parts between machine tools contributed to higher output 
of components per day.

While Bristol did take advantage of special-purpose, high-production machines, espe-
cially where the design of a component was less likely to change over time, a key aspect of 
Bristol’s general policy on machine tools, which the shadow factories apparently followed, 
was its reliance on as many standard machine tools as possible to cope with changes in 
design and transition to new models of the Hercules.181 The machine tools Bristol specified 
for the shadow factories comprised standard machine tools, standard tools with adaptations 
for less skilled workers, and some specially designed single-purpose machine tools.182 The 
bulk of the machine tools used in the shadow factories and at Accrington were, apparently, 
standard machine tools with a mix of more specialized American machine tools.183 While 
the total number of machine tools at the Accrington factory is unknown, based on Bristol’s 
original estimate of a requirement for 2,100 machine tools to build 250 aircraft engines a 
month, later increased to 400 engines a month, it is possible that the number of American 
machine tools amounted to one-quarter to one-third of the total in the factory (by compar-
ison, the Rover No. 2 Shadow Factory ordered 1,387 machine tools to make 50 engine sets 
per week, later increased to 200 per week implying an even greater number of machine 
tools).184 Whereas Whitehead would have ordered American machine tools that were on 
offer in 1939, it also appears from descriptions in contemporary articles describing Hercules 
production that later American machine tools imported for Bristol and the shadow factories 
could be classed as part of a second generation of machine tools developed after 1939 in 
response to demands for higher levels of output. These same articles indicate that the 
factories do not appear to have used the more advanced, third-generation, high-production 
machine tools that could be found in the American factories building Wright and Pratt & 
Whitney engines later in the war.185 In contrast to Bristol, Wright Aeronautical would rely 
more on replacing standard machine tools with new types of special-purpose, high-produc-
tion machine tools (Figure 4.15).
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With the shortage of labor at all skill levels, simplifying manufacturing operations 
through process engineering was even more critical to quantity production of the Hercules 
yet receives barely a mention in the literature. By the time the Hercules went into produc-
tion at the shadow factories, almost all the skilled workers in the engineering trades were 
either fully employed in the munitions industries or serving in the armed forces. The shadow 
factories had no option but to hire women and trainee labor, ending up with around 80% 
female and trainee workers.186 By June 1942, Bristol Accrington had approximately 7,000 
employees, of which 2,250, or 32%, were women.187 At the shadow factories producing the 
Hercules, the average for women employed reached 34% by the middle of the war.188 Less 
than 20% of the workers were classed as skilled, with Accrington having the smallest 
percentage of skilled workers of any engine factory in England with 13.5%.189 The shadow 

 FIGURE 4.15  Two key factors in expanding aircraft engine production were employing 
women and importing American machine tools. This photo shows a woman at one of the 
aircraft engine factories milling an aircraft engine piston using a vertical milling machine 
made by the Cincinnati Milling Machine Company in Cincinnati, Ohio.
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factories could, and did, draw on skilled workers from No. 1 Shadow Group. These became 
foremen supervising teams of semi- and unskilled workers, setters who set up machine 
tools for less experienced machine operators, and inspectors for quality control and training 
staff for new employees, particularly women.190 As several observers noted, with an acute 
shortage of skilled labor, it was vital to the production effort that skilled workers be used 
effectively.191 It made little sense to have a skilled machinist doing work that a semi- or 
unskilled worker could do with proper training (Table 4.3).

Most of the women coming to work at the shadow factories had no experience of 
machine tools and needed to go through a one-to-four-week training course where they 
were given an introduction into factory production, basic principles and mathematics of 
engineering, and practice on a few basic machines.192 The factory management assigned 
women to different departments based on their aptitude and suitability. By the middle of 
the war, women workers could be found in most areas of aircraft engine production, from 
assembling complete engines to engine testing to inspecting parts throughout the produc-
tion process, and above all operating machine tools. Women operators worked on all classes 
of machine tools and machine operations including boring, standard and turret lathe work, 
drilling, grinding, gear cutting, honing, and milling.193 While some women advanced to 
higher levels of skill and more complicated machine tools, many worked on automatic 
machines, special-purpose machines, or standard machine tools equipped with special jigs 
and fixtures developed through process engineering.

The process of deskilling appears in the literature, but rarely with an explanation of 
what this meant in practice. Deskilling had two components, simplification of processes 
and specially adapted machine tools. Simplification involved the principle of “transfer of 
skills,” getting the machine tool designer, the process engineer, the machine tool builder, 
and skilled machinists all working together to break down a complex machining process 
into simpler steps that unskilled workers could perform.194 The basic idea was to replicate 
the accuracy of the skilled machinist on a standard machine tool by designing a fixture to 
hold the workpiece in a machine and adjusting the cutting tools so that “all that remains 
to be done by the operator is to insert the work in the fixture, start the machine, and then 
remove the work after the machining operation is completed,” and in this way, “even an 
unskilled operator can produce accurate work.”195 This involved the extensive use of jigs 
and fixtures, but greatly speeded up production. As one example of process engineering at 
the shadow factories, production of master connecting rods was split up into 120 separate 
operations that unskilled or semi-skilled operators could perform.196

Subcontracting was a vital part of Hercules production. None of the No. 2 Shadow Group 
factories nor Bristol Accrington had foundries for casting aluminum or magnesium parts, 
or forges for stamping key components such as cylinder barrels, crankshafts, and crankcases. 

TABLE 4.3 Composition of the work force at the shadow factories 1941–1942.

Total work force 
8/41

% Women in the 
work force

Total work force 
3/42

% Women in the 
work force

Bristol Accrington 5,887 25% 6,745 32%

Daimler No. 2 4,275 27% 5,033 28%

Rootes No. 2 4,173 20% 5,090 27%

Rover No. 2 4,182 16% 4,690 27%

Standard No. 2 3,605 26% 5,618 32%

Source: Table of Wage Earners at Engine Factories on March 7, 1942, AVIA 10/383, National Archives, 
Kew, UK.
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Before the war, Bristol relied on specialty firms for many components of the Mercury and 
Pegasus engines, and this practice continued after the start of the war. Bristol selected specialty 
suppliers for the shadow factories, contracting with High Duty Alloys Ltd., for example, to 
supply forged crankcases for the Hercules. When its existing suppliers could not meet the 
needs of greatly expanded production, Bristol sought out new sources of supply in Britain 
and America, sending several Bristol representatives to work with the American suppliers.

The Role of No. 1 Shadow Group
The Air Ministry’s decision to switch No. 1 Shadow Group to Hercules production as 
demand for the Mercury and Pegasus wound down led to converting the No. 1 Group 
shadow factories into component manufacturers for the factories in No. 2 Group. In effect, 
the two shadow groups merged into a combined manufacturing group for Hercules produc-
tion, with a peak employment of 41,707 workers in November 1943, a little over half as big 
as the combined employment at the factories building the Rolls-Royce Merlin. The shift to 
Hercules production required a major investment in new machine tools for the No. 1 Group 
factories to build Hercules components. The Ministry of Aircraft Production’s initial target, 
set in early 1942, to have the No. 1 Group factories build the equivalent of 500 Hercules 
engines a month, required an additional 2,400 machine tools costing £3.4 million ($13.6 
million), with £263,930 ($1.05 million) for certain additions to buildings, though it is unclear 
which factories received these additions.197 Later, when the Ministry increased the combined 
production target for No. 1 and No. 2 Groups to 1,500 engines a month, the Government 
financed an additional 393 machine tools at £517,917 and further additions to buildings 
and services, plant, and other equipment at the factories amounting to £404,944.198

The Rover No. 1 Shadow Factory gives an example of the transition to building Hercules 
components at the No. 1 Group factories. The transition took around a year to complete. During 
July 1942, the Rover No. 2 Shadow Factory transferred production of the Hercules piston to 
the Rover No. 1 Shadow Factory.199 Over the next year, the transfer process continued, covering 
numerous small parts, sleeve-valve drive gears, and, more importantly, work on the cylinder 
sleeves.200 As part of the shift, the Rover No. 2 Factory also transferred certain machine tools, 
such as internal centerless grinders for work on the cylinder sleeves, to the Rover No. 1 Factory. 
It is unclear from the remaining records how the Daimler and Rootes No. 1 Shadow Factories 
coordinated with their counterparts in No. 2 Shadow Group, but the assumption is that they, 
too, made component parts for their larger partner factories, probably in line with the type of 
parts they had been building. Although it had been intended to assembly Hercules engines at 
the Austin Shadow Factory from parts made at the No. 1 Shadow Group factories, it was deter-
mined that it was more efficient to concentrate final assembly and testing at the Rover and 
Standard Motor No. 2 Shadow Factories, with the Bristol No. 2 Shadow Factory as a reserve.201

Conclusion
The success of quantity production of the Hercules depended on the success of production 
engineering and process engineering, the ability to sequence operations and layout machine 
tools to establish flow production and the ability to deskill the manufacture of the Hercules 
through simplification and the adaptation of machine tools to semi- and unskilled workers. 
The vastly increased demand for aircraft engines from the Air Ministry created the conditions, 
incentives, and financing necessary for production and process engineers to develop produc-
tion techniques to “achieve outputs hitherto deemed impossible.”202 It is unfortunate that the 
official histories of wartime production make so little mention of the importance of production 
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and process engineering, nor the British automotive, aircraft engine, and machine tool engi-
neers who were responsible for this success. It is doubtful that this record of production could 
have been achieved with the standard methods Bristol employed in the prewar years; there 
were simply not enough skilled machinists or machine tools in Britain to have replicated these 
methods on such a large scale. What is remarkable about this record is that it was so successful, 
and that success came quickly, came in time, and was responsive to the demands for quantity 
production and continuing qualitative improvement in the Hercules engine.

At the beginning of the war in 1939, Bristol and Rolls-Royce had been building aircraft 
engines in the 800–1,000 hp class, principally the Bristol Mercury and Pegasus, and the 
Rolls-Royce Merlin. By the end of the war, the companies were building aircraft engines 
with, in some cases, more than twice the power of the engines of 1939. Bristol was building 
the Centaurus engine which produced 2,500 hp and Napier had improved the Sabre engine 
and boosted its power output to 2,400 hp, while Rolls-Royce was building the Griffon with 
1,815 hp.203 There had also been continuous improvement in the performance of the Bristol 
Hercules and the Rolls-Royce Merlin. Bristol had taken the Hercules from 1,375 hp in 1939 
to 1,725 hp by 1943, while Rolls-Royce had boosted the Merlin from 1,030 hp in 1939 to 
1,635 hp by 1945. The British aircraft engine industry succeeded in meeting the challenge 
of providing both quantity and quality.

The Hercules and the Merlin together accounted for 63% of total British aircraft engine 
production during World War II. There were more Merlin engines built than Hercules 
engines, with over 105,000 built in Britain and an additional 54,000 built in America under 
license, more than double Hercules production. The quality of the two engines is difficult 
to compare. Much depends on the particular engine model, the power output, and particu-
larly the power output at altitude. As engines for bombers, the Hercules and the Merlin 
were interchangeable. Both types of engines powered models of the Halifax, Lancaster, and 
Wellington bombers. The greater demand for the Merlin reflected the Royal Air Force’s 
preference for liquid-cooled, in-line engines for its single-engine fighters, but also the 
Merlin’s superior performance at altitude. The Hercules achieved its maximum power with 
full supercharging at medium altitudes, more than the Merlin at the same altitude, but over 
20,000 ft the Merlin could produce more power than most models of the Hercules, enough 
to give the Merlin-powered Lancaster bomber a higher service ceiling than the Hercules-
powered Halifax. Still, during the war, the Hercules powered 48% of British medium and 
heavy bombers, a vital contribution to the British war effort.
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Building 14-Cylinder Engines: 
The Pratt & Whitney R-1830 
Twin-Wasp and the Wright 
R-2600 Cyclone 14

Introduction

The Pratt & Whitney R-1830 Twin Wasp and the Wright R-2600 Cyclone 14 were built in 
huge numbers. During World War II, more Pratt & Whitney R-1830 Twin Wasp engines 
were built than any other Allied or Axis piston engine, with Pratt & Whitney and its 

licensees completing 171,172 engines by the war’s end, compared to 160,974 Merlin engines 
built by Rolls-Royce and the American Packard Motor Company under license and 60,672 
Hercules engines.1 In the ranking of American and British engine production, the Wright 
R-2600 Cyclone 14 comes in at fifth place, just after Wright’s R-1820 Cyclone 9, with 84,887 
R-2600 engines completed at the Wright factories in Paterson, New Jersey, and Lockland, 
Ohio.2 Production of these engines was radically different from the production of the Bristol 
Hercules. Pratt & Whitney, its licensees, and Wright Aeronautical built these engines on 
a massive scale in large factories, designed for line production, using the most advanced, 
automatic, high-production machine tools available. This was the precision engineering of 
large, complex aircraft engines on a size and scale that was unimaginable before the war.

What is astonishing about this record is not just the number of engines built during 
the war but the speed at which the aircraft engine factories ramped up the rate of produc-
tion. It took Wright Aeronautical’s Lockland, Ohio, factory just nine months from the start 
of production of the R-2600 Cyclone 14 to reach a rate of 500 engines per month; the Buick 
and Chevrolet factories building the Twin Wasp under license from Pratt & Whitney were 
even faster.3 Buick turned out its first Pratt & Whitney Twin Wasp engine in February 1942 
and manufactured 610 engines in April, just three months later.4 Chevrolet took five months 
to boost production to over 500 engines a month.5 It then took the Wright Lockland factory 
five months, the Buick factory six months and Chevrolet factories eight months to move 

5
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 FIGURE 5.1  Total production 1939–1945.

Source: Ministry of Aircraft Production: Statistical Review 1939-1945, (1946), Table 9, p.26, and US Department of Commerce, Civil 
Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: US Military Acceptances 1940-1945: Aircraft, 

Engines and Propeller Production, (Washington, DC, 1946).

from 500 engines a month to a level of 1,000 engines a month.6 In contrast, it took the 
factories in No. 2 Shadow Group 17 months to achieve a rate of 500 Hercules engines a 
month.7 Driving this rapid increase in production was the demand from the American 
military and Allied air forces for tens of thousands of these engines.

The history of the production of the Pratt & Whitney R-1830 Twin Wasp and the Wright 
R-2600 Cyclone 14 is a study of contrasting approaches to licensed production and machine 
tools. Pratt & Whitney willingly, and Wright Aeronautical reluctantly, agreed to license 
production of their aircraft engines to the automotive industry to produce the quantities 
of engines the Allies needed.8 Wright preferred to maintain control over the final assembly 
of its engines and, as events transpired, remained the only manufacturer of its R-2600 
Cyclone 14 after the Army Air Force shifted the Studebaker Corporation to building the 
R-1820 Cyclone 9. Wright would build the majority of its R-2600 engines in what was, at 
that time, the largest single-story industrial building in the world. Pratt & Whitney, while 
expanding its facilities around East Hartford, was happy to license production of the R-1830 
Twin Wasp to the Buick Division of General Motors, and later to the Chevrolet Division. 
By the end of the war, 64% of all Pratt & Whitney engines were built in licensee factories, 
compared to 29% for Wright Aeronautical (Figure 5.1).9

The key to achieving quantity production at these factories were the new methods of 
production engineering and process engineering that Pratt & Whitney and Wright Aeronautical 
developed during 1940–1941 at their East Hartford and Paterson factories. Production at the 
Wright Lockland factory was particularly significant not simply because it was the first of the 
truly giant aircraft engine factories but more because the factory became renowned for its 
reliance on new types of advanced high-production machine tools Wright developed with 
the American machine tool manufacturers, notably the Greenlee automatic transfer machine. 
The automatic transfer machine was only one of the many advanced machine tools Wright 
developed specifically for aircraft engine production. The Lockland factory was at the forefront 
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of Wright’s continued development of automatic, high-production machine tools. These 
advanced machine tools replaced large numbers of standard machine tools, cut the number 
of operators, and speeded production. Buick also developed an automatic transfer machine 
working with the Foote Burt machine tool company. Pratt & Whitney replaced standard 
machine tools with automatic machine tools, but it appears to have been less reliant on the 
high-production machine tools that Wright and Buick developed during the war.

The Engines
Through the 1930s, Pratt & Whitney’s R-1830 Twin Wasp competed directly with the Wright 
R-1820 Cyclone 9. Through the decade, the two engines marched, seemingly in lockstep, 
toward greater power output. Pratt & Whitney began the development of the Twin Wasp 
in 1929, choosing the double-row form with two banks of seven cylinders each.10 In 1933, 
Pratt & Whitney introduced two double-row engines, the R-1830 Twin Wasp, and the 
smaller and less powerful R-1535 Twin Wasp Jr. The advantage of the double-row design 
was that it used smaller cylinders and thus the Twin Wasp was smaller in diameter than 
the Cyclone 9 by nearly 7 in., reducing the amount of drag while providing a similar amount 
of power.11 The first model of the Twin Wasp received its Approved Type Certificate in 1933 
with a rating of 830 hp.12 With higher octane fuels, the Twin Wasp’s power output reached 
1,050 hp by 1936 and 1,200 hp by the start of World War II.13 In the second half of the 1930s, 
Twin Wasp engines powered commercial airliners and military aircraft for both the Army 
Air Corps and the US Navy, particularly fighter aircraft. The Army Air Corps’ Curtiss P-36 
and Seversky P-35 and the Navy’s F4F all used the Twin Wasp (Figure 5.2).

 FIGURE 5.2  The Pratt & Whitney 14-cylinder R-1830 Twin Wasp engine. This early version 
of the Twin Wasp developed 830 hp. By the start of World War II, Pratt & Whitney had 
boosted the output of the Twin Wasp to 1,200 hp.
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Like the Mercury, Pegasus, and R-1820 Cyclone 9, the R-1830 Twin Wasp was a poppet-
valve engine with one intake and one exhaust valve per cylinder.14 Baffles directed the airflow 
to the rear bank of cylinders. The cylinder head was made up of cast aluminum fitted to a 
nitralloy steel cylinder barrel. Both the cylinder head and the cylinder barrel had deep, 
closely spaced fins for cooling. Unlike Wright Aeronautical, Pratt & Whitney continued 
using aluminum forgings for the three sections of the Twin Wasp crank case rather than 
switching to steel as Wright had done for the Cyclone 9 and Cyclone 14. In another differ-
ence from Wright’s practice, the Twin Wasp used a one-piece crankshaft instead of crankshaft 
made up of two sections. Over time, Pratt & Whitney switched to using magnesium for 
certain engine parts to save weight. Many variations of the Twin Wasp came with single- or 
two-speed superchargers. Different design features required different manufacturing 
methods (Figure 5.3).

 FIGURE 5.3  The Wright R-2600 Cyclone 14 was developed during the mid-1930s to 
power airplanes that were even larger than the Douglas DC-3. The Cyclone 14’s first 
application was in the Boeing Model 314 Clipper for Pan-American Airways.
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The R-2600 Cyclone 14 was Wright’s first successful double-row air-cooled radial 
engine. By the mid-1930s, it was clear that even larger airplanes than the Cyclone 9-powered 
Douglas twin-engine DC-3 were on the horizon, particularly large, multi-engine flying 
boats to cross the Atlantic and Pacific, as well as larger bombers and patrol planes for the 
Army Air Corps and the Navy. To meet this expected need, Wright Aeronautical engineers 
decided to develop an engine that would provide 30 to 40% more power than what the 
progressive development of the Cyclone 9 could provide and greater power than Pratt & 
Whitney’s Twin Wasp.15 Initially aiming for 1,500 hp, Wright chose an engine with 14 
cylinders in a double-row configuration, building on Wright’s previous experience with 
two smaller double-row engines that had been built in limited quantities but with two and 
a half times the cooling area of the R-1820 made possible through improved casting tech-
niques for the cylinder head and improved machining of longer fins on the cylinder barrel.16

Wright began developing the Cyclone 14 in 1935 with the engine receiving its Approved 
Type Certificate in June 1937.17 The first Cyclone 14 had a take-off rating of 1,500 hp, a 50% 
increase in power output over the Cyclone 9 G-100 series, making it at that time the most 
powerful aircraft engine in production. By coincidence, the first application of the Cyclone 
14, like the Bristol Hercules, was in a flying boat, in this case, the Boeing Model 314 Clipper. 
Although it differed in its design and construction, the Cyclone 14 was comparable in size and 
power output to the Hercules, the principal difference being that like all Wright air-cooled 
radial engines the Cyclone 14 was a poppet-valve engine while the Hercules used sleeve valves 
in its cylinders. From 1937 to 1945, 16 different versions of the Cyclone 14 went into production 
for commercial operators, the Army Air Force and the US Navy. The principal war time 
production models were the Cyclone 14A producing 1,600 hp, the Cyclone 14BA18 with 1,700 
hp, and the Cyclone 14BB with 1,900 hp. There were, of course, several subtypes within each 
major model, with odd numbers for Army Air Force engines and even numbers for Navy engines.

The Cyclone 14 drew on many design features of the Cyclone 9.19 The cylinders were 
basically the same but with a greater cooling area developed for the Cyclone 9 G-200 series. 
The engine’s 14 cylinders were arranged in two rows of seven cylinders, with the rear row 
slightly staggered to improve the flow of cooling air. The diameter of the Cyclone 14 remained 
the same as the Cyclone 9, and despite having a second row of cylinders, the engine was 
only a foot longer than the Cyclone 9. The Cyclone 14 was a poppet-valve engine with one 
intake valve and one exhaust valve in the cast aluminum cylinder head, as with the Cyclone 
9. The crankcase came in three sections, bolted together to hold the two rows of cylinders. 
In the Cyclone 14A, the crankcase sections were made from aluminum forgings, but as the 
power output increased, Wright switched to using steel forgings for the crankcase. With 
two rows of cylinders, the Cyclone 14 needed a longer crankshaft with two sections to allow 
for two master connecting rods for each bank of cylinders. Wright designed a three-section 
crankshaft with two Wright Dynamic Dampers to reduce torsional vibration. The front 
section of the crankcase covering the reduction gear and the rear cover housing the super-
charger were made from magnesium alloy. As a larger and more complex engine, the Cyclone 
14 had many more parts than the Cyclone 9, with over 8,000 separate parts. As one would 
expect, machining, inspecting, and assembling an aircraft engine with 8,000 parts was a 
production challenge of a significantly greater magnitude than manufacturing the Cyclone 
9. Production of the Cyclone 14 ended at the end of World War II.

Organizing Production
Before the outbreak of war in Europe, Pratt & Whitney received substantial orders for its 
R-1830 Twin Wasp engine from the French Government. The bulk of the American combat 
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 FIGURE 5.4  During 1940 Wright received substantial orders from Britain and France and 
the US Army Air Corps and US Navy for the R-2600 engine. The R-2600 would power several 
light and medium bombers, including the North American B-25 shown here, and Navy carrier-
based dive and torpedo bombers.
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aircraft the French ordered—the Curtiss Hawk 75, Douglas DB-7, and Martin 167F—were 
equipped with the Twin Wasp. The French ordered additional engines as spares and replace-
ments for the French Gnome-Rhone 14N in the Bloch 176 B3 twin-engine bomber, as the 
production of the Gnome-Rhone 14N was insufficient.20 Between February and August 
1939, the French Government placed orders for 2,145 Twin Wasp engines, and after the 
start of the war added an additional 2,850 Twin Wasps, mostly for the planned production 
of the Bloch 176 B3.21 In April and May 1940, the French placed follow-on orders for 988 
Twin Wasp engines.22 French orders for the Wright R-2600 Cyclone 14 came in after the 
war began. In October 1939, the French Government placed an order for 1,440 R-2600 
engines, again for French aircraft production, planning to use the R-2600 in the Loire-et-
Olivier 458 B4 twin-engine bomber.23 In May 1940, the French placed a follow-on order 
for 1,800 R-2600 engines.24 Under the joint Anglo-French purchasing program, that same 
month, the Anglo-French Purchasing Commission issued letters of intent to Curtiss-Wright, 
parent of Wright Aeronautical, for 1,824 R-2600 engines.25 This brought total French and 
Anglo-French orders to 5,651 R-1830 Twin Wasp engines costing $74 million and 5,064 
R-2600 Cyclone 14 engines costing $88.5 million (Figure 5.4).26

The President’s 50,000 aircraft program and more British orders placed after the fall 
of France added to the demand for the Twin Wasp and the Cyclone 14. The NDAC Airplane 
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Division’s Report No. 7 estimated that the Army Air Corps and the Navy would need 12,551 
R-2600 engines by June 1942 in partial fulfillment of the President’s program, in expecta-
tion of large orders for the Douglas A-20 (an improved version of the DB-7), North American 
B-25 medium bomber, and the new Curtiss CW-20 transport, while the Navy wanted the 
R-2600 for the Brewster SB2A dive bomber and the Martin PBM patrol bomber.27 British 
orders for the Martin 187 medium bomber, Douglas Boston (equivalent to the A-20 for the 
Army Air Corps), and Brewster and Vultee dive bombers, in addition to previous French 
orders, added another 10,171 R-2600 engines for a total of 23,509, including some for 
commercial airliners.28 The Army and Navy required 5,847 Twin Wasp engines primarily 
for the Consolidated B-24 for the Air Corps and the Navy’s Grumman F4F fighter, while 
the British needed 7,537 engines, mostly for the French aircraft they had taken over, bringing 
the total to 14,592 with 1,208 engines for the commercial airlines.29

It was evident to the planners that neither Pratt & Whitney nor Wright Aeronautical 
had the production capacity to build their engines in quantities needed in the time allowed. 
At this point, Pratt & Whitney had orders for not just the R-1830 Twin Wasp but also for the 
larger 18-cylinder R-2800 Double Wasp, and the lower horsepower R-1535 Twin Wasp Jr., 
the R-1340 Wasp, and the R-985 Wasp Jr. In total, Pratt & Whitney had 38,832 engines on 
order for the Army Air Corps, the Navy, the British Empire, and commercial users.30 Wright 
Aeronautical was in a similar position, with orders for its large 18-Cylinder Cyclone 18, and 
the lower horsepower R-975 and R-760 Whirlwind engines, in addition to the R-1820 Cyclone 
9 and R-2600 Cyclone 14, taking total orders to 39,483 engines for delivery by June 1942.31

Initial efforts to increase production went to expanding facilities at the main engine 
manufacturers. As previously noted in Chapter 3, NDAC Report No. 7 had estimated that 
Pratt & Whitney would require a near five-fold increase in productive floor space and Wright 
Aeronautical a near three-fold increase.32 With the prospect of more orders, in early 1939, 
Pratt & Whitney’s parent United Aircraft Corporation had already begun to expand the 
production by rearranging space among its divisions.33 Later in the year, Pratt & Whitney 
built a new addition to its East Hartford factory with financing from the French Government. 
After the Anglo-French Purchasing Commission placed its orders for more engines, Pratt & 
Whitney embarked on an $8 million expansion to the East Hartford factory, bringing the 
total amount of investment to $20 million over the prior 12 months, almost all financed by 
the French and British Governments through direct financing and payment of premiums on 
each engine purchased.34 Pratt & Whitney received around $7.7 million from the French 
Government and around $15 million from the British Government for these additions to the 
East Hartford factory.35 During the latter part of 1940 and early 1941, the American 
Government provided $15.5 million to Pratt & Whitney for expansion.36 In August 1940, the 
US Navy, who in a division of labor with the Army Air Corps had been assigned procurement 
responsibility for all Pratt & Whitney engines for the two services, announced that it had 
issued a letter of intent to the company covering 17,000 engines with a value of $160 million.37

Pratt & Whitney readily agreed to expand production through licensing production 
of its engines to the automotive industry, first with Ford Motor Company to build the 
R-2800 Double Wasp engine, and then with the Buick Division to build the R-1830 Twin 
Wasp for the Consolidated B-24 bombers to be built in the new aircraft factories in the 
mid-West. In discussions with William Knudsen, Buick had agreed to build 5,000 Twin 
Wasp engines.38 In January 1941, the War Department announced that Buick had been 
issued a contract for $36.5 million and would receive $24.3 million in Government financing 
to build a new factory with the capacity to build 500 engines a month.39 By the end of the 
month, Buick had acquired a large track of land in Melrose Park, west of Chicago, for its 
new engine factory and was planning for construction (Figure 5.5).40
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 FIGURE 5.5  During World War II, the Consolidated Aircraft Corporation and its licensee 
companies built over 18,000 B-24 Liberator bombers. Just to get this many bombers into the 
air required 72,000 R-1830 engines. The R-1830 also powered the 10,174 Douglas C-47/C-53 
transports built during the war.
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The President’s approval of the expanded heavy bomber program in May 1941 created 
an even greater demand for the Twin Wasp engine with the program’s substantial increase 
in the production of the Consolidated B-24 bomber. The result was a 100% increase in 
Buick’s monthly rate of production to 1,000 engines a month and enlistment of the Chevrolet 
Division of General Motors as a second licensee to build the Twin Wasp.41 Buick had its 
contract for the Twin Wasp increased to $88 million and an additional $10 million in 
government financing provided to expand its facilities at its new factory in Melrose Park 
and its existing factories in Flint, Michigan.42 The Chevrolet Division received a contract 
for $89 million and a commitment of $33 million in government financing for factory 
buildings and machine tools at its automobile factory in Tonawanda, New York, outside of 
Buffalo.43 Chevrolet would also build the Twin Wasp at a rate of 1,000 engines a month, 
with production scheduled to begin in 1942.44 With the addition of Chevrolet, the organi-
zation of wartime production of the Twin Wasp was set.

Wright Aeronautical’s preference to maintain control over the final assembly of its 
engines at its own factories or in new branch factories remained for some months after the 
announcement of the President’s 50,000 aircraft program.45 What Wright wanted was as 
much government business as it could handle in its factories before agreeing to license 
production to other companies, a concern that Bristol Aeroplane had as well with the shadow 
factories.46 Discussing the need to increase engine production with Guy Vaughan, the 
president of Wright Aeronautical and Curtiss Wright, Secretary Morgenthau raised the idea 
of building a new factory west of the Alleghany Mountains solely to build the Wright R-2600 
engine.47 Wright Aeronautical had estimated that it would cost around $40 million to build 
a factory with the same capacity as the Wright factories in Paterson, New Jersey, and that 
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this factory could build R-2600 engines at a rate of 1,000 to 1,200 a month.48 Vaughan noted 
that one benefit of building a new factory to concentrate on building the R-2600 engine 
would be that it would free up the space at the Paterson factories for Wright’s bigger R-3350 
Cyclone 18 engine he knew the Army Air Corps and Navy would want in the future.49

Soon after joining the NDAC, William Knudsen began working on a plan to have the 
Government finance a new factory for Wright Aeronautical at an estimated cost of $50 
million for buildings and machine tools to build 24,200 R-2600 engines at a rate of 575 
engines per month.50 What resulted was a plan for the Reconstruction Finance Corporation’s 
subsidiary, the newly established Defense Plant Corporation, to purchase the land selected 
near Cincinnati, Ohio, that would be leased to a subsidiary of Wright Aeronautical.51 The 
Defense Plant Corporation would provide financing to build the factory and for working 
capital, with additional funding available for purchasing machinery.52 As negotiations 
continued, the increasing requirements for the R-2600 engine led to an adjustment in the 
loan amount to $92 million, which would allow the new factory to double production to 
1,000 engines a month.53 The lease with Wright Aeronautical was signed on October 19, 
1940.54 Wright broke ground for the new factory in Lockland, Ohio, on October 23, and 
on November 4, 1940, the War Department announced a contract with Wright Aeronautical 
for $119.8 million covering 6,470 R-2600 engines.55 After Army Air Corps switched 
Studebaker to building the Wright R-1820 Cyclone 9, Wright Aeronautical’s factories in 
Paterson and Lockland became the sole sources for the R-2600 Cyclone 14 and would remain 
so for the duration of the war.

As with the Wright R-1820 Cyclone 9, military demand for the Pratt & Whitney R-1830 
Twin Wasp and the Wright R-2600 Cyclone 14 remained at a high level until the closing 
months of the war as indicated in Figure 5.6 which shows factory acceptances of heavy, 
medium, and light bombers, almost all of which used the Pratt & Whitney R-1830 Twin Wasp 
and the Wright Aeronautical R-1820 Cyclone 9 and R-2600 Cyclone 14, from 1941 to 1944.

 FIGURE 5.6  Factory Deliveries for the Army Air Force, US Navy, and Allied Air Forces 
1941–1944.

Source: Table 79, p.127. Army Air Forces Office of Statistical Control: Army Air Forces Statistical Digest World War II, (Second Printing), 
(Washington, DC, 1945).
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The Factories

Pratt & Whitney Factories
In the spring of 1929, in the midst of an aviation industry boom, the United Aircraft and 
Transport Corporation announced that it had purchased 600 acres of land in East Hartford 
where it planned to build new factories for two of its subsidiaries, the Pratt & Whitney 
Company and the Chance Vought Corporation, as well as an airport for flight testing Pratt 
& Whitney engines and Vought airplanes.56 Pratt & Whitney hired Albert Kahn’s Detroit 
architectural firm to design its new factory building; Kahn also designed the new Vought 
factory.57 Kahn sent a team of engineers to study Pratt & Whitney’s current and future 
requirements that would help in the design of a factory for maximum efficiency in produc-
tion.58 Construction began on the $2 million factory buildings over the summer of 1929, 
and the last company unit, the offices and engineering department, moved to their new 
building in March 1930.59

Albert Kahn designed a modern, rectangular single-story building that could be easily 
expanded to accommodate future growth without disrupting its fundamental layout.60 
The main factory building was 400 ft wide and 1,000 ft long, providing 400,000 ft2 of 
manufacturing space, with separate buildings for administration and the engineering 
department.61 Lighting and ventilation were uniform within the building and there were 
few internal partitions. In contrast to Bristol and Wright Aeronautical, Pratt & Whitney 
laid out its manufacturing operations to create a smooth flow of raw materials and finished 
components, which may have been the first among aircraft engine manufacturers. This 
was not straight-line production as used in the automotive industry, but a system designed 
for maximum flexibility in batch production, wherein the model and number of engines 
in an order changed frequently. Rather than grouping machine tools by type in separate 
departments, Pratt & Whitney organized departments by component so that there were 
departments that manufactured cylinder barrels, crankshafts, crankcases, and other 
components.62 The building was divided in half, with a wide central aisle running down 
the middle, with the departments on the north side of the building working on non-ferrous 
metal parts and departments on the southside working on alloy steels.63 Raw materials 
came in at the west end of the factory and moved immediately to different component 
departments, with the finished components moving down the central aisle to the finished 
store area pending final assembly. A row of production test cells sat at the eastern end of 
the factory, just opposite the final assembly area. A section of the factory was allocated to 
Hamilton Standard, Pratt & Whitney’s sister company that made all metal propellers. In 
1936, United Aircraft built a small new factory building for Hamilton Standard next to 
the Pratt & Whitney factory to give Pratt & Whitney more space for aircraft engine 
production (Figure 5.7).64
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When Pratt & Whitney’s order books began to fill during 1938, additional production 
space became imperative. United Aircraft shifted the Vought Aircraft division to Stratford, 
Connecticut, moved the Hamilton Standard Propeller division into the Vought factory, and 
had Pratt & Whitney take over the Hamilton Standard factory, providing 118,000 ft2 of space 
for manufacturing.65 This was insufficient for the flood of orders coming in during 1939, so 
after the start of the war in Europe, Pratt & Whitney obtained $7.7 million in financing from 

 FIGURE 5.7  Pratt & Whitney factory layout.

Source: Ward, J. Carlton, Jr.: “Plant Layout and Production Methods for Modern Aircraft Engines,” S.A.E. Journal (Transactions), Vol. 
40, No. 5, (May 1937), p. 179.
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the French Government to build a 274,000 ft2 addition attached to the north of its factory 
that was called Plant C and known as the “French Plant.”66 Pratt & Whitney enlisted Albert 
Kahn once again to design this addition which was completed in three months with the first 
machine tools moving into the space in January 1940.67 At the end of May 1940, United 
Aircraft announced plans for an $8 million addition to the Pratt & Whitney factory.68 This 
addition added two factory sections, Plant D adjoining south of Plant B, the old Hamilton 
Standard factory section, and Plant E to the east of Plant C. These two sections, known as 
the British buildings from the source of their financing, added 317,000 ft2 to the factory.69 
Finally, in August 1940, United Aircraft announced a fourth addition to the Pratt & Whitney 
factory, known as Plant F, that would add 400,000 ft2 of space at a cost of $12 million devoted 
entirely to assembling engines.70 Albert Kahn’s firm designed all these additions, which 
brought Pratt & Whitney’s total production area from 400,000 ft in 1937 to approximately 
1,500,000 ft2 in 18 months.71 Plant F was devoted to engine assembly, freeing up the space 
in the former assembly area for manufacturing, and incorporated a new conveyor system.72 
This factory was now twice the size of the factories in No. 1 Shadow Group and larger than 
any two of the paired factories in No. 2 Shadow Group. None of the areas within the factory 
had internal walls as the No. 2 Shadow Group factories and the Bristol Accrington Factory 
did. In March 1941, Pratt & Whitney began the construction of the fifth addition to its East 
Hartford factory, adding 500,000 ft2 of floor space.73 Further expansion during 1942 brought 
the total area of the Hartford factory and testing facilities to 2,673,000 ft2.74

America’s entry into the war opened a floodgate of orders for airplanes and aircraft 
engines. Like Wright Aeronautical, requirements for all Pratt & Whitney’s engines rapidly 
multiplied, increasing 142% from November 1941 to February 1942, from 74,118 to 179,642 
engines; within eight months the total had grown to 319,206 engines.75 Even with Buick, 
Chevrolet, and Ford taking some of the load, and licensing the production of Pratt & Whitney’s 
lower-horsepower Wasp engine to Continental Motor Corporation and the Jacobs Aircraft 
Engine Company, Pratt & Whitney still needed more space for production.76 During 1942, 
Pratt & Whitney began setting up satellite factories within a 35-mile radius of its main factory 
at East Hartford and moving the production of certain components to these factories. The 
company leased a small three-story mill building in Buckland, Connecticut to make small 
parts for various engines, but the main addition to capacity came from three large new factories 
financed through the Defense Plant Corporation under the designation Plancor 612.77 Plant 
L, in Willimantic, Connecticut, manufactured crankcases and rear and nose section cases; 
Plant M, in East Longmeadow, Massachusetts, built crankshafts, propeller shafts, master rods, 
and link rods; Plant N, in Southington, Connecticut, built cylinder assemblies.78 All these 
factories fed parts to the main Pratt & Whitney factory in East Hartford for the final assembly 
of complete engines, akin to Wright Aeronautical’s factory arrangement in Paterson, New Jersey.

These factories were single-story rectangular buildings with wide open manufacturing 
areas, with columns spaced 40 ft by 40 ft, with walls, columns, and beams made from rein-
forced concrete. Plant L and M were not large, with the factory buildings and attached office 
building having a total area of 406,000 ft2 at Plant L and 361,000 ft2 at Plant M. Plant N was 
the largest of the three, with a total floor area of 606,400, equivalent in size to one of the 
factories in No. 2 Shadow Group.79 These three factories added another 1,373,400 ft2 to Pratt 
& Whitney’s total floor area, bringing the total to approximately 4 million ft2 greater than 
all factories in No. 1 and No. 2 Shadow Groups and the Bristol No. 3 Factory at Accrington.

The Buick and Chevrolet Factories
The Buick Division’s factory in Melrose Park, Illinois, can be classed as one of the large 
third-generation wartime aircraft engine factories. Buick had originally intended to build 
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the factory near its main automobile factory in Flint, Michigan, but soon realized that with 
expanding automobile and war production in different General Motors divisions around 
the area, there would likely be a shortage of labor.80 Harlow Curtice, Buick’s president and 
general manager, arranged, with government financing, to purchase a 125-acre tract of land 
in Melrose Park, west of Chicago.81 Buick hired Albert Kahn and his firm to design the 
factory.82 Designated Plancor 39 by the Defense Plant Corporation, the factory was to have 
four buildings, a main manufacturing building, a power house, a personnel building, and 
an office administrative building.83 For the manufacturing building, Kahn followed his 
approach of having a large, single-story building having a wide work space with wide, open 
bays for maximum flexibility. The overall size of the manufacturing building was 1,305 ft 
by 750 ft for a total area of 978,750 ft2 on the first floor and an additional 207,000 ft2 in the 
basement below for cafeterias and equipment rooms.84 The building had 21 bays that were 
60 ft wide along its length and ten bays 75 ft wide along its width. Structural steel framing 
with steel trusses and columns supported the roof, while the floor was made of concrete 
covered in seven million wood flooring blocks with exterior walls of brick.85 There was 
artificial lighting throughout the building. The manufacturing area had 18,000 ft of monorail 
conveyors to move component parts and 5,500 ft of monorails for electric and chain hoists. 
A two-story office building was attached to the south end of the manufacturing building.

Buick laid out the space within the manufacturing building by the type of component 
just as Pratt & Whitney had done in its Hartford factory, with sections of several bays each 
building the crankcase, cylinder head, cylinder barrels, pistons, gears, and miscellaneous 
parts.86 Raw materials and components from subcontractors entered at the south end of 
the building, moving progressively down a central aisle to the final assembly area at the 
north end of the building. Two test cell buildings, one of 178,500 ft2 and the other of 97,800 
ft2, were attached to the north end of the manufacturing building just off the final assembly 
area. The building was designed to build 500 engines a month, but before the factory was 
completed, the newly designated Army Air Force instructed Buick to double its rate of 
production to 1,000 engines a month.87 After the attack on Pearl Harbor, the Army Air 
Force ordered Buick to again double production.88 This required two extensions to the main 
manufacturing building, placed on the east and west sides of the building adding 261,000 
ft2 of space. The total area of the manufacturing building when completed was 1,576.00 ft2, 
and, with the test cells included, amounted to 1,852,300 ft2 or 23 acres under one roof, larger 
than any aircraft engine factory in Britain.

Buick had initially intended to depend on subcontractors for aluminum and steel 
castings and forgings, but with the planned doubling of production after America’s entry 
into the war, Buick started making steel forgings for crankshafts, propeller shafts, connecting 
rods, and other steel parts at its own foundry in Flint, Michigan.89 With $10 million in 
financing from the Defense Plant Corporation, Buick immediately started construction of 
one of the largest aluminum foundries in America to provide aluminum castings for 
crankcases and cylinder heads for all General Motors divisions building Pratt & Whitney 
engines.90 Buick again engaged Albert Kahn’s firm to design the foundry.91 The single-story 
building had a floor area of 570,000 ft2, with overhead cranes and conveyors to speed the 
movement of materials and castings through the foundry.92 The foundry was designed with 
a capacity for sand casting 150,000 cylinder heads a month.93

To build the Twin Wasp, the Chevrolet Division converted several of its existing facto-
ries in the Buffalo, New York area into aircraft engine production and added new factories 
with financing from the Defense Plant Corporation. In 1938, Chevrolet built a new Albert 
Kahn-designed factory located in the Buffalo suburb of Tonawanda to make axles and 
automobile engines.94 This large building had 800,000 ft2 of floor space and became 
Chevrolet aircraft engine plant No. 1 building the larger components of the Twin Wasp 
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engine, the crankcase sections, blower sections, crankshaft, reduction gear, cylinder heads, 
cylinder barrels, and propeller shafts.95 Plant No. 2 was a former automobile assembly plant 
in Buffalo converted into manufacturing, while Plant No. 3 was the former General Motors 
Fisher Body factory converted into making, initially, 300 smaller parts for the Twin Wasp; 
these two factories added around 600,000 ft2 of factory space.96 The Heavy Bomber Program 
of May 1941 brought Chevrolet $37. 2 million in financing for a new factory located close 
to the original 1938 Motor and Axle factory. Confusingly, this became Plant No. 1 in Plancor 
155, the Defense Plant Corporation’s designation for the two factories it was financing for 
Chevrolet.97 The factory comprised two joined areas, an assembly area made from reinforced 
concrete with steel framing and trusses that by the end of 1944 had a total floor area of 
476,000 ft2 and a test cell area with 90 production engine test cells of 240,000 ft2, making 
the factory larger but comparable to the bigger factories in No. 2 Shadow Group in total 
area.98 After the attack on Pearl Harbor and a requirement for more engines, the size of the 
factory and the test cell area were nearly doubled, with a second expansion undertaken in 
May 1943 and a third and final expansion began in May 1944 to support the manufacturing 
of the larger Pratt & Whitney R-2800-C engine.99 The second Government-financed factory, 
Plancor 155 Plant No. 2, was located around 8 miles away in Buffalo. It was smaller, consisting 
of seven buildings, with two manufacturing buildings of 294,300 and 137,000 ft2.100 By 
1944, the total floor area that Chevrolet had available in the Buffalo area was approximately 
2,677,000 ft2. Because Pratt & Whitney, Ford, and Buick were already taking almost all the 
output of Pratt & Whitney’s subcontractors, Chevrolet enlisted the production facilities at 
other Chevrolet and General Motors factories to provide components necessary for the 
Twin Wasp engine.101 Chevrolet would add its own aluminum factory as Buick had done 
but for forging aluminum components, not casting.102 This forging plant was completed in 
seven months and went into production forging pistons, main crankcase sections, and other 
components for Pratt & Whitney engines, adding to production at other Chevrolet facto-
ries.103 Chevrolet had four forging plants, two in Michigan and two in Indiana, forging 
parts for Pratt & Whitney engines.104 In total, 17 Chevrolet factories around the country 
contributed parts for the Twin Wasp engines.105

The Wright Lockland, Ohio Factory
The Wright factory at Lockland, Ohio, was radically different from the factories building 
the Bristol Hercules in Britain. The Wright Lockland factory was huge, dwarfing the aircraft 
engine factories in Britain. In total floor area, the Lockland factory was larger than all the 
factories in No. 1 and No. 2 Shadow Groups and the Bristol No. 3 Shadow Factory at 
Accrington building combined. The Wright Lockland factory reflected a trend apparent in 
the 1930s toward “industrial giantism,” a move to build truly giant factories to take 
maximum advantage of methods of mass production developed at Ford Motor Company.106 
The Wright factory at Lockland, Ohio was the first of the giant fourth generation of wartime 
aircraft engine factories to be built. In 1940, the Government preferred, for strategic reasons, 
that the new airframe and aircraft engine factories it was commissioning be located well 
away from either coast in an area between the Appalachian Mountains in the East and the 
Rocky Mountains in the West.107 Wright chose to locate the new Cyclone 14 factory near 
the small town of Lockland, Ohio, a dozen miles from Cincinnati, a center of the machine 
tool industry. The Defense Plant Corporation allocated $37 million to purchase a 219-acre 
plot near Lockland and construct the factory, with an additional $55 million to purchase 
machine tools and other equipment.108 The Lockland factory became Plancor 10. The 
Lockland factory would ultimately cost $141,196,000.109
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Wright hired Albert Kahn, who had designed the new wing at the Wright Paterson 
factory in 1939, to design the new factory at Lockland. Albert Kahn and his firm, Albert 
Kahn Associated Architects and Engineers, designed all the giant aircraft engine factories 
building Wright and Pratt & Whitney aircraft engines. Kahn had been the lead architect 
of the Ford River Rouge complex. In the early 1930s, Kahn and his firm designed several 
giant factories as part of the Soviet Government’s plans for rapid industrialization.110 Among 
these were the Stalingrad tractor factory covering 960,700 ft2 of floor space, with an assembly 
building of 422,000 ft2, and the even larger tractor factory at Chelyabinsk covering 1,780,000 
ft2 with an even larger assembly building of 975,000 ft2.111 As the American automobile 
industry recovered from the depths of the Depression, Kahn received new commissions 
for large new factories from several automobile manufacturers, including the 1,450,000 ft2. 
Ford Press Shop building at the Ford River Rouge complex built in 1939.112 The Press Shop 
was the largest single-story factory building in the world.113

The factory Kahn and his associates designed was even bigger than Wright’s original 
estimate. Kahn’s ideal for industrial factory buildings was “…the one-story structure of 
incombustible materials with enormous uninterrupted floor spaces under one roof with a 
minimum of columns.”114 His industrial factory designs followed certain core principles: 
a building designed for efficient straight-line production but with the flexibility for future 
expansion; wide column spacing to minimize interference with production lines; proper 
ventilation and lighting; and optimal location of power, storage, and other ancillary build-
ings as well as easy access to transportation.115 Kahn was especially concerned about flow 
within the factory building and the need to determine how and where raw materials would 
enter the building and how and where the finished product would exit (Figure 5.8).116

 FIGURE 5.8  An aerial view of the Wright aircraft engine factory in Lockland, Ohio. At the 
time of its construction, this factory was the largest industrial building in the world.
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For Wright’s factory at Lockland, Kahn designed a single-story rectangular main machine 
shop and assembly building with 1,468,000 ft2 of production floor space, covering nearly 35 
acres, with a more than 225,000 ft2 basement area, and additional space for fans and air 
conditioning units, for a total area of over 1,800,000 ft2.117 At that time, the Wright Lockland 
factory was the largest single-story industrial building in America, eclipsing the River Rouge 
Press Shop. The factory was designed to produce 3,000 aircraft engines a month, tripling the 
initial production specification.118 The machine shop and assembly building had structural 
steel framing and steel trusses with a reinforced concrete floor and 8-in. brick exterior walls 
with a seven-foot continuous band of steel sash windows on the sides of the building. Long 
roof monitors allowed in additional daylight, though there was fluorescent lighting throughout 
the factory. Kahn incorporated exceptionally wide bays within the factory, with column 
spacing of 60 ft by 75 ft to allow both uniform working areas and maximum flexibility in 
placing machine tools on the production lines. As with the Studebaker factories, the Lockland 
factory had no protections against air attack, a virtue of its location far from the coasts. There 
were no walls or barriers in the main machine shop and assembly building to interrupt 
production. A test cell building and an office building were attached to the machine shop 
and assembly building, with an aluminum foundry nearby. In total, the factory complex had 
over 2 million ft2 of floor space, bigger than either the Standard Motor No. 2 Shadow Factory 
or the Bristol No. 3 Shadow Factory. During the war, this would be more than doubled.119

With more than 12,000 employees working at the factory complex, the movement of workers 
during shift changes and meal breaks could disrupt the flow of work on the production floor. 
Kahn’s real innovation with the Lockland factory was to locate all employee services for the 
machine shop and assembly building in the large basement. Kahn described this as “…one of 
the finest features we believe we’ve ever hit upon in industrial plant design.”120 The basement 
was in the shape of a large cross underneath the main floor. Employees entered the factory by 
descending stairs into the basement area where they followed passageways to their lockers and 
to stairs leading directly to their assigned work areas.121 These stairs and passageways also led 
to employee cafeterias and toilets. At the shift change, the employees working on the production 
floor simply reversed the process, exiting the factory building through the basement. In this 
way, traffic on the production floor was kept to a minimum. The area within the main machine 
shop and assembly building was free from obstructions, allowing optimum placement of 
machine tools and mechanical conveyor systems.

Contractors began laying concrete in December 1940 and erecting the steel framing 
beginning in January 1941.122 The factory complex, now designated Plant No. 6, was ready 
on June 12, 1941, two months ahead of schedule.123 To speed up getting into production, 
Kahn divided the machine shop into twelve areas. As the contractors completed each area, 
they enclosed it with partitions to allow Wright to start installing production machinery. 
Wright laid out the production lines so that the machine tools could be shifted with little 
difficulty when construction was completed.124 Pilot production lines, set up to test the 
arrangement of machine tools and production flow, began producing parts for the Cyclone 
14 in April 1941.125 The Lockland factory completed its first Cyclone 14 engines in June and 
by the end of the year had sent 246 engines to the military.126

After America’s entry into the war, Wright received approval to expand its newly 
completed factory at Lockland to boost the production capacity to 4,000 engines per month.127 
Two new machine shops, the South Shop Building No. 14 and the North Shop Building No. 
13, went up next to the main machine shop and assembly building.128 These buildings allowed 
Wright to expand the production of components for the Cyclone 14, with finished parts 
moving from the new shops to the main machine shop and assembly building for final 
assembly. The North Shop building was specifically for cylinder production.129 The South 
Shop Building, like the North Shop Building, used structural steel in its construction, allowing 
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wide bays of 60 ft by 75 ft on the main floor of 832,000 ft2. With a large basement of 572,000 
ft2, the building had 1,478,000 ft2 of floor space, nearly as big as the main machine and assembly 
building. In addition to the two new machine shops, Wright added new, large aluminum and 
magnesium foundries and other ancillary buildings, taking the total floor area of the Lockland 
factory to over 5,600,000 ft2, bigger than the Ford Willow Run factory complex, wrongly 
considered the biggest factory complex in America in World War II, and bigger than the total 
floor space of the entire American aircraft engine industry in January 1940.130

The Production Record

The R-1830 Twin Wasp
The Pratt & Whitney R-1830 Twin Wasp was in great demand during World War II for the 
Consolidated B-24 Liberator four-engine bomber, built in greater numbers than any other 
American wartime aircraft, and the Douglas C-47 twin-engine transport. Between 1940 
and 1945, a consortium of companies built 18,202 B-24 bombers while the Douglas Aircraft 
Company built 10,384 C-47 and C-53 transports. Just to fly these aircraft away from the 
factories required 93,576 Twin Wasp engines. From 1939 to 1945, Pratt & Whitney, Buick, 
and Chevrolet built 171,964 Twin Wasp engines, more than any other British or American 
aircraft engine built during the war.131

Figure 5.9 illustrates how important license production of the Twin Wasp was to meet 
wartime requirements. Together, Buick and Chevrolet built 80% of all the Twin Wasp 
engines completed between 1942 and 1945. The two General Motors divisions set records 
for engine production during World War II. During 1944, Buick built 30,550 Twin Wasp 
engines, more than any other American aircraft engine licensee or branch factory and more 
than double production of the Bristol Hercules at the shadow factories that year, while in 
November 1943, Chevrolet achieved a peak production of 3,450 engines, more than any 
other American aircraft engine factory during the war and again more than double the 
peak rate of production of the Bristol Hercules at the shadow factories.132

 FIGURE 5.9  Pratt & Whitney R-1830 Twin Wasp Production 1939–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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Buick and Chevrolet both rapidly built up their monthly production rate. The first 
Buick-built Twin Wasp engine went to the test stand on January 23, 1942, only 243 days 
after the blueprints were approved.133 Chevrolet’s first engine came out nine months after 
the announcement of its contract to build the Twin Wasp. Like Studebaker, it took Buick 
just eight months from the start of production to reach a rate of 1,000 engines a month, 
with Chevrolet taking 13 months, compared to Ford taking 18 months to reach that rate 
of production of the admittedly more complicated Pratt & Whitney R-2800 Double Wasp. 
Remarkably, it took Chevrolet just two months to double production from 1,000 to 2,000 
engines a month. Like Studebaker, Buick and Chevrolet’s production rate benefited from 
building limited models of the Twin Wasp, principally the R-1830-43 and R-1830-65 for 
the Consolidated B-24 and the R-1830-90C and R-1830-92 for the Douglas C-47.

Production at Buick peaked at a rate of 3,300 Twin Wasp engines a month in November 
1943, just short of Chevrolet’s record, and continued at a level of over 2,700 engines a month 
for much of 1944.134 In 1944, Buick began preparing to build a similar Pratt & Whitney 
R-2000 engine for the Douglas C-54 transport airplane, building 2,548 of these engines by 
the war’s end.135 When in April 1945 the Army Air Force cancelled the production of the 
B-24 Liberator, Buick stopped building Twin Wasp engines for the B-24 but continued 
building the R-1830-90C engines for the C-47 transport ending production of the Twin Wasp 
in September 1945, having completed 71,874 Twin Wasp engines between 1942 and 1945.136 
Similarly, Chevrolet maintained a high rate of production from the end of 1943 to the middle 
of 1944, building 2,600 Twin Wasp engines a month until August 1944.137 Chevrolet also 
took on the production of another Pratt & Whitney engine, beginning the production of the 
R-2800-C Double Wasp that same month and completing 4,282 Double Wasp engines by 
the end of the war and 56,484 Twin Wasp engines.138 Had the war continued, it was intended 
that Buick would become the sole source of Twin Wasp engines for B-24 Liberator bombers.139

Like Bristol Aeroplane and Wright Aeronautical, during the war Pratt & Whitney carried 
out both production and engine development. From the late 1930s to the end of the war, Pratt 
& Whitney built over 40 different models of the R-1830 Twin Wasp for many commercial and 
military aircraft.140 The Hartford factory and its feeder factories built 40,456 Twin Wasp engines 
between 1940 and 1945, amounting to 30% of Pratt & Whitney’s total wartime production at 
its Hartford and Kansas City factories. From the start of the war in September 1939, it took Pratt 
& Whitney a year to build up to a rate of 500 Twin Wasp engines a month and over two years 
to reach 1,000 Twin Wasp engines a month. The production of the Twin Wasp at Hartford 
peaked in March 1943 when the factories built 1,103 engines. The rate of production declined 
steadily during 1944 as Pratt & Whitney concentrated on building the more powerful R-2800 
Double Wasp engine and began the production of the even bigger 28-cylinder 3,000-4,300 hp 
R-4360, the most powerful British or American aircraft engine to be built during the war.141 
The company continued development of the Twin Wasp and towards the end of the war intro-
duced the R-1830-75, -94, and -98 models which boosted the power output to 1,350 hp for the 
Convair (formed in 1943 through a merger between Consolidated Aircraft and Vultee Aircraft) 
PB4Y-2 Privateer, a much-modified B-24 bomber the US Navy used as a long-range patrol 
aircraft.142 The R-1830-75 incorporated a number of changes including a magnesium nose section 
replacing the aluminum section, a change to roller bearings in the crankshaft, different fins on 
the cylinder head, and aluminum fins shrunk onto the cylinder barrels instead of cut in the 
steel forging.143 These changes required changes in machines and production processes.

Wright R-2600 Cyclone 14
During the war, the Lockland factory built two models of the Cyclone 14, the 1,700 hp 
Cyclone 14BA, and the more powerful 1,900 hp Cyclone BB, completing 60,546 Cyclone 14 
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engines by war’s end. Following the outbreak of war in Europe, orders for the Cyclone 14 
expanded rapidly. By the end of July 1940, total military orders for the Cyclone 14 amounted 
to 22,722, roughly 139 times the number of Cyclone 14 engines Wright had built during 
1939. After the attack on Pearl Harbor, orders for the Cyclone 14 more than doubled. By 
the end of December 1941, total orders for the Cyclone 14 amounted to 61,000 with addi-
tional orders in later years.144 Production of the Cyclone 14 at Lockland began in June 1941 
and peaked in July 1944 when the factory completed 2,723 Cyclone 14 engines.145 This was 
also the peak year of Cyclone production at Lockland, with the factory building 25,860 
Cyclone 14 engines, as shown in Figure 5.10. During 1945, the Lockland factory shifted to 
building the Cyclone 18 but continued production of the Cyclone 14 in declining numbers 
until October. In total, the Lockland factory built 73% of the 84,891 Cyclone 14 engines 
built during the war. After the Lockland factory started production, Wright continued to 
build the Cyclone 14 at its Paterson factories, but as output grew at Lockland, production 
at the Paterson factories steadily declined. The Paterson factories built their last Cyclone 
14 engine in November 1944, having completed 24,345 between 1940 and 1944.

How It Was Done: Building the Twin 
Wasp and the Cyclone 14

Building the Twin Wasp in Hartford
In 1940, Pratt & Whitney faced the same challenge that confronted Wright Aeronautical: 
how to shift from prewar batch production methods to quantity production. Pratt & 
Whitney’s problem was compounded by the fact that the company was building seven 
different types of engines, compared to Wright’s five engine types, and three times more 
lower horsepower engines than Wright was building as these engines—the Twin Wasp Jr., Wasp, 

 FIGURE 5.10  Wright R-2600 Cyclone 14 production at Lockland 1941–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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 FIGURE 5.11  The Pratt & Whitney East Hartford factory built with financing from Britain 
and France. The wide central aisle allowed parts to be collected on hand carts or by small 
tractors, but parts were still stacked close to the machine tools.
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and Wasp Jr.—which were in great demand for training aircraft.146 Prior to the war, Pratt 
& Whitney’s production methods emphasized flow and flexibility. The company had 
converted to a form of flow production well before Bristol Aeroplane or Wright Aeronautical. 
In his 1937 description of Pratt & Whitney’s scheme of production in its East Hartford 
factory, J. Carlton Ward, Jr., the company’s assistant general manager, described how raw 
material “flows through the various manufacturing shops to the finished store room in the 
rear.”147 “Theoretically, therefore,” Ward wrote, “incoming raw materials should not rest 
but, when received, should proceed immediately through the manufacturing operations, 
and be delivered to the assembly floor or shipping area.”148

Building aircraft engines in small batches among a large variety of specific engine 
models for the Army Air Corps, the US Navy, the American commercial airlines, and 
foreign customers, not all with interchangeable parts, as well as the need to incorporate 
frequent design changes, required flexible production methods. When asked whether the 
greater use of line production and quantity production methods would not be better for 
reducing costs, Pratt & Whitney’s response was that the company continued to emphasize 
“flexibility of operations to meet sudden design changes rather than on the ability to manu-
facture quantities of a given type or even common parts (Figure 5.11).”149
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In the new factory buildings added during 1940 with French and British financing, 
Pratt & Whitney ensured that the flow of materials and components was similar to the 
arrangement in its original factory, with a large central aisle and separate aisles running 
along the outside walls to serve as conduits for supplies destined for the individual produc-
tion lines set up within the building.150 Manufacturing progressed toward the center aisle 
where trucks carried the finished parts to store rooms or to the final assembly area. The 
company modified its assembly methods to speed production, setting up a form of straight-
line production with lines of benches that built up subassemblies like the crankcase, crank-
shaft, master and connecting rods, etc. Workers attached these subassemblies to a wheeled 
engine stand that moved progressively down a central aisle so that by the time the engine 
reached the end of the assembly area, it was ready for testing in test cells.151 When engine 
assembly shifted to the new Plant F, Pratt & Whitney for the first time added a conveyor 
system to supply parts to the assembly area, ensuring “an even flow of engines down the 
assembly line.”152

With the demand for Pratt & Whitney engines accelerating to levels never previously 
achieved, the company had to adjust its production methods. At first, like the No. 1 
Shadow Group factories and Wright Aeronautical, Pratt & Whitney hired many more 
workers, getting more people to do the same tasks using the same machine tools. 
Employment at the company doubled during 1939, and doubled again during 1940, 
growing from 5,642 employees in January 1940 to 11,228 in December.153 This was about 
the same number of workers employed in the No. 1 Shadow Group factories by June 1941. 
Like all other aircraft engine manufacturers at that time, Pratt & Whitney soon ran into 
a shortage of skilled labor but also a need to manufacture engine parts at a faster rate 
than the human hand could achieve.154 The company now confronted the necessity of 
deskilling, transferring the skills of the experienced machinist into a machine tool but 
at the same time acquiring machine tools that could speed production.155 This necessity 
brought up the problem of the type of machine tools Pratt & Whitney should acquire for 
quantity production.

There were two opposing philosophies of production.156 One production philosophy 
called for the factories to be equipped with standard machine tools that were readily 
available and that could be converted for higher rates of output using special jigs and 
fixtures. The alternative was to adopt the production methods of the automobile industry 
using specially designed, single-purpose machine tools that could turn out tremendous 
volumes of identical parts. The difficulty was that using single-purpose machine tools 
resulted in more rigid production and less flexibility. Despite the prospect of a vast 
increase in the volume of parts required, Pratt &Whitney opted for retaining the flex-
ibility to cope with frequent design changes. Where Wright Aeronautical began working 
with the machine tool companies to develop a third generation of high-production 
machine tools, accepting the longer time it would take to get delivery, Pratt & Whitney 
chose to fill its factories with the second generation of machine tools, machines with 
more automatic features than standard machine tools but were still adaptable 
to modifications.

As Eugene Wilson, president of United Aircraft, explained in his postwar memoir:

Our production was based on the use of standard machine tools; we had few of 
the special single-purpose machines designed for low-cost volume production of auto-
mobiles. Our practice had been deliberately adopted for several reasons. In expanding 
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for war-emergency production, we could expect machine tool builders rapidly to 
expand the delivery of standard machines, where special machines would require 
much longer. Again, whereas automotive production could be standardized for reason-
able periods, in aircraft engines we must be able to incorporate every new design 
change without seriously retarding production. To accomplish this, we had fitted 
special jigs and fixtures to our standard machines; for a design change, we would scrap 
the fixtures but keep the machines running. No such flexibility as this could be had 
with the special machines of the automotive shops…157

Pratt & Whitney also initiated a more disciplined approach to the problem of achieving 
quantity production. In the summer of 1940, the company carried out a detailed time 
study of manufacturing operations, calculating the time required between setting up a 
machine tool and removing the completed part for every machining operation required.158 
From this data, the company calculated the total time required to manufacture each engine 
component and from this the total time required to build a complete engine. By dividing 
this amount of time required by the number of working hours per month, the company 
could calculate the rate of monthly production with the machine tools available and 
determine if more machine tools were needed, which they were.159 One of the most impor-
tant aspects of determining a production schedule was to ensure that the machine tools 
operated as continuously as possible.160 Pratt & Whitney found that to ensure “an even 
flow of work along the production lines” the machine tools needed to operate at 70% 
capacity.161

Among the new automatic machine tools that Pratt & Whitney progressively acquired 
was a special machine designed by the Kingsbury Company that was equipped with seven 
tool heads for simultaneously drilling, countersinking, spot-facing, and tapping holes on the 
engine cylinder head.162 Three of these machines were set up as a battery, with the first two 
machines drilling holes and the third machine tapping. These three machines replaced five 
standard machines and required fewer operators, completing the drilling and tapping opera-
tions in 5.22 minutes compared to 50 minutes on standard machines.163 The Foote Burt 
Company developed a 15-ton, hydraulically activated external broaching machine, where a 
series of cutters were drawn across a surface, in this case, rough forgings for articulated 
connecting rods, to remove excess metal.164 This machine replaced several two-spindle 
vertical milling machines, a horizontal milling machine, and a single-spindle vertical milling 
machine and could produce 300 connecting rods a day, double the number produced with 
the machines previously used.165 A Heald Bore-Matic replaced a radial drill press to machine 
the rear crankcase cover, reducing the time needed to install the workpiece and set up tools, 
misalignment of tools, and producing 35 parts per 8-hour shift compared to four using a 
radial drill press.166

The other method used to increase the production at the American engine factories 
was, as had been done in Britain, to add workers. The total number of workers at the Pratt 
& Whitney factories in the Hartford area rose from 7,454 in January 1940 to a peak of 
39,507 in September 1943, a nearly six-fold increase.167 As the draft called up more and 
more men, Pratt & Whitney recruited a growing number of women first for inspection of 
parts and other routine work but later to work on machine tools of all types.168 By November 
1942, Pratt & Whitney employed 4,000 women and women represented 72% of its new hires 
that month and 85% of trainees at its training schools in the Hartford area.169
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Building the Twin Wasp at Buick and Chevrolet
After William Knudsen spoke with Harlow Curtice about getting Buick to build the Pratt 
& Whitney R-1830 Twin Wasp engine, Curtice flew to New York to get approval from the 
General Motors board.170 Alfred P. Sloan, the president and chairman of General Motors, 
expressed his reservations about Buick taking on this task to Secretary of the Treasury 
Henry Morgenthau, Jr. Despite the difficulties the Allison Engine Company, General Motors’ 
subsidiary, was having boosting the production of its V-1710 liquid-cooled engine, Sloan 
was happy to support continued development and work out the production at Allison, but 
he was reluctant to take on a completely new endeavor. He reportedly told Morgenthau “I’m 
very much disturbed that you people down in Washington have asked Buick to make 5,000 
of these air-cooled engines and have us get started into something we don’t know anything 
about.”171 Sloan told Morgenthau that General Motors didn’t know “a damn thing” about 
building air-cooled, radial aircraft engines and that the company “would have to start all 
over again and learn the business” and would likely have the same troubles General Motors 
had developing the Allison engine.172 Buick, however, did go on to learn the business and 
establish a stellar record of engine production.

As a post-war history of wartime production commented, with some hyperbole, “the 
entry of the automotive industry into the orbit of aircraft engines seemed to portend the 
inevitable collision of two inimical worlds, consequent cosmic disturbances, and sparks of 
nothing less than meteoric size.”173

The aircraft engine makers were horrified at what might befall their product in 
the hands of automobile people who thought of production in terms of a thing a 
minute and who were endlessly searching for shortcuts. The accepted practices of 
Detroit, the aircraft power plant producers insisted, could only mean an eventual 
ascendency of production over engineering; and the moment that occurred, they 
were certain, safety would vanish and engines that never whispered would be a thing 
of the past.

The automobile men, initially chary of practices ‘too precious for words’ and 
inclined to think the aircraft engine makers lacked a proper realism, came on the scene 
with the conviction that the aircraft men had too little familiarity with ‘manufacturing’ 
and that their low production largely resulted from techniques too closely bound to 
handcraft.174

There was some substance behind this description. Eugene Wilson felt that “to automo-
tive men, the aircraft industry still looked like something like the ancient ‘carriage trade,’ 
and they discounted our insistence that our standards of quality and precision were not 
easily come by in the mass production industries.”175 There would be a process of education 
on both sides. Wilson recalled that when the Ford Motor Company engineers visited the 
Pratt & Whitney Hartford factory to familiarize themselves with aircraft engine production 
techniques, at first they “thought the job looked easy, but the more they had seen of our 
precision, the more they had become impressed with the task before them. At first, they 
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had thought we might be overdoing the quality but after a look at the test-shed running 
and studying the high demands for durability and dependability, they had changed their 
minds.”176

Even before signing a formal contract with the Army Air Corps, Buick sent hundreds 
of engineers and production experts to the Pratt & Whitney Hartford factory to learn 
about aircraft engine production.177 Pratt & Whitney set up training programs for the 
managers, engineers, machinists, and production specialists from Buick and its other 
licensees, with some of the trainees working alongside Pratt & Whitney machinists in the 
factory.178 In addition, Pratt & Whitney engineers provided ongoing support and responded 
to production problems as they arose at the licensee factories and, as production got 
underway, provided critical parts when shortages of supply threatened to disrupt 
production.179

In the beginning, Buick “had to start as does everyone else, by accepting the stan-
dardized procedure developed by the engine builders, using the same methods and, in 
general, similar equipment.”180 Because of the volume of parts required to meet produc-
tion targets, the main components were manufactured in separate departments, with 
machine tools arranged for line production to ensure “a continuous flow of work” from 
the arrival of raw materials to the inspection of finished parts.181 Approximately 60% of 
parts used in the Twin Wasp, including crankshafts and connecting rods, came to the 
Melrose factory from subcontractors or other Buick factories.182 Buick did add features 
based on its automotive production experience that speeded production. At the Melrose 
factory and several other factories, Buick installed conveyor systems. An overhead 
monorail at the Melrose factory carried assembled engines to the test cells which, with 
other improvements, cut the time needed to set up an engine for testing from 3 to 6 hours 
to just 45 minutes.183 Industrial factory trucks carried raw materials and parts arriving 
from subcontractors and Buick factories to the production lines and finished parts to 
the final assembly area.184

Where Buick differed from the Pratt & Whitney factories at Hartford was in the 
type of machine tools used in the Buick factories making the Twin Wasp. The company’s 
initial experience of building the Twin Wasp enabled Buick management to identify new 
methods of increasing the pace of production.185 An important step was the decision to 
employ a greater number of the latest high-production machine tools than Pratt & 
Whitney appeared to be using in its Hartford factories. The six-fold increase in Buick’s 
monthly production target from 500 to 3,000 engines a month and the quantity of parts 
needed to meet this target now justified the use of special-purpose machine tools. These 
newer tools increased production, replaced standard machine tools, saved floor space, 
and reduced the need for skilled operators.186 These special-purpose tools had more 
advanced features than the automatic tools in use at the Pratt & Whitney factories. Some 
of them were similar to those employed at the Wright and Studebaker factories, such as 
eight-station Bullard Mult-au-Matic machines incorporating 16 cutting tools with auto-
matic indexing, Natco five- and six-way horizontal drilling machines and multiple spindle 
drill presses also with automatic indexing, Gisholt turret lathes, and Heald Bore-matics.187 
Buick used many of these machines to manufacture cylinder heads for the Twin Wasp 
(Figure 5.12).188
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Seeking ways to increase cylinder head production led Buick to work with the Foote 
Burt Company to develop an automatic transfer machine, similar but smaller than the large 
Greenlee automatic transfer machines that Wright and Studebaker used in their factories. 
Buick production engineers noticed that operations to drill and finish the valve holes on the 
Twin Wasp cylinder head employed 15 different machine tools and required the cylinder 
heads to be moved from fixture to fixture, having to be clamped and unclamped on each 
machine.189 Buick consulted Foote Burt to see if Foote Burt could make a machine that could 
keep the cylinder heads in a single fixture, moving the cylinder head in this single fixture 
automatically between sets of spindles that would also feed and return automatically.190 Foote 
Burt developed a large, rectangular machine with 16 individual motorized heads set at the 
proper angle to perform a series of operations on the cylinder head in sequence and 18 fixtures 
in total.191 The machine required just three operators, one to lift cylinder heads off a conveyor 
belt and place them on the machine, one to remove the finished cylinder heads and place 
them on another conveyor, and one operator to monitor the machine.192 The cylinder heads 
moved around the rectangular machine in a clockwise direction, where the motorized heads 
drilled and finished the valve guide holes, roughed and finished the intake and exhaust valve 
seat chambers, and faced the exhaust valve guide holes.193 At the end of 1943, Buick had two 
of these Foote Burt automatic transfer machines at the Melrose Park factory. These two 
machines released 44 men for other duties over three shifts, saving 176 man-hours, while 
replacing 21 machine tools.194 Foote Burt developed two more advanced machines for Buick. 

 FIGURE 5.12  A line of completed cylinder barrels for the Pratt & Whitney R-1830 ready 
for inspection at the Buick Melrose factory.
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One was a ten-spindle, ten-station automatic transfer machine for machining operations on 
the rocker arm holes on the cylinder head which replaced 15 separate machines previously 
used.195 The third machine was a multiple-spindle, vertical drill for boring holes in the rear 
section of the Twin Wasp crankcase. Two rear crankcase sections could be machined at one 
time while a third was being loaded. The machine required only one operator, replacing 6.7 
operators working with other types of machines.196

Chevrolet faced a different set of problems getting into Twin Wasp production. As the 
Army Air Force doubled Chevrolet’s monthly production target, then doubled it again, planning 
for laying out the factory and purchasing machine tools had to be substantially revised. 
Chevrolet found that even though the machine tools in its 1938 automobile engine and axle 
factory were comparatively new, only around 10% could be converted into making aircraft 
engine parts.197 Chevrolet’s Plant Engineering Department stripped the engine and axle factory 
and the Fisher Body factory bare and prepared new floor plans laying out the machine tools 
required to build the 300 parts needed for the Twin Wasp.198 As more and more parts went 
out to subcontractors and other Chevrolet factories, the arrangement of machine tools had to 
be continually revised. In contrast to the Pratt & Whitney factories, Chevrolet borrowed from 
its automotive methods to make extensive use of equipment for handling materials, installing 
monorail and gravity conveyors alongside the machine tool lines, and using industrial trucks 
to move raw materials and parts to where they were needed.199 By 1944, powered conveyor 
systems in the Chevrolet engine and axel factory had cut machining times by 5%–20%.200 By 
conserving floor space and eliminating the need to load and unload the trucks as they moved 
from machining station to machining station, the conveyors gave the factory twice the produc-
tive capacity of a similar-size factory using only industrial trucks to move materials.201

With production targets similar to Buick, Chevrolet also chose to equip the factories 
with the latest in high-production machine tools. Descriptions of the machine tools in use 
in the Chevrolet factories feature types of machine tools that were also present in the Buick 
Melrose Park factory.202 With experience, Chevrolet’s engineers and skilled machinists 
found ways to improve on Pratt & Whitney’s production methods to increase output. In 
grinding a large cam reduction gear drive for the Twin Wasp, Pratt & Whitney’s process 
required seven steps, the gear having to be removed twice; this method produced 96 gears 
a day.203 Chevrolet developed a new method of attaching the gear so that it did not have to 
be removed, reducing the operation to four steps and increasing production to 288 gears a 
day, a gain of over 200%. Tapping 224 cylinder mounting holes on the Twin Wasp crankcase 
required three single-spindle tapping machines.204 Chevrolet found a way to bolt the three 
sections of the crankcase together and mount the crankcase on a 16-spindle machine using 
a new fixture. This increased production by 500% and saved two operators per shift.205

Chevrolet faced a completely new challenge when it had to convert its foundry for 
making cast-iron automobile castings into magnesium castings for aircraft engine parts. 
Chevrolet had to develop new methods of casting magnesium as the casting process required 
a high degree of care and accuracy, careful control of temperatures when pouring the molten 
metal, and more extensive heat treatment of finished castings.206 Chevrolet engineers found 
that contrary to contemporary wisdom, magnesium castings could be poured on a moving 
conveyor, greatly increasing the rate of production.207 In addition to casting magnesium, 
Chevrolet, like Buick, employed several factories to forge aluminum crankcase sections, 
pistons, and other small parts for the Twin Wasp.208

To assemble the Twin Wasp, Chevrolet borrowed from its automotive assembly line 
methods to create a modified assembly line system as Pratt & Whitney and Wright 
Aeronautical had done.209 The assembly area in the engine assembly factory building was 
divided into sections for different subassemblies making up the Twin Wasp engine, such 
as the cylinder assembly, crankcase sections, crankshaft with master rod and connecting 
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rods, and supercharger sections. The subassemblies were put together on benches that ran 
at right angles to a conveyor system carrying an engine on a special dolly hooked onto a 
moving conveyor chain built into the floor. The subassembly benches were arranged in 
sequence so that the finished subassembly would reach the moving engine dollies at the 
correct point to be added to the engine. Following the “green” engine test, every engine 
was taken apart and all component parts inspected, after which the parts moved to the final 
assembly area which mirrored the initial assembly sequence. Here, every engine was reas-
sembled and prepared for the final acceptance test run prior to shipment.

As at the Buick factories, employment in the Chevrolet factories building the Twin 
Wasp grew rapidly. From 1,653 employees at the start of 1942, the number grew to a peak 
of 36,982 in November 1943.210 Employment levels were comparable to the number of 
employees at Buick but less than at the Pratt & Whitney factories around Hartford. During 
1944, employment at both Buick and Chevrolet declined by about 10,000; yet that year both 
firms produced more engines than the year before, likely as a result of greater production 
experience, higher capacity machine tools, and the innovations that each of the firms 
introduced based on their knowledge of automotive production.

Neither Buick nor Chevrolet made significant changes to the methods of aircraft engine 
production that Pratt & Whitney had established, but they did make changes. The changes 
were cumulative, enabling Buick and Chevrolet to attain rates of production that were two 
to three times greater than at the Pratt & Whitney factories. The high level of subcontracting, 
getting more firms and factories to produce more parts of the engine was critical to the 
quantity production of the Twin Wasp. A second factor was the size and design of the Buick 
and Chevrolet factories. At each division, the total floor space devoted to engine production 
was nearly two times the space available at the shadow factories building the Hercules 
engine. The large rectangular shape of the factories was ideally suited to line production to 
achieve continuous flow through the factories. The third factor was Buick and Chevrolet’s 
use of more high-production machine tools and greater numbers of workers. At their peak 
levels of employment toward the end of 1943, Buick and Chevrolet had four times as many 
workers as the entire aircraft engine industry had at the beginning of 1940.211

Building the Cyclone 14 at the Wright Lockland 
Factory
In contrast to Wright’s prewar practice of building almost all engine components in its own 
factories, the Lockland factory adopted a different approach to production. As America 
began to rearm, the National Defense Advisory Council recognized that “…dependence 
on subcontractors for a substantial amount of work was essential to a maximum utilization 
of facilities and expansion of production.”212 As a result of the Council’s advice and 
Government urging, the Lockland factory relied far more on subcontractors than other 
Wright factories, even for core components of the Cyclone 14. The Lockland factory main-
tained a higher-than-average dependence on subcontractors until the end of the war, 
running at 40% of the value of the Cyclone 14 engine compared to an industry average of 
29%.213 Among the thousands of subcontractors brought into the aircraft industry were 
many firms that supplied parts to the automobile industry. In January 1941, Wright placed 
contracts with the Graham-Paige Motor Company for Cyclone 14 connecting rods, the 
Eaton Manufacturing Company for propeller shafts, the Ohio Crankshaft Company for 
Cyclone 14 crankshafts, and the Hudson Motors Car Company for Cyclone 14 pistons and 
rocker arms.214 Wright also engaged the Otis Elevator Company in New Jersey to make 
finished crankcases for the Cyclone 14 (Figure 5.13).215
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Production of the Cyclone 14 began with casting the aluminum alloy cylinder heads 
in the Lockland factory’s aluminum foundry. While Wright had adopted line production 
methods for its foundry operations, making the sand molds for cylinder heads remained 
a labor-intensive process. Mold makers had to pack sand by hand around a bronze pattern 
of half the cylinder head and insert 750 headless nails in each half of the mold to support 
the walls of the cooling fins, the two halves being bolted together to form the finished 
mold.216 To speed production, a conveyor carried the finished molds through an oven for 
7 hours to harden the mold before receiving the molten aluminum. Once cooled, machines 
removed excess metal. Casting of magnesium sections for the crankcase nose and the 
supercharger housing followed a similar process of preparing sand molds, pouring molten 
metal, and removing the excess when the part had cooled. After rough finishing, cast parts 
went to the machine shop for machining and assembly.

Wright estimated that manufacturing the 8,500 parts in the Cyclone 14 engine required 
over 80,000 machining operations and 50,000 inspections, although there were probably 

 FIGURE 5.13  A process that was difficult to automate. Inserting headless nails by hand 
into one half of the sand mold for a Cyclone 14 cylinder head.
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fewer machining operations at the Lockland factory because of the level of subcontracting.217 
The Wright Lockland factory incorporated all the lessons Wright had learned shifting from 
batch to quantity production at its Paterson factories. The Lockland factory combined line 
production methods with high-production machine tools and a vast floor area in the main 
machine shop and assembly building.218 The unobstructed floor area allowed machine tools 
to be placed in an optimal sequence of operations, ensuring a one-way flow of parts from 
rough stores to final assembly. To speed up the flow of parts, the Lockland factory complex 
contained over 5 miles of conveyors, mechanical tracks, and overhead lines.219

In its first configuration, the main machine shop and assembly building at Lockland was 
divided into twelve sections or manufacturing departments, each of which was a factory by 
itself to manufacture a particular part or component. Manufacture of complete cylinders, for 
example, began in a department devoted to machining cylinder barrels with a separate depart-
ment for machining cylinder heads. The finished parts moved to a department that completed 
assembly, attaching the cylinder head to the cylinder barrel. All parts from the foundries and 
subcontractors entered on the west end of the machine shop and assembly building, moving 
steadily east to the final inspection department and finally to the final assembly area and the 
“green” and final engine test cells. Constructing the large South Shop Building and the smaller 
North Shop Building provided Wright with space to expand each manufacturing department. 
The final assembly of the Cyclone 14 followed the line production assembly methods developed 
at the Wright Paterson factories, with completed subassemblies feeding into the main assembly 
line at the appropriate point. Once assembled, a finished engine went through a 7-hour “green” 
test followed by complete disassembly and inspection of all parts, before being reassembled 
and sent to the final test run for an additional 5½ hours (Figure 5.14).

 FIGURE 5.14  A specially designed Greenlee multistation machine tool at the Lockland 
factory that could automatically perform 45 boring and facing operations on the Cyclone 14 
supercharger housing. This machine replaced eight separate machine tools and cut the 
production time from 4 hours to 24 minutes.
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The most important feature of the Lockland factory was its extensive use of high-
production machine tools, mainly designed specifically for the factory. The Wall Street 
Journal pronounced that at the Lockland factory “breath-taking things are being done to 
arm America” through “the wholesale use of automatic machinery.”220 The Lockland factory 
benefited directly from the experimental work done at the Paterson factories on developing 
high-production machine tools.221 The Lockland factory initially had over 2,000 machine 
tools installed; by the end of the war, the total had reached almost 6,000, a third more than 
the number at the Studebaker factories at Chicago, Ft. Wayne and South Bend, and double 
the number at the Buick Melrose Park factory.222 The Lockland factory employed many 
more of the latest in automatic and semiautomatic machine tools.223 As an example, the 
factory used several different types of multiple-spindle drilling machines, including a 
21-spindle Foote Burt drill to drill 21 holes in the crankcase simultaneously, a Baker 
multiple-spindle drill that automatically drilled 24 holes in the supercharger housing and 
many Bullard Mult-Au-Matic machines, three of these machines replacing 18 standard 
machines used at the Paterson factories.224 A reporter noted that the Lockland factory “has 
few single-spindle machines, whereas in Europe today there are almost no multiple-spindle 
machines in an aviation plant.”225 For the first time, Wright used Heald internal centerless 
grinders to machine finish the inside of the cylinder barrel, cutting the machining time for 
this process in half.226 A specially designed Greenlee multistation machine reduced the 
machining time on supercharger front sections from 224 to 24 minutes.227 Using these 
automatic machine tools not only speeded production but reduced the total number of 
machine tools required to build the Cyclone 14 and enabled Wright to hire thousands of 
semi- and unskilled workers in the Cincinnati area who were put through short, intensive 
training courses on the very machines they would be using in the machine shops.228

The planned rate of Cyclone 14 production at Lockland made the Greenlee automatic 
transfer machine that Wright had developed vital to achieving this goal. The need for 14 
cylinders per engine, as well as spare cylinders, meant more cylinder heads had to be manu-
factured. To reach the scheduled rate of production of 3,000 Cyclone 14 engines a month 
required 42,000 cylinder heads, roughly 1,350 per day. Automatic transfer machines reduced 
the number of machine tools and operators and dramatically speeded up cylinder head 
production. The first Greenlee automatic transfer machine at Lockland consisted of two 
machines linked together to form one machine 80 ft in length. The first machine had 16 
machining stations performing 25 different operations. The cylinder heads, mounted on 
steel plates, passed via a conveyor to the second machine with 53 stations, which performed 
46 operations on the front of the cylinder head. At the end of the machining cycle, a washer 
automatically cleaned the parts. The machine could turn out a finished cylinder head in 2 
minutes, compared to 35 minutes using previous methods.229

Wright soon replaced this early model with a more advanced and even longer set of 
three Greenlee automatic transfer machines that totaled 154 ft in length.230 The first machine 
had 16 stations that performed 25 operations on the front of the cylinder head and 20 
operations on the rear cylinder head as the cylinder head moved down a conveyor, auto-
matically stopping at each station for machining. After passing through a washing operation, 
the cylinder heads traveled to the second machine that had 56 stations performing 46 
operations on the front of the cylinder head and 37 operations on the rear. The longest 
operation required 48 seconds to complete, so the cylinder heads moved to the next station 
in line at this pace, every 48 seconds. While the entire machining operation on a cylinder 
head took just under an hour, this more advanced automatic transfer machine effectively 
completed a cylinder head every 48 seconds. Once the cylinder heads had been attached to 
the cylinder barrels forming a complete unit, they were placed in a third Greenlee automatic 
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transfer machine with 25 stations for the final drilling and boring operations. Collectively, 
these three machines replaced 75 other types of machine tools, required 202 fewer opera-
tors, and saved 1,671 production hours.231 The Greenlee automatic transfer machines 
required only 24 operators for three shifts, and of these 20 would be unskilled, whereas 
using the previous semi-production machines required semiskilled operators and many 
more skilled workers to set up the machines.232

While the Greenlee automatic transfer machines received the most attention in the press, 
during the war Greenlee Brothers, working with Wright, Studebaker, and other aircraft 
engine manufacturers, developed other types of high-production machine tools. Studebaker, 
for example, worked with Greenlee to develop a rotary, six-station, automatic indexing 
machine that would automatically perform more drilling, tapping, and other operations on 
the completed cylinder assembly, moving the workpiece automatically from station to 
station.233 Greenlee produced a series of these horizontal, rotary automatic indexing 
machines.234 Wright and Greenlee developed a more advanced 14-station rotary automatic 
indexing machine that would drill, bore, and face holes in the front section of the Cyclone 
supercharger.235 Two of these 14-station machines replaced seven standard machines, reducing 
the number of operators from 19 to two and production hours from 139 to 17.4 hours.236 Later 
in the war, the Dodge-Chicago factory used an 18-station automatic indexing machine.237

Wright worked with Greenlee to develop automatic machine tools specifically for 
machining crankcases for the Cyclone 14. Each crankcase had 14 flat deck pads to which 
the cylinders were attached. Each deck pad had to be machined to a smooth surface and 
then have 20 holes drilled, reamed, counterbored, and tapped so the cylinder flanges could 
be bolted to the crankcase, totaling 280 holes for all 14 cylinder deck pads. This process 
normally took 25 machine tools and 571 production hours to complete. Using four Greenlee 
four and six station machines cut the production time to 65 hours and reduced the number 
of machine operators from 66 to 9.238

Wright did not restrict the new methods of production and process engineering it had 
developed to the Lockland factory but, in at least one case, passed these methods on to one 
of Lockland’s main subcontractors, the Ohio Crankshaft Company, who manufactured 
crankshafts for the Cyclone 14. The company had many years of experience in building 
crankshafts for large gasoline and diesel engines, so was an ideal subcontractor for the 
Lockland factory. Soon after receiving the crankshaft contract, the Ohio Crankshaft 
Company received $4.5 million in Government financing to build a new 200,000 ft2 factory 
and an additional $3 million to purchase 310 new high-speed machine tools.239 The Cyclone 
14 crankshaft had three sections—center section, rear and counterweight sections, and 
front section—and contained 30 parts.240 Manufacturing the crankshaft required 607 
separate operations as follows:

	 (a)	 Center section:
Rough forging, 65 lb Finished, 26 lb Operations, 135

	 (b)	 Rear and counterweight sections:
Rear-rough, 85 lb Finished, 46 lb Operations, 240

	 (c)	 Counterweights:
Front counterweight-rough, 30 lb Finished, 16 lb
Rear counterweight-rough, 24 lb Finished, 10 lb
Operations for both weights, 50

	 (d)	 Front section:
Rough, 118 lb Finished, 52 lb Operations, 70241
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At the Lockland factory, the new Ohio Crankshaft Company factory building was laid 
out according to the principles of line production.242 The Company divided the factory 
floor space into three areas corresponding to the main sections of the crankshaft—center 
section, rear and counterweight sections, and front section—with the machine tools in each 
section laid out for straight-line production. A system of 96 overhead cranes moved heavy 
forgings and finished sections along the production line. The latest types of automatic 
machine tools performed the required machining, grinding, precision boring, and finishing 
operations, although final finishing was done with handheld tools.243 Each finished crank-
shaft passed through three inspections at various stages of production, one from Ohio 
Crankshaft, one from Wright, and one from AAF inspector before a final inspection by all 
three representatives and shipment to the Lockland factory (Figure 5.15).244

In 1944, Wright developed a new means of increasing the cooling area to improve the 
cooling of higher power Cyclone engines, such as the Cyclone 14BB built at Lockland. This 
involved increasing the depth of the cooling fins on the cylinder barrel through an entirely 
new method of production using new types of machine tools. The previous method involved 
machining the cooling fins on the steel cylinder barrel forging by using an automatic lathe that 
could cut the 46 fins in one operation, removing 17 lb of steel per cylinder barrel in the process.245 
Increasing the depth of fins on the cylinder barrel would have required a much heavier forging 
to get the additional fin depth, resulting in a heavier cylinder barrel and complicated machining. 

 FIGURE 5.15  The new method Wright developed with the Scandia Manufacturing 
Company to increase the cooling area on Cyclone engine cylinder barrels. The cylinder barrel 
on the left had 40 fins machined on the barrel. The cylinder on the right had 60 aluminum 
fins inserted into grooves cut into the side of the cylinder.
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Instead, Wright engineers developed a completely new method invented at the Scandia 
Manufacturing Company which used thin aluminum fins, in the shape of a “W,” inserted in 
grooves cut into the sides of the cylinder barrel.246 Using this method, 60 aluminum fins replaced 
46 steel fins, increasing the cooling area by 55%, reducing the required thickness of the cylinder 
barrel, cutting the machining time to less than one-third of the previous method and saving 
an estimated 12,000 tons of nitralloy steel a year.247 Wright modified automatic lathes that had 
cut the cooling fins on the cylinder barrel to cut 30 grooves for the aluminum fins and developed 
special machine tools to roll thin aluminum sheets into the “W” shape, insert the fins into the 
cut grooves on the cylinder barrel, and caulk the fins to lock them in place.248

One of the most important aspects of line production was production control, defined 
as “…the planning, scheduling, dispatching, and expediting of machines, materials, and 
men within the plant.”249 Maintaining quantity production through progressive flow 
required timely delivery of parts and raw materials to the factory, often ordered months in 
advance to ensure supply, the correct placement of machine tools in the proper sequence 
of operations, and a schedule to maintain the pace of production from start to finish, “…
feeding parts and subassemblies to the various work areas at the rate and time required.”250 
Engineering and design changes, such as the shift to using the “W” aluminum cooling fins, 
disrupted this flow and had to be planned well in advance. But there were other unplanned 
interruptions that the Lockland factory had to deal with, particularly changes in aircraft 
engine production schedules and problems with subcontractors (Figure 5.16).

The Army Air Force’s early 1943 production schedule for the Lockland factory had 
called for the factory to reach the peak capacity of 4,000 Cyclone 14 engines a month by 
May 1944, based on aircraft requirements.251 During that year, the AAF revised the schedule 
downward, the November 1943 schedule calling for the Lockland factory to reach a peak 
of 3,400 engines a month by July 1944 and maintaining this rate of production. Even though 

 FIGURE 5.16  Scheduled vs Actual Production at the Wright Lockland Factory in 1944.

Source: US. Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946); Lilley, Tom, et al: Problems of 

Accelerating Aircraft Production During World War II, (Cambridge, MA, 1947), Table 20.
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this would result in a cumulative engine deficit compared to requirements, the AAF could 
manage the deficit by reducing stocks of spare engines.252 In January 1944, the AAF decided 
to cut the production of the Cyclone 14 at the Lockland factory and convert the factory 
into building the higher-priority Cyclone 18, beginning in November 1944.253 Even with 
the AAF’s decision to cut back peak Cyclone 14 production to 3,000 engines a month 
starting in July 1944, this decision played havoc with scheduling Cyclone 14 production 
for the rest of the year.254 In April, the Navy requested additional Cyclone 14BB engines 
that had not been planned for. This led to the fifth revision in Lockland’s production 
schedule since January, causing one AAF officer to comment that “…Wright Aeronautical 
Corporation are now so confused that they feel it is practically impossible to furnish any 
kind of production commitment for either the R-2600-B [Cyclone 14BA] or the R-3350 
engine [Cyclone 18].”255

In early 1944, the Lockland factory experienced another unplanned disruption in 
production when the Graham-Paige Company produced flawed master rods due to poor 
management control and machining processes, causing a loss of 1,850 engines from produc-
tion in February, March, and April, which would result in a production loss of 4,481 engines 
for the year.256 By halting or reducing aircraft programs that depended on the Cyclone 14, 
the AAF restored some semblance of balance to requirements.257 As part of this rebalancing, 
the AAF agreed to Wright’s proposal to cut back the production for much of 1944 to 2,500 
a month.258 Despite the fact that the Lockland factory built 25,680 Cyclone 14 engines in 
1944, these schedule changes caused “serious operating problems.”259 In 1944, the Lockland 
factory had difficulties meeting its production schedule. Lockland never managed to reach 
its full production capacity of 4,000 engines a month or the revised target of 3,400 engines 
a month. It is unclear exactly what problems prevented the Lockland factory from meeting 
its production target. There may have been problems with the adequate supply of parts from 
subcontractors, but this failure may also have been due in part to problems with Wright’s 
management, which emerged in an embarrassing fashion during 1943.

The real concern with the quality of management at the Lockland factory stemmed 
from an investigation by the Senate Special Committee to Investigate the National Defense 
Program, better known as the Truman Committee from its chairman, Senator Harry S. 
Truman. Responding to complaints of improper inspection procedures, the Truman 
Committee reported that the Lockland factory had delivered defective engine parts through 
lax inspection procedures, faulty record keeping, and management pressure to favor produc-
tion over inspection.260 In response to the Truman Committee’s investigation, the AAF 
conducted its own review of the Lockland factory and severely criticized Wright manage-
ment and its own supervision staff for allowing incompetent management at lower levels, 
inadequate numbers of insufficiently trained inspectors, improper handling of salvaged 
and rejected parts, and “excessive machinery, floor space, and manpower,” which seems an 
odd comment given the factory’s scheduled monthly production target.261 The AAF reduced 
the Lockland factory’s Quality Inspection Control rating from A to B.262

The AAF’s report concluded that the quality control and inspection systems that 
experienced personnel used at the Paterson factories were poorly documented and insuf-
ficiently rigorous for the new and inexperienced inspection personnel at the Lockland 
factory.263 While praising the factory manager for the “magnificent job” he had done 
building up the new organization at Lockland and training the machine operators, the 
report found that the training of inspection personnel was insufficient.264 The AAF report 
admitted that the planned expansion in capacity from 1,000 to 4,000 engines a month by 
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1944 was an enormous undertaking but criticized Wright’s senior management for failing 
to send a senior executive from Wright’s head office in New Jersey to oversee the expansion 
and to provide competent assistants to take on more responsibility for the full range of 
activities at the factory.265 Once the deficiencies came to light, the AAF instituted more 
stringent inspection procedures, assigned more AAF inspectors, imposed weekly reporting 
requirements to improve inspection, and increased the engine run-in time from 7 to 10 
hours to ensure no defective parts slipped through.266

The problem with the production of master rods at the Graham-Paige Company a few 
months later was another indication of problems with the management at the Lockland 
factory. The AAF blamed the problems on the failure of the Materials Control System at 
the factory and Wright’s inadequate supervision of its subcontractor.267 By the summer of 
1944, however, the AAF believed that all the problems at Lockland had been resolved. The 
AAF representative at the Lockland factory was confident that the factory could meet the 
revised target of 3,000 engines a month and deliveries in July 1944 were short of the objec-
tive. The Lockland factory never reached a rate of building 3,000 Cyclone 14 engines a 
month before converting into the production of the Cyclone 18 in late 1944.268

The management and production problems Wright encountered at the Lockland factory 
raise the question of whether Wright simply ran into diseconomies of scale at Lockland. 
The concept of economies of scale—how increases in the scale of production can reduce 
average product costs—is well-known; the concept of diseconomies of scale is perhaps less 
so.269 Diseconomies of scale refer to conditions where costs can actually increase as output 
increases.270 There can be many sources of diseconomies of scale, such as limits on the 
supply of a factor of production or declining efficiency in the use of a production factor as 
its use increases, but management and organizational structure can also be a key contributor 
to diseconomies of scale.

Management effectiveness may decline as the scale of the organization increases.271 As 
C.F. Pratten argues, “…as scale increases, the costs of coordinating and organizing produc-
tion may rise more than proportionally. The effectiveness of management may decline as 
the chain of management is extended because of delays in making decisions brought about 
by the length of the management chain and/or the tendency of those making decisions to 
get out of touch with events affecting the decisions.”272 In particular, the quality of informa-
tion may decline as the levels of management expand with the increase in scale, as the 
“accuracy and amount” of information passing upward declines.273 Oliver Williamson 
speaks to the issue of “communication distortion,” where lower-level managers tell their 
superiors what they think their superiors want to hear, thereby distorting the reality of the 
situation.274 There may also be, as seems apparent at the Lockland factory, a direct relation-
ship between the scale and the quality of management at middle and lower levels.275 As 
firms expand rapidly, as so many did during World War II, they may or may not be successful 
in recruiting capable managers.

Figure 5.17 shows how employment at the Lockland factory expanded after the AAF’s 
decision to increase the production capacity from 1,000 to 4,000 engines a month. The initial 
plan for the Lockland factory was to build up to a total of 12,000 employees, but within two 
years from the start of production, the total had nearly tripled.276 The situation at Wright’s 
Paterson factories was similar. Between January 1941 and December 1943, the total number 
of employees at Paterson and the Wood-Ridge factory nearly tripled.277 Managing this rate 
of expansion would be challenging at any time, but during wartime with intense pressure 
to meet the production schedules, it must have been doubly difficult. It is remarkable that 
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in 1939 Wright had a little more than 3,000 employees and four years later had over 70,000. 
Where and how Wright acquired its middle management and supervisory staff for its seven 
factories is a question that remains unanswered but warrants further research.

Training was an issue from the very start of planning for the Lockland factory. In the 
early stages, when Wright expected to have 12,000 employees working at the factory, the 
company estimated that more than 60% of employees would have limited, if any, experience 
operating machine tools.278

The problems with management, production, and inspection at the Lockland factory 
did improve, but the AAF remained concerned with the lack of qualified senior-level 
managers for production, production control, and material controls.279 The AAF was fortu-
nate that it could meet the shortfall in Cyclone 14 production during 1944 by cutting the 
production of aircraft that used the Cyclone 14. The Wright Lockland factory’s record 
demonstrates that managing a giant factory was not a simple extrapolation of methods and 
processes achieved at smaller factories.

Neither Buick nor Chevrolet experienced similar problems with managing production 
and subcontractors. Production at Buick and Chevrolet was more stable, as indicated in 
Figure 5.18 which shows the production at the Wright Lockland factory, Buick, and Chevrolet 
from January until September 1944, when all three factories began converting part of their 
production into different engine models. This was the year of peak production at all three 
factories when one might assume that cumulative experience would have translated into 
maximum efficiency. As the Harvard Business School study of aircraft and aircraft engine 
production in World War II noted, “probably the greatest contributions of the licensee 
companies to the engine production program were their existing management organiza-
tions that knew how to carry out production engineering in all its phases.”280

 FIGURE 5.17  Increase in Total Number of Employees at Wright Lockland Factory  
1941–1943.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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Conclusion
The record of the Buick and Chevrolet divisions and the Wright Lockland family demon-
strate again that aircraft engine production in America was on a completely different scale 
from production in Britain. The Buick, Chevrolet, and Wright Lockland factories each 
individually built more aircraft engines than the entire No. 1 and No. 2 Shadow Groups 
building the Bristol Hercules. The total floor space devoted to building the R-1830 Twin 
Wasp and the R-2600 Cyclone 14 amounted to more than 10 million ft2, more than double 
the factory floor space for building the Hercules. At peak production, all three American 
factories built more engines per month than the combined shadow factories. Greater demand 
for the R-1830 and the R-2600 engines was clearly a factor; the American military needed 
tens of thousands of these engines for heavy, medium, and light bombers, including the 
US Navy’s dive and torpedo bombers for its vast carrier fleet. The factories building these 
engines were generally larger than their British equivalents, in the case of the Wright 
Lockland factory, bigger than all the shadow factories combined. With no threat of air 
attack, the American factories could be built as large, single-story structures better suited 
for line production with no internal obstructions interrupting the flow of work.

As with Studebaker’s experience building the R-1820 Cyclone 9, the record of Buick 
and Chevrolet in building the Pratt & Whitney R-1830 Twin Wasp illustrates the three key 
components of successful license production the Harvard Business School study enumer-
ated. First, the Pratt & Whitney licensees were assigned an engine that was fully developed 
and in production; second, they received full cooperation from Pratt & Whitney with 
training and the transfer of information; and third, the management of the Buick and 
Chevrolet divisions brought years of experience with mass production to the task of building 
aircraft engines.281 The Harvard Business School Study noted that the management of these 
factories were, however, doing a job “which neither they nor others had ever done before.”282

 FIGURE 5.18  Monthly Engine Production at Wright Lockland, Buick, and Chevrolet 
January-September 1944.

US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
Source: US Military Acceptances 1940-1945: Aircraft, Engines and Propeller Production, (Washington, DC, 1946).
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In contrast, the experience of the Wright Lockland factory demonstrates the difficulties 
and challenges of managing a branch factory under wartime pressures. The Harvard 
Business School study observed that the aircraft and aircraft engine manufacturers who 
established branch factories had a choice between choosing managers with experience in 
their own company or men with experience in managing large-scale factories.283 Invariably, 
as Wright did, the companies selected men from within their own organizations who by 
the nature of prewar levels of production had limited experience in managing a large orga-
nization. Growing from 8,650 employees to 35,702 employees at the Wright Lockland factory 
in the space of two years would have challenged the most experienced management. Setting 
up these branch factories “created a series of extremely complex administrative relation-
ships entirely new to most companies in the industry.”284 The difficulties that the Wright 
Lockland factory encountered took place at a time when Wright Aeronautical’s senior 
management was struggling with the difficulty of getting its even bigger engine, the Wright 
R-3350 Cyclone 18, into production.
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Building 18-Cylinder Engines: The 
Pratt & Whitney R-2800 Double 
Wasp, Wright R-3350 Duplex 
Cyclone 18, and Bristol Centaurus

Introduction

During World War II, all the combatants maintained an intensive effort to develop 
airplanes with higher performance, pushing for more speed, higher altitudes, 
longer range, greater armament, and, for bombers, heavier bomb loads.1 Airplane 

engines were critical to achieving better performance as “the power plant and its accom-
panying propeller were the keys to aircraft performance, for speed, range, altitude, and 
rate of climb depended in large measure on the power and efficiency of the propul-
sion unit.”2 In the race to develop and build aircraft engines with greater horsepower, 
America pulled well ahead of all other combatants, including Britain. During the war, 
America put two 18-cylinder air-cooled radial aircraft engines generating over 2,000 
hp into quantity production. Pratt & Whitney developed the R-2800 Double Wasp 
engine, and together with its automotive licensees, Ford Motor Company and Nash-
Kelvinator built 114,067 R-2800 engines, while Wright developed the more powerful 
R-3350 Duplex Cyclone 18 and, with the Dodge Division of the Chrysler Corporation, 
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built 32,240 engines before the end of the war.3 In comparison, Bristol developed the 
2,500 hp Centaurus air-cooled, radial sleeve-valve engine, but built just 2,967 by the 
end of 1945.4 The Napier Company developed the liquid-cooled, in-line Napier Sabre 
engine that had also reached 2,500 hp by the end of the war and built 4,991 engines by 
the war’s end.5 The Soviet Union developed two 2,000 hp engines during the war, the 
14-cylinder Ash-83 and the 18-cylinder M-71, but the production of these engines was 
limited.6 Neither Germany nor Japan had much success building engines to match the 
American R-2800 and R-3350.7

The production of the Pratt & Whitney R-2800 and the Wright R-3350 was radi-
cally different from the production of the Bristol Hercules. Pratt & Whitney, Wright 
Aeronautical, and their licensee companies built these engines on a massive scale in 
what were some of the largest single-story industrial buildings in the world, using the 
most advanced, automatic, high-production machine tools. The Pratt & Whitney factory 
in Kansas City, Missouri, built to manufacture the R-2800 and Chrysler’s Dodge 
Division factory in Chicago that built the R-3350 were huge, dwarfing the aircraft 
engine factories in Britain. In total f loor area, the Dodge-Chicago factory was larger 
than all the factories building Bristol engines combined and was, at the time, the largest 
single-story industrial building in the entire world. The Pratt & Whitney Kansas City 
and Dodge-Chicago factories ref lected a trend toward what Joshua Freeman has called 
“industrial giantism,” a move to build truly giant factories to take maximum advantage 
of methods of mass production developed at Ford Motor Company.8 The Pratt & 
Whitney Kansas City and Dodge-Chicago factories have received surprisingly little 
mention, even in works devoted to their designer, the famous industrial architect Albert 
Kahn. Although the Dodge-Chicago factory was the largest Army Air Force-sponsored 
project of the war, larger in total area and in total cost than the more famous Ford 
Willow Run factory, it is Willow Run that is cited as the biggest factory built during 
the war. The story of the construction of the Pratt & Whitney and Chicago factories, 
which used new construction methods developed rapidly during the war, has rarely 
been described.

The key to achieving quantity production at these factories was not size per se, but 
the adoption of line production to improve flow through the factories. New production 
methods, developed through production engineering and process engineering at Pratt & 
Whitney and Wright Aeronautical during 1940–1941, with the added production experi-
ence of their automotive licensees, characterized these giant factories. The Pratt & Whitney 
Kansas City and Dodge-Chicago factories, together with a third large government-
financed factory built for Wright Aeronautical at Wood-Ridge, New Jersey, were laid out 
for line production to achieve continuous flow from beginning to end. The factories relied 
on new types of advanced high-production machine tools Wright Aeronautical and the 
automotive companies developed with the American machine tool manufacturers, notably 
the Greenlee and Foote Burt automatic transfer machines. These advanced machine tools 
replaced large numbers of standard machine tools, cut the number of operators, and 
speeded production (Figure 6.1).
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The Engines
In the mid-1930s, Pratt & Whitney had developed the double-row 14-cylinder R-2180 Twin 
Hornet engine that promised 1,400 hp, only to find that Wright Aeronautical was in the 
advanced stages of introducing the larger and more powerful 1,600 hp R-2600 Cyclone 14 
engine, with the even larger R-3350 Duplex Cyclone in development that promised an initial 
output of 1,800 hp. Pratt & Whitney turned its initial effort with the R-2180 into a larger, 
experimental 18-cylinder engine that became the R-2800. Design work on this experimental 
engine began in March 1937, and by November, a complete engine, designated the R-2800A, 
had completed 100 hours of running time.9 In 1939, the R-2800 completed its military type 
tests and its first flight tests, entering production in 1940.10 In the R-2800, Pratt & Whitney 
“provided an outstanding air-cooled engine with a potential great enough eventually to 
make it at least the equal in performance of any liquid-cooled engine.”11

The R-2800 Double Wasp had two rows of nine cylinders each, with the cylinder design 
based on Pratt & Whitney’s extensive experience with its earlier poppet-valve engines. The 
engine was longer than the R-1830 Twin Wasp, but only just over 4½ in. wider in diameter. 
The Double Wasp cylinder was made of cast aluminum with the same bore as the Pratt & 
Whitney R-1340 Wasp engine but with a longer stroke. To promote cooling, the cylinder 
heads had closely spaced cooling fins that stretched casting methods to their limits, with 
aluminum baffles to direct airflow onto the cylinders.12 Instead of cutting fins in the cylinder 
barrel, Pratt & Whitney fitted a cast-finned aluminum muff onto the cylinder barrel.13 
Unlike Wright Aeronautical that switched to a forged steel crankcase in the R-2600, for the 
R-2800 Pratt & Whitney continued to use a three-section, forged aluminum crankcase 
developed for the R-1830 Twin Wasp. The company had to put in months of design work 
and testing to develop a crankshaft that could withstand the intense torsional vibration 
from two rows of 18 cylinders.14 The early R-2800 engine series utilized a single-speed, 

 FIGURE 6.1  American and British 18-Cylinder Air-cooled, Radial Engine Production,  
1939–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Ministry of Aircraft 

Production: Statistical Review, 1939–1945.
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two-stage supercharger. As an 18-cylinder engine, the R-2800 had over 13,000 parts 
presenting a challenge for manufacturing the engine in quantity (Figure 6.2).

During the war, Pratt & Whitney developed over 50 models of the R-2800 engine. The 
first production versions in the R-2800 A series developed 1,800 hp for take-off, but Pratt 
& Whitney soon boosted this to 2,000 hp in the B Series with the R-2800-8 for the US Navy 
and the R-2800-21 for the Army Air Force. By the end of the war, the C series engines could 
produce 2,100 hp and up to 2,800 hp with water injection. The Double Wasp was in great 
demand as an engine for fighters, powering the Republic P-47 Thunderbolt for the Army 
Air Force with 15,683 built during the war and the Grumman F6F Hellcat (12,275 built) 
and Chance Vought F4U Corsair (11,426 built) for the US Navy and Marine Corps.15 The 
Double Wasp also powered several multi-engine aircraft, including the Martin B-26 
Marauder medium bomber and its intended replacement, the Douglas A-26 Invader, and 
the Lockheed PV-1 and PV-2 Ventura patrol bomber and the Martin PBM-5 flying boat.16

The history of the Wright R-3350 Cyclone 18 shows that “engine development is evolu-
tionary—and costly and complex.”17 The Cyclone 18 came out of Wright’s experiments to 
join two Cyclone 9 engines together in the search for greater engine power and the experi-
ence the company had gained developing the double-row R-2600 Cyclone 14. Wright 

 FIGURE 6.2  The Pratt & Whitney 18-cylinder R-2800 Double Wasp engine powered three 
fighter aircraft vital to the American war effort. The US Navy’s Grumman F6F Hellcat, the 
Navy’s premier carrier fighter of the war, and the Vought F4U Corsair, used by Navy and 
Marine Corps squadrons from carriers and land bases, both used the R-2800. Republic chose 
the R-2800 for its P-47 Thunderbolt.
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abandoned this early twin Cyclone 9 project and instead in 1936 turned to developing a 
completely new 18-cylinder, two-row engine design with 3,350 in.3 capacity.18 This engine 
had a three-section steel crankcase, incorporating two crankcase sections from the Cyclone 
9, nine cylinders per row, the same cylinder design and master and articulated connecting 
rods, with the same bore and stroke as the Cyclone 14, and a two-throw crankshaft based 
on work on the Cyclone 14.19 The first engine ran in April 1937, producing 1,800 hp, and 
soon passed a 50-hour endurance test.20 Rebuilt to incorporate a two-stage supercharger, 
the experimental Cyclone 18 (designated the R-3350 by the Army Air Corps) failed its first 
150-hour test due to problems with the propeller reduction gear.21 This was just one of three 
significant problems that would plague the Cyclone 18 until late in the war. Development 
of the Cyclone 18 continued with the Army Air Corps purchasing small numbers of experi-
mental engines. By 1939, the Cyclone 18 was producing 2,000 hp, but the engine had 
developed problems with exhaust valve failures and, more seriously, difficulties cooling the 
cylinders, a problem that continued even after the engine was introduced into combat 
operations late in the war.22 When in April 1941 the Army Air Corps placed an order for 
the Boeing B-29 long-range bomber powered by four R-3350 Cyclone 18 engines, now rated 
at 2,200 hp, the Cyclone 18 was still very much an experimental engine having flown only 
a limited number of hours and was far from ready for production. After Pearl Harbor, the 
Army Air Force gave the B-29 program its highest priority and tripled its order for Cyclone 
18s (Figure 6.3).23

 FIGURE 6.3  The Wright R-3350 Cyclone 18 engine was vital to the success of the Boeing 
B-29 long-range bomber. The B-29 had double the maximum take-off weight of the Boeing 
B-17.
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The Cyclone 18 had the same diameter as the Cyclone 9, but with two rows of cylinders 
and accessories, it was nearly 30 in. longer.24 The front section of the crankcase and the rear 
supercharger housing were magnesium alloy castings, while the crankcase main section 
comprised three steel forgings, front, center, and rear. The crankcase main section had 18 
mounting pads for the two rows of nine cylinders. The Cyclone 18’s two-throw crankshaft, 
to accommodate two master connecting rods, one for each bank of cylinders, was made up 
of three sections each forged from a chrome nickel steel alloy and machined for accuracy 
and finish. As in the Cyclone 14, the crankshaft had two Wright Dynamic Dampers to deal 
with torsional vibration. The Cyclone 18’s cylinders were based on the Cyclone nine-cylinder 
design, with an aluminum cylinder head and steel cylinder barrel. The two rows of cylinders 
were staggered to improve the flow of cooling air. Each cylinder had one intake and one 
exhaust valve. The cylinder head had deep and closely spaced fins for cooling, while the 
cylinder barrel had the newer “W” aluminum fins inserted in place of the steel fins cut into 
the cylinder barrel. The initial models of the Cyclone 18 had a carburetor, while later models 
switched to fuel injection. Like the R-2800, the Cyclone 18 had over 13,000 parts.

Problems with the Cyclone 18 continued, leading the Army Air Force to form the 
R-3350 Engine Committee composed of representatives of the Army Air Force, Wright 
Aeronautical, and Pratt & Whitney to coordinate efforts to address these problems. Finding 
solutions delayed the production of the Cyclone 18. During 1942, Wright completed only 
66 Cyclone 18s and 917 in 1943 at a time when the Army Air Force was trying desperately 
to ramp up B-29 production; production at the Dodge-Chicago factory did not begin until 
early 1944.25 Redesigned propeller reduction gears and gear housing helped solve the 
propeller reduction gear problems, but toward the end of 1943 the Cyclone 18 was still 
having problems with engine cooling, exhaust valve failures, piston rings, and ignition 
systems.26 When the B-29 entered combat in May 1944, operating initially from bases in 
India, the hot temperatures and high humidity made these problems even worse, continuing 
when the B-29s moved to bases in the Marianas later in the year. In November 1944, 19% 
of all sorties (one flight by one aircraft) against Japan were ineffective due to mechanical 
difficulties.27 Intensive corrective efforts, a more disciplined approach to operating within 
limits on engine performance, and a change in tactics to low-level night bombing did much 
to improve the reliability of the Cyclone 18 in the B-29.

The Bristol Centaurus also emerged during the late 1930s. In 1937, Bristol Aeroplane’s 
Roy Fedden also concluded that an aircraft engine of 2,000 hp or greater would be needed 
in the years ahead for military airplanes.28 That year, the Air Ministry had asked the British 
aircraft engine manufacturers to develop engines of 2,000 hp to power the next generation 
of heavy bombers for the Royal Air Force.29 Fedden began designing an 18-cylinder, 
two-row, air-cooled, radial engine using the sleeve-valve system developed for the Perseus, 
Hercules, and Taurus engines. The Centaurus’ 18 cylinders had the same bore as the Perseus 
and Hercules, but a longer stroke giving a volume of 3,270 in.3, close to the Wright Cyclone 
18’s volume of 3,347 in.3, and were expected to start at 2,000 hp.30 The Centaurus had a 
three-section forged crankcase, aluminum alloy cylinder barrels with cast aluminum 
cylinder heads and used a single-stage, two-speed supercharger.31 The initial tests of the 
Centaurus began in July 1938, and the engine passed its type test in October 1939 delivering 
2,000 hp.32 Despite this promising beginning, wartime pressures slowed the development 
of the Centaurus. In 1940, Lord Beaverbrook, heading the new Ministry of Aircraft 
Production, stopped much development work to concentrate on producing more fighters 
and a limited number of bomber aircraft.33 The immediate task of the overworked Bristol 
Engine department was to concentrate on increasing the production of the Mercury and 
Pegasus, improving the Hercules, and working out manufacturing techniques to get the 
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Hercules into production at the shadow factories.34 Even with the accumulated experience 
gained from the earlier sleeve-valve engines, Bristol ran into difficulties with the Centaurus. 
Cooling and engine vibration problems emerged with further testing, but with no immediate 
need for the Centaurus efforts to address these issues they received a low priority and 
delayed the engine’s entry into service.35

Organizing Production
Under President Roosevelt’s 50,000 aircraft program, the more immediate need was for the 
Pratt & Whitney R-2800 engine rather than the Wright R-3350. The NDAC’s Aeronautical 
Section’s July 1940 report on aircraft engine manufacturing facilities estimated a need for 
8,994 R-2800 engines by July 1941, compared with 1,684 R-3350 engines.36 Pratt & Whitney 
had indicated to the government that it could not manufacture the R-2800 engine in the 
quantities required and at the same time build all the lower-power engines needed for the 
thousands of training aircraft for the Army Air Corps and the Navy.37 That August, William 
Knudsen approached the Ford Motor Company about building the R-2800 engine under 
license from Pratt & Whitney.38 Henry Ford had refused to build the Rolls-Royce Merlin 
under license as he did not want to build engines for a belligerent, but Charles Sorensen and 
his son, Edsel Ford, persuaded Ford to change his mind and accept Knudsen’s request.39 On 
August 16, it was announced that Ford had agreed to build 4,000 Pratt & Whitney R-2800 
engines.40 The following month, Knudsen and General Arnold discussed the possibility of 
substituting the Pratt & Whitney R-2800 for the Wright R-2600, which was in greater 
demand.41 Arnold proposed switching the R-2600 engines on the Curtiss C-46 Commando 
transport for the larger R-2800 engines, which was done, increasing the number of R-2800 
engines Ford was to build.42 Ford was awarded a contract for $130 million in November 
1940 and a second contract for $182 million in October 1941 for additional R-2800 engines.43

Following America’s entry into the war, the demand for the R-2800 accelerated rapidly, 
more than doubling from 21,723 engines on order in November 1941 to 57,388 engines as of 
February 1942.44 The Ford Motor Company received a contract for $255 million in February 
for more R-2800 engines.45 The Nash-Kelvinator Corporation had begun building engine 
parts for Pratt & Whitney in late 1941, but was quickly brought into license production of 
complete engines.46 In March 1942, the Navy Department as the coordinating contractor 
for Pratt & Whitney engines awarded a contract for $47.9 million to Nash-Kelvinator to build 
the R-2800 engine under license, quickly followed by a second contract for $58 million in 
July, and a third contract for $142.8 million in December.47 Ford’s production target was to 
achieve a rate of 1,800 engines a month by February 1943, while Nash-Kelvinator was to 
reach 700 engines a month by July 1943.48 With additional production at the Pratt &Whitney 
Hartford factories, the combined production of the parent company and its two licensees 
would nearly triple the production of the R-2800 within the space of a year.

A new engine model brought about a change in the structure of R-2800 production. In 
1940, Pratt & Whitney started working on a total redesign of the R-2800, which became the 
C series producing 2,100 hp and even more power with water injection. To cope with higher 
temperatures and stresses from a greater power, Pratt & Whitney switched from cast to 
forged cylinder with machined cooling fins to increase the cooling fin area, strengthened 
the aluminum crankcase, redesigned the crankcase, and strengthened the master rod and 
connecting rods.49 For better performance at higher altitudes, Pratt & Whitney developed 
an innovative two-stage, two-speed supercharger.50 The changes were so great that the C 
series engines had few interchangeable parts with the earlier A and B series engines.51
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The Army Air Force and the Navy wanted the R-2800 C series engines to power more 
capable versions of the P-47 Thunderbolt and F4U Corsair and the Navy’s next series of fighters, 
the Grumman F7F and F8F, and foresaw a need for more engines than Pratt & Whitney could 
supply from its Hartford factory, or that Ford and Nash could produce.52 In April 1942, the Navy 
decided that a new factory would have to be built to expand R-2800 production and that Pratt 
& Whitney, though reluctant, would have to manage it. While the Navy intended the factory 
to build the B series engines, Pratt & Whitney proposed to the Navy that the new factory, to 
be built in Kansas City, Missouri, be dedicated instead to building the new C series, even though 
at the time the C series was not ready for production.53 The Navy decided to take the gamble, 
and in July contractors broke ground for what would become a giant aircraft engine factory.54

The Pratt & Whitney Kansas City factory began building the R-2800 C series engines 
in 1943. At the end of 1944, the Navy instructed the factory to increase its monthly output 
by 324 engines by November 1945.55 To add more production capacity, in early 1944 the 
Navy contracted with the Chevrolet Division to begin building the C series engine at its 
factories in Buffalo. Chevrolet completed its first C series engine in August 1944 and 
commenced production alongside the Pratt & Whitney R-1830 production line.56 In March 
1945, a contract with the Ford Motor Company to build the C series engines was transferred 
to Chevrolet to avoid disrupting Ford’s production of the B series at its engine factory.57

In the fall of 1941, the newly redesignated Army Air Force decided to expand heavy 
bomber production and increase orders for the Boeing B-29 powered by the Wright R-3350 
Cyclone 18 engine. This created a demand for more R-3350 engines than Wright could build 
on its own at its factories in Paterson, New Jersey.58 With the other major automobile compa-
nies already committed to aircraft engine production, the Chrysler Corporation was the 
most likely candidate to take on the Cyclone 18.59 Chrysler became Wright’s second licensee 
and the last of the major automobile companies the government brought into aircraft engine 
production. Chrysler was one of the “Big Three” American automobile companies and in 
1940 second only to General Motors, with sales of 1,044,290 vehicles during that year.60 At 
the beginning of the war, Chrysler had over 80,000 employees and 19 factories in the US and 
Canada using more than 20,000 machine tools.61 On January 30, 1942, the AAF issued a 
letter of intent to Chrysler covering the production of 10,000 Wright Cyclone 18 engines at 
a rate of 1,000 engines a month and granted approval for Chrysler to begin construction of 
a large factory.62 In April, the Army Air Force changed its contract with Chrysler to increase 
production to 1,500 R-3350 engines per month, which required an even bigger factory.63

Chrysler chose Chicago as the site of the new factory and assigned the production of 
the R-3350 to its Dodge Division.64 Dodge set up a new independent organization designated 
the Dodge-Chicago Plant Division to manage the new factory.65 This became the biggest 
Army Air Force-sponsored project of World War II, with a total floor area of 6,793,686 ft2, 
substantially bigger than the more famous Ford factory at Willow Run, Michigan, at a cost 
of more than $173 million.66 Because of various delays, production of the R-3350 did not 
begin until January 1944. Wartime production of the R-3350 would be concentrated at the 
Dodge-Chicago factory.

At the same time, Wright Aeronautical received approval to build a large new factory 
in New Jersey devoted to building the R-3350 engine to supplement production at the Dodge-
Chicago factory. Wright chose a site at Wood-Ridge, New Jersey, just under 7 miles southeast 
of its main factories in Paterson. Financed through the Defense Plant Corporation, the 
factory, which became Wright’s Plant No. 7, had 1.5 mm ft2 of total floor space. Construction 
on the new factory began in July 1942 with engine production beginning in early 1943.67 In 
early 1944, the War Department instructed Wright Aeronautical to begin converting its 
Lockland, Ohio, factory to production of the R-3350, giving the Army Air Force a third 
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source for the engine. The Lockland factory began tooling up for R-3350 production in the 
early summer and completed its first engine in October 1944 (Figure 6.4).68

The production of the Bristol Centaurus never approached the numbers of Pratt & 
Whitney R-2800 and Wright Aeronautical R-3350 engines built during the war. Unlike the 
R-2800 and the R-3350, the Centaurus never had an aircraft “champion,” an aircraft using 
the Centaurus that was in great demand for the Royal Air Force.69 American Army Air Force 
and Navy fighter planes and the Boeing B-29 program created a demand for thousands of 
R-2800 and R-3350 engines. The need for the Centaurus was minuscule in comparison. The 
RAF lacked a suitable airframe requiring large numbers of Centaurus engines. Delays in 
solving the Centaurus’ technical problems contributed to the lack of demand for the engine, 
which was seen mostly as insurance against the failure of the Napier Sabre.70 The first airplane 
to use the Centaurus, the Vickers Warwick twin-engine heavy bomber, made its first flight 
in 1940, but was soon superseded by more capable four-engine bombers.71 The Warwick was 
ordered in small numbers primarily as a transport and airborne search and rescue aircraft. 
In 1941, however, Bristol responded to a request from the Air Ministry for a light bomber 
to replace the Bristol Blenheim with a twin-engine design using the Centaurus known as 
the Buckingham, which entered production in 1942.72 The Buckingham would suffer a similar 
fate as the Warwick, as the De Havilland Mosquito proved far superior as a bomber. Only 

 FIGURE 6.4  Lacking an aircraft in demand for the Royal Air Force, the Bristol Centaurus, 
the most powerful British air-cooled radial engine built during World War II, saw little 
operational service during the war. The Centaurus powered the Bristol Buckingham medium 
bomber, shown here, designed as a replacement for Bristol’s own Blenheim light bomber. 
Other aircraft types, however, proved superior to the Buckingham.
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119 Buckinghams and 110 similar Buckmaster trainers were completed.73 The Centaurus 
did find more gainful employment in the Hawker Tempest fighter, equipping the Tempest 
II, but severe vibration problems delayed production until 1944 when the RAF placed 
contracts with Hawker for 800 fighters and with Bristol Aeroplane for an additional 300.74

The production of the Centaurus remained with Bristol Aeroplane throughout the war. 
The parent factory at Filton built the Centaurus and Bristol added a unique shadow factory, 
known as the Hawthorn factory, built underground at Corsham, a town near Bath.75 With 
uncertainty about the application of the Centaurus continuing into 1942, the Air Supply 
Council had a difficult time determining how many Centaurus engines would be needed. 
In January 1943, it was estimated that the Bristol parent factory and the Hawthorn factory 
could produce 370 Centaurus engines a month, which just matched the level of demand for 
the Warwick, Buckingham, and the Tempest II, with no margin.76 From time to time, there 
was some consideration of converting the Bristol Accrington factory to Centaurus produc-
tion, but this was never required.77

The Factories

The Wright Aeronautical Wood-Ridge Factory
Wright’s Wood-Ridge, New Jersey, factory was the first aircraft engine factory to employ a 
new method of construction, dubbed the “warspeed” method due to the speed of construction 
and its wartime necessity.78 In the spring of 1942, as planning for the Wood-Ridge factory was 
getting underway, the War Production Board announced sharp cutbacks in the availability 
of steel to conserve steel for warships and other armaments.79 As a result, structural steel for 
building construction rapidly became scarce.80 Wright Aeronautical had hired Albert Kahn’s 
firm to design a large, single-story factory building that would have a span of 38 ft between 
supporting columns to give adequate room for two rows of machine tools with space for an 
aisle or conveyor system to move materials and parts.81 Kahn now had to design a building 
without using structural steel for columns, beams, and trusses to support the roof. The New 
Jersey construction firm Mahony-Troast Construction Company, which had previously worked 
with Wright Aeronautical and Albert Kahn’s firm and understood Wright’s requirements, 
came up with an idea for a new structure and a new method of construction.82

Mahony-Troast proposed making the entire factory building out of concrete, with steel-
reinforced concrete columns and concrete beams supporting a flat slab concrete roof.83 Kahn 
and his firm redesigned the building to conform to the new construction method. The 
construction company built the building using wooden forms that traveled on wheels, one 
form for each of the 69 20 ft, wide bays that made up the rectangular main manufacturing 
building.84 Towers brought the concrete to the top of the traveling forms where hoppers carried 
the concrete to other forms making the 21 ft high columns, the 38 ft wide beams, and the flat 
slab roof. When one section was complete, the traveling form moved to the next position. 
Once the roof, beams, and columns were in place, the construction company poured a concrete 
floor 10 in. thick and covered it with 2-in. wood blocks.85 The factory was of the blackout type, 
with brick walls but no windows, all lighting coming from fluorescent lights. The dimensions 
of the main manufacturing building were 1,107 ft by 1,387 ft giving a floor area of 1,424,500 
ft2, with a basement of 150,000 ft2 and an office mezzanine area of 58,600 ft2.86 Two test cell 
buildings with 36 test cells were attached directly to the manufacturing building with 103,000 
ft2 of space. The Defense Plant Corporation provided $21.2 million in financing for the factory, 
which was designated Plancor 994, and was completed in less than 50 days.87
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The Wood-Ridge factory followed Albert Kahn’s design feature of having all employee 
services in the basement. The main manufacturing area was divided into separate depart-
ments dedicated to manufacturing or assembling a particular component. Raw materials 
and parts entered the factory at the northeast end, moving progressively down wide corri-
dors to the green assembly area at the southeast end adjacent to the test cells.

The Dodge-Chicago Factory
When Chrysler received the AAF contract for 10,000 Cyclone 18 engines at a rate of 1,000 
engines a month, the Dodge-Chicago Plant Division calculated that this could only be accom-
plished with a greatly expanded factory complex with a total floor area of 5,551,744 ft2 
including a massive machine shop and assembly building that would cover 82 acres under 
one roof.88 The AAF directed Chrysler to build the new factory in either Chicago or 
Milwaukee.89 After a survey of both cities, Chrysler chose Chicago as the location for the 
new factory.90 Chrysler also turned to Albert Kahn, who had designed several of Chrysler’s 
automobile factories and a large government-financed factory where Chrysler was to build 
tanks for the American Army. While the AAF was concerned that Kahn’s firm was overloaded 
with defense work, Chrysler’s management felt confident that the firm could do the job adding 
that “if this was a job of our own we would not think of employing any other architect.”91

Albert Kahn’s design for the machine and assembly building was a large rectangle, 
measuring 2,344 ft by 1,525 ft with a floor area of 3,575,633 ft2.92 The building had 72 30-ft 
bays running along the length of the building and 36 38-ft bays along its width, with the 
concrete arches supported by 3,363 concrete columns.93 The concrete ribs supporting the 
roof arches had 5-ton crane attachments for moving heavy parts and machinery. The machine 
shop, with its long lines of machine tools, took up roughly four/fifths of the building, with 
the assembly section taking up the remainder. The building was oriented on a north–south 
axis, with materials from the foundries, forges, and outside suppliers entering at the south 
end and moving progressively north toward the assembly section and then to the test cells 
attached to the end of the building. The ten bays in the assembly section were air-conditioned, 
while the machine shop area had fresh air supplied through filtered supply units. Lighting 
in the machine shop and assembly building was a combination of natural light through steel 
sash windows along the sides of the building and artificial lighting. The walls of the building 
were built from brick rising 8½ ft from the floor, topped by the 12½ ft steel and wood window 
sash.94 A contemporary article described the building as “big enough to put the Ford Willow 
Run plant inside of it and have room for twenty baseball diamonds around the edge.”95

As he had done at the Wright Lockland factory, Kahn placed all employee services below 
the main factory production floor. His design incorporated a basement covering 621,000 ft2. 
The area comprised two longitudinal tunnels, each 88 ft wide, running the length of the 
building and connecting to the large employee parking lot at the south of the building. When 
the Chicago factory was nearing peak employment, 22,000 employees would enter the factory 
between 0700 and 0730 and leave between 1630 and 1700.96 A lateral tunnel ran through the 
center of the basement connecting the two longitudinal tunnels. The basement area had nine 
cafeterias that could seat 4,000 employees at a time, washrooms and toilets, offices, locker 
facilities, and stairways to the production floor.97 As at Lockland, employees would enter 
and exit the machine shop and assembly building through the basement, resulting in what 
the Architectural Forum called one of the Dodge factory’s greatest achievements: traffic 
planning. “At no point,” the Architectural Forum noted, “do the two flowing streams—people 
and products—meet except where they are intended to (Figure 6.5).”98
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While designing the Chicago factory at the same time as the Wood-Ridge factory was 
under construction, Kahn faced the same challenge of a shortage of structural steel. In May 
1942, the government instructed Chrysler to remove almost all structural steel from the 
plans for the Chicago factory, a building that on paper was the largest single-story industrial 
building Kahn had ever designed.99 As with the Wright Wood-Ridge factory, Kahn and his 
associates decided to build the entire factory out of reinforced concrete, using the “warspeed” 
method of construction, adapted to the requirements of building a structure covering 80 
acres.100 Kahn designed the roof structure to consist of multiple reinforced concrete arch 
slabs with a span of 38 ft, supported by concrete ribs and girders resting on concrete columns 
placed 30 ft apart.101 The load-bearing capacity of the arch eliminated the need for steel 
reinforcing rods commonly used in flat concrete roof construction.102 This replaced struc-
tural steel beams and girders. As with the Wright Wood-Ridge factory, the building was 
built as an open-sided shed structure, with the roof and columns in place but no floor or 
walls. The original plan called for long 30 ft by 76 ft bays, but by cutting the bays in half to 
measure 30 ft by 38 ft, there were considerable savings in steel.103 Using arched slabs as 
opposed to flat slabs also saved on the amount of concrete required. The supporting girders 
were 18 in. square and rested on slabs of concrete on the ground.104 Kahn included a large 
basement area under the floor of the main manufacturing building with conventional flat 
slab concrete ceilings. With the “warspeed” method, the steel required was kept to a 
minimum. The reinforced concrete arch slabs used a steel wire mesh, while the supporting 
ribs, girders, and columns used steel bars, but the savings in steel over conventional 

 FIGURE 6.5  The Dodge-Chicago factory under construction using the “warspeed” 
method that Albert Kahn’s firm developed to replace steel structures with concrete forms. 
This innovative method saved substantial amounts of steel.
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structural steel construction were considerable. Using Kahn’s reinforced concrete arched 
roof structure, the amount of steel needed was only 2.7 lb/ft2 of floor area compared with 
12.7 lb/ft2 using conventional methods.105 The savings in steel were apparently enough to 
build 14 destroyers for the Navy or 600 tanks for the Army (Figure 6.6).106

Construction got underway in June 1942 and took a year to complete. Chrysler had hired 
the George A. Fuller Company as its general contractor. Working with Albert Kahn and his 
colleagues, Fuller engineers used “warspeed” construction to build the Dodge-Chicago 
factory buildings, employing 16,000 workers at the peak of construction.107 The construction 
company used a new innovation, movable wooden structures on wheels that traveled along 
rails laid down in front of them. Dubbed “Trojan Horses,” these structures carried the forms 
for molding the reinforced concrete arched roof sections, supporting girders and columns. 
The forms were long enough to allow for a 120-ft roof section to be poured at one time. The 
towers were moved into place, and the forms for the arch slabs were raised into position. 
Movable towers hoisted the wet concrete to the top of the structure to be poured over the 
molds for the 3-in. roof sections after workers had laid out sections of steel mesh over the 
form, a process that took 48 hours.108 After a 72-hour curing period, the forms were stripped 
from the arch slab, lowered, and moved to the next station to form the next section of the 
roof.109 The construction company built 60 traveling Trojan Horses, and to speed up construc-
tion of the huge machine shop and assembly building, construction started at both ends at 
the same time, with the Trojan Horses traveling toward the middle of the building. Completing 

 FIGURE 6.6  The George A. Fuller Company, which built the Dodge-Chicago factory, used 
movable wooden structures to carry the molds for the reinforced concrete roof sections. 
After a section had cured, the “Trojan Horse” as it was called was moved on to the next 
station to repeat the process.
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the machine shop and assembly building took eight months with workers pouring the last 
concrete for the building on February 26, 1943.110 Construction of the entire factory complex 
ended in July 1943.111 In its final form, with the basement, a second-floor fan room, and small 
mezzanine, the machine and assembly building had a total area of 4,322,619 ft2 (Figure 6.7).112

The Dodge-Chicago had separate aluminum and magnesium foundries. Though the 
machine and assembly building dwarfed these foundries, these, too, were considerable 
buildings, each nearly 500,000 ft2 in area. As at Lockland, they were also rectangular, with 
open production areas and slightly larger 30 ft by 40 ft bays to accommodate extensive 
conveyor systems and electrical hoists needed to carry molten metal and castings. The 
Dodge-Chicago factory complex had its own heat-treating shop and light and heavy forging 
buildings to forge parts for the Cyclone 18 using huge hammers and presses. The forge 
buildings, each 66,000 ft2 in size and made with structural steel to absorb the vibration 
from forging hammers, were located some 4,000 ft away from the machine shop and 
assembly building to ensure that the vibrations did not interfere with the precision 
machining operations in the machine shop.113 The 179,000 ft2 heat-treating building sat 
next to the two forging buildings. An office building of 269,000 ft2 and the test cells covering 
265,000 ft2 were the other large buildings in the complex. In total, the Dodge-Chicago 
factory complex had 19 buildings on its nearly 500 acres, with 6,430,000 ft2 of floor space, 
nearly 1,400,000 ft2 larger than the Ford airframe factory at Willow Run.114 

 FIGURE 6.7  An aerial view of the completed Dodge Chicago factory on September 9, 
1945, with the main manufacturing building on the left and the aluminum and magnesium 
foundries and forges some distance away to the right. At the time, the Dodge factory was the 
largest single-story industrial building in the world. The main manufacturing building still 
survives in Chicago.
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The Pratt & Whitney Kansas City Factory
Pratt & Whitney’s new factory in Kansas City, Missouri, was the third airplane engine 
factory built during 1942 using the “warspeed” method of construction and the third that 
Albert Kahn and his firm designed in the space of just a few months. Following the Navy’s 
decision to finance a new Pratt & Whitney factory, the War Production Board recommended 
Pratt & Whitney consider building the factory in Kansas City, Missouri, as the most prom-
ising in terms of availability of labor and services.115 At the end of April, a team from United 
Aircraft visited Kansas City and selected a 300-acre site of an old speedway track some 8 
miles southeast of the city.116 United Aircraft selected Albert Kahn and his firm to design a 
giant new factory building, apparently at the same time that Kahn was working on the 
design of the Dodge-Chicago factory.117 With the Kansas City factory, Kahn faced the same 
challenge, a limitation on the structural steel that he had traditionally used in his industrial 
factory buildings.118 He again employed the arch structure to reduce the use of reinforcing 
steel as he was doing with the Dodge-Chicago factory and adopted the “warspeed” construc-
tion method to build the factory in record time with minimal use of strategic materials 
(Figure 6.8).

 FIGURE 6.8  The Pratt & Whitney factory in Kansas City, Missouri, designed by Albert 
Kahn’s firm, had a total floor area of 2.9 million ft2. This was the third giant aircraft engine 
factory built in America during World War II, exclusively to build Pratt & Whitney 
R-2800-C engines.
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The main manufacturing building Kahn designed was massive, the second-largest 
American aircraft engine factory built during the war. The factory incorporated Kahn’s 
ideals for industrial buildings, a large rectangular space well suited to line production 
with minimal disruptions to allow for a continuous flow of materials and parts through 
the factory space. The overall size of the building was 1,003 ft by 2,026 ft with 2,000,000 
ft2 of floor space, a basement area containing some 500,000 ft2, and a mezzanine of 
241,000 ft2. An extension at the northeast end of the manufacturing building incorpo-
rated test cells and the final assembly area giving a total floor area of 2,940,000 ft2.119 
This was bigger than the Wright Lockland Machine and Assembly Building No. 2, 
though not as big as the giant Dodge-Chicago factory’s 4,322,619 ft2. The large basement 
area followed Kahn’s principle of putting all employee facilities—cafeterias, kitchen, 
locker rooms, toilet facilities, and even a basketball court—underneath the production 
area.120 An office building comprising 500,000 ft2 was attached to the main 
manufacturing building.

On July 2, 1942, Kahn’s firm delivered plans for the new factory to the construction 
firms bidding for the contract; on July 4, there was a ground-breaking ceremony at the 
construction site; and on July 12, the Navy awarded contracts to the Long Construction 
Company of Kansas City, and the Turner Construction Company of New York, which 
had done work for United Aircraft in the past.121 When work began excavating the site 
for the factory, the rain turned the area into a sea of mud, which forced the contractors 
to build the concrete floor before work started on the roof, the reverse of work done at 
the Wood-Ridge and Dodge-Chicago factories.122 Work began on the roof of the factory 
building using the same “warspeed” method Kahn and the contractors had developed 
for Wood-Ridge and Dodge-Chicago. For the Kansas City factory, Kahn made the indi-
vidual bays slightly larger, 40 ft by 40 ft. The wooden forms used to make the arch roof 
slabs, columns, and supporting ribs and girders were 80 ft long, allowing for the construc-
tion of two bays at a time.123 The wooden frames were placed side by side across the 1,000 
ft width of the factory moving on rails placed on the concrete floor. The columns and 
supporting girders were poured first, and when set, the arch slab roof forms were raised 
into position and the concrete was poured over the reinforcing steel mesh. When dry, the 
arch form was lowered and moved forward to make the next section. The entire process 
took five to seven days to complete two bays.124 The plant was operational by February 
1943, and the construction companies completed work on the entire factory complex on 
July 3, 1943.125

The Ford Motor Company and Nash-Kelvinator 
Corporation Factories
Where most of the aircraft engine factories built for World War II production followed a 
large, single-story, rectangular form, the factory the Ford Motor Company built to manu-
facture the R-2800 engine featured a novel two-story design.126 After Ford accepted the 
Government’s proposal to build the R-2800 at a rate of 15 engines a day, the company 
selected one of the last vacant areas at its massive River Rouge auto complex as the site for 
its aircraft engine factory. The Detroit architectural firms of Giffels & Vallet, Inc., and L. 
Rossetti designed the factory as a two-story building within a building with the manufac-
turing area enclosed within a four-story service shell that held offices, lockers, pedestrian 
walkways, and service rooms.127 The building was rectangular in shape, 1,008 ft long and 
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360 ft wide, with the production area initially covering 570,000 ft2, and the total floor space 
amounting to 825,039 ft2.128 The production area was windowless, with artificial lighting, 
and was completely air-conditioned. The second story was devoted to machining opera-
tions, with five 60 ft wide aisles that were 950 ft long, each with an overhead crane. The first 
floor contained more machining operations and final engine assembly and was divided 
into ten 30 ft aisles, also with overhead crane systems. Built before wartime restrictions, 
the building’s construction made extensive use of steel girders and columns. Floors on the 
first and second stories were concrete slabs surfaced with wood blocks. Construction began 
in September 1940 and was completed eight months later.129 The government provided $21 
million in financing for the factory.130

In July 1941, the government more than doubled its original order, calling on Ford 
to build 40 R-2800 engines a day.131 The government provided Ford with an additional 
$14 million to build a 400 ft long addition to the engine factory and later financing for a 
larger test facility comprising 28 test cells.132 By the end of the war, the total area of the 
Ford aircraft engine factory amounted to 1,573,900 ft2 and was equipped with nearly 
9,000 machine tools.133 In addition, Ford built an aluminum foundry to cast cylinder 
heads for the R-2800 and a magnesium smelter and foundry to make magnesium engine 
parts.134

While most of the automotive licensee companies carried out aircraft engine produc-
tion in new, government-financed wartime factories, Nash-Kelvinator converted its 
prewar automobile factory in Kenosha, Wisconsin, to build R-2800 engines, with a new 
government-financed assembly and test facility built next door to the automobile factory. 
The company had started out making engine parts for Pratt & Whitney at its factories 
in Lansing, Michigan, but after Pearl Harbor the Navy gave Nash-Kelvinator a contract 
for 350 engines a month that was soon doubled to 700 engines a month.135 As Nash-
Kelvinator was already expanding production of Hamilton-Standard propellers at its 
Lansing factories, there were no facilities available for an increase in aircraft engine 
production. The company decided to convert its prewar automobile factory in Kenosha 
to building aircraft engines, transferring propeller manufacturing to the company’s 
factories in Lansing.136 The factories in Lansing that had been intended as facilities for 
building the R-2800 transferred their machine tools to the Kenosha factory, which covered 
some 107 acres of land. The main automobile manufacturing building went through a 
rapid conversion with workmen moving out machine tools, ripping up the automobile 
assembly lines, and tearing down partitions within the factory to create a huge open 
area with a main corridor running down the center of the factory building for close to 
a half a mile.137 The new assembly building was a single-story, concrete frame structure 
with brick walls that had 204,800 ft2 of production space, with a test cell building nearby 
built with reinforced concrete occupying 68,100 ft2.138 The first R-2800 engine built at 
the Kenosha factory was completed in October 1942 with full production beginning in 
December.139

The Bristol Engine Factory and Hawthorn Shadow 
Factory
The Bristol engine factory at Filton, also known as the East Works, built most of the 
Centaurus engines completed during the war. The East Works comprised four machine 
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shop buildings, the Bristol No. 2 Shadow Factory, a small foundry, test cells, and other 
smaller buildings. In addition, the Bristol Engine Department (re-organized as the Engine 
Division in October 1942 when Bristol combined the Production and Development 
Departments) maintained several dispersal facilities around Bristol for storing finished 
parts and some machining and engine assembly. The machine shop buildings were built 
to the pattern used in the No. 2 Shadow Group factory buildings, but were smaller in size, 
with the largest having a floor area of 205,450 ft2.140 Several of the buildings contained 
space for activities other than engine manufacturing. The No. 3 Machine Shop was 179,000 
ft2 in total but had only 100,800 ft2 devoted to machining operations, with 33,600 ft2 turned 
over to engine repair, a major activity of the Filton engine works. In total, the Filton engine 
factory had 651,000 ft2 of floor space devoted to engine production, about the same as one 
of the No. 2 Shadow Group factories. Filton had a smaller number of engine test cells, 
which were completely separate from the machine shops and located several hundred 
feet away.

The Hawthorn underground factory came out of the Ministry of Aircraft Production’s 
intention to have a major engine production facility that would be protected from aerial 
bombing. The Air Supply Board approved the scheme for an underground factory to be built 
in the Spring Quarry near Bath in December 1940.141 The initial plan was to build a factory 
with 2,200,000 ft2 of space, with 1,500,000 ft2 allocated to Bristol Aeroplane with 1,000,000 
ft2 for engine production, 200,000 ft2 to house Bristol’s aircraft engine development depart-
ment, and 150,000 ft2 for staff space.142 The plan was to build eight machine shops in this 
space with storage areas for raw materials and finished parts, two areas for engine assembly, 
and canteens for the estimated 9,000 workers who would be employed in the factory.143 Six 
engine test buildings were to be built above ground, with lifts taking the completed 
Centaurus engines up for their test runs.144 The inability to obtain adequate numbers of 
workers, particularly skilled workers, proved to be an insurmountable obstacle. In July 
1943, the Bristol directors had to admit that the engine production program planned for 
the Hawthorn shadow factory was “lost beyond all hope of recovery.”145 The Hawthorn 
factory never reached its planned production target of 250 Centaurus engines a month and 
was substantially over budget.146

The Production Record

The Pratt & Whitney R-2800 Double Wasp
From 1940 to 1945, Pratt & Whitney, Ford Motor Company, Nash-Kelvinator, and 
Chevrolet built 114,067 R-2800 engines.147 The R-2800 production record shows once 
again how critical license production was to building the quantities of engines the Army 
Air Force and Navy needed during the war. Ford, Nash-Kelvinator, and Chevrolet built 
70% of all the R-2800 engines completed during the war. Moreover, by continuing the 
production of the R-2800 B series, Ford and Nash-Kelvinator enabled the Pratt & Whitney 
Hartford and Kansas City factories and the Chevrolet factory to turn to manufacture the 
higher performance C series engines. Ford built 57,637 R-2800 engines starting with one 
model in the R-2800 A series and then shifting to building ten different models in the B 
series.148 Three engine models—the R-2800-43, R-2800-59, and R-2800-75—made up 54% 
of Ford’s production; these engines equipped the Curtiss C-46, the Douglas A-26, and 
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the Republic P-47C/D airplanes.149 Nash-Kelvinator built 17,108 R-2800 engines 
comprising seven models, but just one model, the R-2800-10W, made up 57.8% of the 
company’s engine production.150 Starting later than the other licensees, Chevrolet built 
the smallest number of R-2800 engines, completing 4,282 C series engines in four 
models.151 Pratt & Whitney completed 35,040 R-2800 engines at its Hartford and Kansas 
City factories, with the Kansas City factory building 7,815 of these engines.152 As the 
Kansas City factory ramped up production in 1944, the production of the R-2800 at the 
Hartford factories gradually declined from a peak of 947 engines in February to 445 
engines in December as Pratt & Whitney devoted more effort into getting the R-2800 E 
series and the more powerful R-4360 engine into production.153 During 1944, the Hartford 
factories also stopped the production of the R-1340 Wasp and R-985 Wasp Jr. to concen-
trate on the R-2800, R-2000, R-1830, and the R-4360.154 Production at the Kansas City 
factory started in December 1943 when the factory delivered its first engine and built up 
to 475 engines by December 1944.155

An important factor contributing to the Allied air offensive against Germany and 
Japan was the pace of R-2800 production at the Pratt & Whitney licensee companies, shown 
in Figure 6.9. While it took 21 months from the start of the Government giving Ford the 
go-ahead to reach a rate of 500 engines a month, it took Ford only 10 months to reach 1,000 
engines a month, compared with 19 months for Pratt & Whitney.156 In 1943, Ford built 
nearly twice as many R-2800 engines as Pratt & Whitney and more than double Pratt & 
Whitney’s production in 1944. Ford’s peak production of 2,419 engines in June 1944 was 
more than twice Pratt & Whitney’s peak rate of production. That same year, during which 
the American Army Air Force and Navy flew more combat sorties than in any other year 
of the war, Ford and Nash-Kelvinator built nearly three times as many R-2800 engines as 
Pratt & Whitney (Figure 6.10).157

 FIGURE 6.9  Pratt & Whitney R-2800 Production, 1940-1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946).
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The Wright R-3350 Duplex Cyclone 18
As with the R-2800, Chrysler’s Dodge Division, the Wright Aeronautical Company’s 
licensee, built more Wright R-3350 Duplex Cyclone 18 engines than the Wright Company. 
The Dodge-Chicago factory’s record of 18,413 R-3350 engines completed during the war 
represented 57% of the entire wartime production of the Cyclone 18. While it took nearly 
two years for the Chicago factory to begin production, once began production increased 
rapidly and the factory was consistently ahead of its planned production schedule, 
reaching peak production of 1,600 Cyclone 18 engines a month in March 1945 just 15 
months after completing the first production engine. The Chicago factory built only two 
variants of the Cyclone 18, and like Studebaker and the Cyclone 9, a single variant (the 
R-3350-23) made up 90% of the Chicago factory’s production. The factory began building 
a fuel injection version of the Cyclone 18 in 1945, completing 1,986 of this version by the 
end of the war.

To augment Cyclone 18 production at the Chicago factory and relieve Wright’s 
Paterson factories of an additional production burden, the government financed the large 
new factory at Wood-Ridge, New Jersey, which became Wright Plant No. 7. The produc-
tion of the Cyclone 18 at Wood-Ridge began in February 1943 with parts supplied from 
the Paterson factories. As Figure 6.11 shows, it took longer for the Wood-Ridge factory to 
build up production than it did for the Dodge-Chicago factory. By the war’s end, the 
Wood-Ridge factory had completed 11,793 Cyclone 18 engines, building 17 different 
models of the Cyclone 18. The Wright Lockland factory built an additional 1,867 R-3350 
engines during 1945, taking total wartime production of the R-3350 Cyclone 18 to 
32,240.158

 FIGURE 6.10  Pace of R-2800 Production, 1940–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946).
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 FIGURE 6.11  Wright Cyclone 18 Production at Wood-Ridge, Dodge-Chicago, and Wright 
Lockland Factories, 1943–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946).

The Bristol Centaurus
Compared to the production of the Pratt & Whitney R-2800 and the Wright R-3350, the 
number of Bristol Centaurus engines built during World War II was minuscule, amounting 
to 2,967 engines.159 Demand for the Centaurus did not emerge until 1944, when modest 
numbers of the Bristol Buckingham, the Hawker Tempest II, and the Vickers Warwick were 
in production. The Tempest II might have been built in greater quantities had the Ministry of 
Aircraft Production, the RAF, and the Hawker Company pushed development work on a 
Centaurus-powered fighter more enthusiastically.160 For much of 1942, the Centaurus was still 
in development. During the year, Bristol’s Engine Department’s workshops at Filton completed 
only 29 engines and in early 1943 the Engine Division was still making alterations to produc-
tion engines and trying to finalize specifications.161 The production of the Centaurus at the 
Bristol parent company peaked in the fourth quarter of 1944 when production reached an 
average of 142 engines a month, with Bristol completing 1,401 Centaurus engines during the 
year.162 The Ministry of Aircraft Production had intended that the Bristol Hawthorn under-
ground shadow factory would be the main source of Centaurus engines, with a target of 
building 250 engines a month, but the factory never lived up to expectations.163 The Hawthorn 
factory did not complete its first engine until September 1943 and had built only 36 engines 
by the end of the year.164 Production peaked at the Hawthorne factory during the fourth quarter 
of 1944 when the factory produced an average of 42 Centaurus engines a month.165 Production 
at Hawthorn started in 1943, but continuing shortages of labor and machine tools, made it 
difficult for the Hawthorn factory to meet its production targets, and as the Centaurus was 
not in great demand, the factory could not be granted a priority for either labor or machine 
tools.166 There was regular discussion at Bristol and the Ministry of Aircraft Production about 
converting the Bristol Accrington shadow factory to Centaurus production, but with 
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fluctuating requirements for the Centaurus and increasing demands for the Hercules until 
late in the war the Accrington factory never made a full conversion.167 By the end of the war, 
the Hawthorn shadow factory had delivered only 525 Centaurus engines, with the Bristol 
parent engine factory at Filton producing all but 35 of the remaining engines, with the 
Accrington shadow factory building this small number at the end of the war (Figure 6.12).168

How It Was Done

Building the Pratt & Whitney R-2800
The production of the R-2800 engine at the Pratt & Whitney automotive licensee factories 
is well covered in the contemporary industry literature, production at the Pratt & Whitney 
Hartford factories much less so. During 1942, the Hartford factories more than doubled 
the production of the R-2800, with production reaching 525 engines in August, but increased 
by just 41% in 1943 with December being the peak month when the factories completed 
874 engines.169 It is highly likely that during this two-year period Pratt & Whitney main-
tained its methods of flexible production, using standard machine tools with special jigs 
and fixtures to accommodate changes in engine design.170 In planning for the changeover 
to the more powerful R-2800 C series and beginning the production of the 28-cylinder 
R-4360, Pratt & Whitney’s management announced that the program for the new engine 
would involve instituting “manufacturing processes radically different from those now in 
use.”171 The company did not elaborate on what these new processes would entail, although 
one of the new processes related to the new forged cylinder heads which required machined 
cooling fins using “manufacturing techniques as yet untried in production.”172 This was to 
be undertaken at the satellite Plant N in Southington, Connecticut. Pratt & Whitney also 
decided to bring back production of crankshafts for the new engine to the Plant M factory 

 FIGURE 6.12  Centaurus Production, 1942–1945.

Source: Ministry of Aircraft Production: Statistical Review, 1939–1945, Table 9, p.26.; Bristol Aircraft Company, chart New Engines 
Delivered-Piston Engines, copy in the Aerospace Bristol Museum archives.
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 FIGURE 6.13  The Pratt & Whitney R-2800 Double Wasp engine. During the war, Pratt & 
Whitney and its automotive licensees built 115,122 R-2800 engines.

Source: © 2023 Raytheon Technologies Corporation, Pratt & Whitney division. Reproduced with permission.

in East Longmeadow, Massachusetts.173 While management spoke of the need to retool the 
Hartford factories for building the R-2800 C series, there was no mention of the types of 
machine tools that would be employed (Figure 6.13).174

The production of the R-2800 at the new Pratt & Whitney factory in Kansas City used 
different methods and apparently different types of machine tools. The Kansas City factory 
gave Pratt & Whitney’s management a clean slate, and with intense pressure to build up 
the production of the R-2800 C series engines, the layout of the factory focused on line 
production to build flow through the manufacturing process. The factory benefited from 
the collective experience of Pratt & Whitney’s automotive licensees. Production engineers 
laid out the factory for a continuous flow of raw materials and parts from the east to the 
west side of the main manufacturing building.175 Roughly 40% of the parts for the R-2800 
engine came from subcontractors.176 The factory had nearly 5 miles of conveyors to move 
parts through the machining process.177 The main engine components—cylinder heads 
and barrels, crankcase, crankshaft, etc.—each had their own separate department with 
parts moving progressively from machine to machine without leaving the department.178

The continuing challenge for the Kansas City factory was to obtain and train the labor force. 
By 1943, other war industries in the area had long since swallowed the supply of skilled machin-
ists.179 Pratt & Whitney set up a training school modeled on the one at the Hartford factory to 
train workers with no experience in operating machine tools. Instructors trained workers to 
operate a basic type of machine tool during six weeks of instruction, later compressed to four 
weeks.180 To fit the limited experience of the workers, the Kansas City factory shifted from Pratt 
& Whitney’s reliance on standard machine tools, which required a higher level of experience to 
operate, to more special purpose machine tools with “push-button” operation that required a 
minimum of experience and thus a shorter period of training.181 The factory also adopted more 
high-production, special purpose machine tools to build these engines in quantity.
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A complete layout of the machine tools in the Kansas City factory as of June 1944, 
showing the location and types of machine tools in the entire factory fortunately has 
survived.182 The Kansas City factory had 5,000 machine tools.183 The layout for the Kanas 
City factory shows these, but also a number of high-production and expensive special purpose 
machine tools similar to the types found in the Buick and Ford aircraft engine factories.184 
Of particular interest are the Foote Burt automatic transfer machines that Buick developed 
with the Foote Burt Company.185 The crankcase department used four Foote Burt machines 
to machine the front and rear sections of the crankcase, moving the crankcase casting auto-
matically from station to station around a rectangular track during which time the crankcase 
underwent 21 drilling, boring, and reaming operations.186 In the cylinder head and cylinder 
barrel departments, the Kansas City factory used four 13-station, 12-spindle Foote Burt 
machines, two 18-station, ten-spindle machines, and two large 20-station Foote Burt machines 
larger than the ones found at the Buick Melrose Park factory.187 The factory had two more 
20-station Foote Burt machines for machining master rods for the R-2800.

Of the three automobile firms that built the R-2800 under license—Ford Motor 
Company, Nash-Kelvinator, and Chevrolet—the story of production at Ford is the more 
interesting, and the more important as Ford built more R-2800 engines than any other 
manufacturer. Shortly after William Knudsen approached Ford with a proposal to build 
the R-2800 engine, Edsel Ford, president of the company, went to Hartford with Charles 
Sorensen, Ford’s Vice President, and several top Ford engineers, to explore Pratt & Whitney’s 
production methods and determine whether Ford could take on the task.188 The Ford group 
“discovered an intricate machine, much more sophisticated than any automobile engine 
ever built,” but told the War Department that Ford would agree to build the engine under 
license.189 Over the next several months, while the Ford aircraft engine factory was under 
construction, Ford sent teams of engineers to Pratt & Whitney’s Hartford factories to learn 
how to build aircraft engines. In June 1941, Ford set up a training school for foremen and 
workers, but “the scarcity of really competent personnel was painful.”190 There were delays 
as well in getting the machine tools the Ford factory needed for production.191 Fortunately, 
Ford could turn to its own large Tool and Die Department to help modify machine tools 
and design new machine tools specifically for engine production. During the war, Ford’s 
engineers designed 8,128 machine tools for the engine factory.192 Still struggling with 
recruiting workers, training them, and getting machine tools, Ford nonetheless began 
manufacturing parts for the R-2800 in April 1941 and in August completed its first engine.193 
Production built up rapidly. Ford built 164 engines in December 1941, reached 500 a month 
by May 1942, and in December 1942 built 798 engines, completing 6,003 engines during 
1942, more than Pratt & Whitney built over the same period.194

Toward the end of 1942, Joseph Geschelin, who had reported on the automotive industry 
for many years for the journal Automotive Industries, visited the Ford aircraft engine factory. 
He wrote that the factory was “considered to be one of the finest examples of aircraft engine 
manufacturing undertaken by the automobile industry.”195 Geschelin noted that the produc-
tion of the R-2800 at Ford was a self-contained operation, with the company manufacturing 
all the main components of the engine, the majority of the gears used in the engine, and 
producing castings and forgings at its ferrous and nonferrous foundries.196 With the experi-
ence accumulated in over a year of production, Ford’s methods “have been progressively 
changed and improved so as to increase productivity and raise the level of quality.”197

Ford used large, multi-spindle automatic machine tools to manufacture components 
of the R-2800 such as Bullard Mult-Au-Matics, Heald Borematics, Sundstrand automatic 
lathes, and Gisholt turret lathes among others, but for certain operations added its own 
innovations. Manufacturing the finned cylinder muff, which fitted over the cylinder barrel 
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in the R-2800 cylinder assembly, demanded exceptional care to avoid distortion.198 The 
inside of the aluminum cylinder muff had to be ground to a fine finish to fit securely over 
the cylinder barrel, but the thin wall of the cylinder muff could easily become misaligned. 
To reduce the risk, Ford developed a special water-cooled arbor, a device for holding the 
cylinder muff, and a means of cooling the grinding wheel during operation to prevent 
distortion.199 A Fay automatic lathe with 78 cutting tools set in three tool slides cuts the 
fins in the cylinder muff to the required depth and spacing.200 In another example, Ford 
worked with the Sundstrand Corporation to design a special boring machine for boring, 
facing, and chamfering (cutting at an angle to a flat surface) the cylinder bores and pads 
on the crankcase that held the cylinders.201 The machine had two boring heads that could 
perform the operations on the upper and lower rows of cylinders in the crankcase at the 
same time, automatically moving from one cylinder bore to the next.

Ford’s most unique and, for a time, controversial innovation was to use centrifugal casting 
to make cylinder barrels instead of the more traditional method of forging the barrels that 
Pratt & Whitney and Wright Aeronautical had used for years. Pratt & Whitney disagreed with 
Ford’s decision to take this approach, and the Army Air Force was also skeptical as centrifugal 
casting had not been used previously in aircraft engines.202 Ford engineers had experience 
with centrifugal casting, having done some experimental work for Rolls-Royce in 1940, and 
believed that using this method would produce cylinder barrels that would be stronger than 
forged barrels and would use less material.203 Ford provided more experimental cast steel 
cylinder barrels for the R-2800 to Army Air Force engineers at Wright Field, which granted 
authorization to Ford in November 1941 to use this method on Ford-built engines.204 The 
process involved mounting a circular steel mold onto a molding machine.205 The mold rested 
on supporting rollers inside the mold machine that were driven by an electric motor. The mold 
machines were mounted on a revolving turntable that could carry eight machines spaced an 
equal distance apart. After being loaded on the turntable, the mold machine moved to the 
next station where the inside of the circular steel mold received a spray of graphite. With the 
circular steel mold spinning at a rate of 1,500 ft a minute, the mold machine moved to the next 
station where a worker poured in the right amount of molten steel at a temperature of 2,930°F. 
There were three more cooling stations along the turntable until the mold machine reached a 
conveyor where the circular steel mold was removed and the still hot cylinder barrel was 
removed, weighed to ensure the proper amount of steel, and sent on to cooling and rough 
finishing. After machining inside and out, the centrifugally cast cylinder barrels were indis-
tinguishable from forged cylinder barrels. Ford found that the centrifugal casting method 
saved 35 lb of steel per cylinder barrel, a savings of 17,500 lb for the 500 cylinder barrels made 
each day, and drove down the cost of cylinder barrel from $13.38 to $10.50.206

In early 1943, Ford was building up to a production rate of 1,800 engines a month when 
in March the Army Air Force informed the company that its new goal was 3,400 engines 
a month.207 The aircraft engine factory did not have the space nor were there enough workers 
available to reach the new production target. Instead, Ford decided to shift production of 
many engine components to other Ford factories and have the aircraft engine factory 
concentrate on engine assembly.208 Ford shifted machine tools to its famous Highland Park 
factory in Detroit, factories in Memphis, Tennessee, St. Paul, Minnesota, Kansas City, 
Missouri, Green Island, New York, factories in Ohio, and factories in the Ford Village 
Industries.209 This increased the total floor space devoted to engine production from 
2,687,230 to 4,187,831 ft2 and increased the total number of employees to 32,805 in February 
1944, with 15,596 working in the aircraft engine factory in Dearborn.210

Ford ordered thousands of new machine tools to meet the new production goal. While 
four/fifths were standard machine tools that Ford could modify with its own jigs and 
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fixtures, one/fifth of the new tools were special purpose, high-production machine tools 
with multiple spindles and automatic features designed specifically to speed production.211 
These various special purpose machines combined several operations into one machine, 
reducing the number of operators required and speeding up machining. One operation on 
the cylinder sleeve for the R-2800 required 36 single-spindle machines with 36 operators. 
Ford engineers designed two special machines that replaced the 36 single-spindle machines 
and their operators.212 Ford continued to make incremental changes in its machining 
processes that speeded production. When grinding the aluminum cylinder muff, Ford 
switched from a 3- to 6-in. grinding wheel, which eliminated the need for the wheel to 
travel back and forth across the surface to be ground, cutting the operating time by 50%.213 
In another case, Ford put in two infrared drying ovens to dry painted and enameled engine 
parts, which cut the drying time from 1½ to 2 hours down to 15 minutes.214 To speed the 
installation of engines in the test cells, Ford developed a simple coupling device that removed 
the need to connect and disconnect the separate wires and pipes to the engine.215 All these 
small, incremental changes steadily reduced the time needed to build an engine.

From the early stages, Ford had employed various material handling systems in the 
aircraft engine facture to ensure a smooth and continuous flow of parts using monorail 
conveyors and tractors.216 Ford had also adapted automobile assembly line operations to 
aircraft engine assembly, dividing the engine into subassemblies that workers assembled 
on benches as in other aircraft engine factories, moving these subassemblies to large 
assembly stands that moved on rails from station to station.217 The final assembly depart-
ment occupied an area of 1,400 ft by 60 ft using overhead monorails, cranes, and hoists to 
move parts and subassemblies as needed.218 When told to build production of up to 3,400 
engines a month, Ford added two more assembly lines to the aircraft engine factory.219 
Ford’s productivity improvements reduced the manpower needed to assemble 60 engines 
per shift from 650 to 231.220

Chevrolet’s challenge in building the R-2800 while continuing to manufacture the R-1830 
engine was to integrate the assembly of two completely different engines, with no interchange-
able parts, on a single assembly line. By 1943, there were 17 factories in the Chevrolet Division 
system contributing to Pratt & Whitney engine production, producing parts for the main 
factories at Buffalo and Tonawanda.221 When asked in early 1944 to take on the production 
of the R-2800 C series while continuing but gradually reducing the production of the R-1830, 
Chevrolet had to undertake a sizeable reorganization.222 Announcing the new contract in 
March 1944, M.E. Coyle, general manager of the Chevrolet Division, said, “the urgency of 
this program makes it imperative that Chevrolet begin production at the earliest possible 
date. We have scheduled the start of production in approximately seven months. A complex 
and involved program of plant rearrangement, retooling and installation of new equipment 
that would normally require a year of determined effort, lies ahead.”223

One of Chevrolet’s immediate tasks was to secure a source of forged aluminum cylinder 
heads and cylinder muffs for the new R-2800 C series engines. By 1943, Chevrolet had four 
forging factories: two prewar factories, a factory in Saginaw, Michigan, that forged and cast 
iron parts for Chevrolet auto-engines, and the second in Muncie, Indiana, which had been 
converted to forging aluminum aircraft and aircraft engine parts.224 The Muncie factory 
forged crankcase sections for Pratt & Whitney engines and started forging cylinder heads 
for the R-2800.225 With financing from the Defence Plant Corporation, Chevrolet expanded 
its wartime forging factory at Anderson, Indiana, to produce forged aluminum cylinder 
heads, modernizing its two existing buildings, adding 55,000 ft2 of floor space, and 350 new 
machine tools and presses.226 At the same time, Chevrolet undertook an expansion of the 
Tonawanda factory. This third phase of expansion added more f loor space and a 
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rearrangement and modification of all the engine test cells to accommodate the larger 
R-2800 engine.227 Chevrolet set up the production of the new R-2800 engine with remark-
able speed. The first Chevrolet-built R-2800 C series engine completed its test run in August 
1944, five months and 18 days after the Army Air Force requested Chevrolet to undertake 
R-2800 production.228

Assembling the larger 18-cylinder R-2800 on the same assembly line with two models 
of the 14-cylinder R-1830 engine with no interchangeable parts between the two types of 
engines required carefully organized scheduling, a number control system for all parts and 
subassemblies, and double checking of all parts all along the assembly line.229 A production 
schedule, determined in advance, set the number and types of engines to be assembled 
during each shift. Each part and subassembly received a number that corresponded to the 
model number of the engine being assembled. Specially trained personnel checked parts 
to ensure that the correct numbered part reached the right station on the assembly line at 
the right time. Like other aircraft engine factories, the Chevrolet engine assembly factory 
used benches running at right angles to the assembly line, feeding parts toward the line 
where engines on stands moved on tracks down the line, the assemblies being added as the 
engine advanced. Eighteen subassemblies and many individual parts made up a complete 
engine. After the green test in the engine test cells, the engine went back to the teardown 
line where the assembly process went into reverse, following the same scheduling and 
number control system to ensure that all parts of the same engine model remained together 
during and after inspection.230 During March 1945, a month before Chevrolet ended the 
production of the R-1830, the Tonawanda and Buffalo factories completed 525 R-2800 
engines and 605 R-1830 engines, approximately 22 R-2800 engines and 25 R-1830 engines 
a day on the same assembly line.231

Building the Cyclone 18 at the Dodge-Chicago 
Factory
The Dodge-Chicago factory was designed for integrated production of the Cyclone 18, relying 
less on subcontracting. The Dodge-Chicago factory’s facilities were more comprehensive 
than at either the Wright Lockland or Wood-Ridge factories. As previously mentioned, the 
Chicago factory had large aluminum and magnesium foundries, the most modern in America 
at the time, with two separate forges for heavy and light forging. The initial plan was to have 
the Chicago factory make 305 separate parts for the Cyclone 18 as follows:

Machined parts 113

Assemblies 107

Forgings 75

Magnesium castings 8

Aluminum castings 2

Total 305232

The number of machined parts was increased from 113 to 158 when suitable subcon-
tractors could not be found and when engineering changes added parts to the Cyclone 18. 
This increase proved more than the Chicago factory could accommodate.233 The AAF agreed 
that the needed parts could be manufactured in other Chrysler and Dodge Division facto-
ries.234 By the end of 1944, the level of subcontracting at the Chicago factory was about half 
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that of the Lockland factory.235 This was partly the result of timing. By late 1942, Dodge 
found it difficult to find subcontractors as most of the suitable firms were already heavily 
committed to other munitions manufacturers.236 Fortunately, the Chicago factory did not 
depend on subcontractors for any of the main parts of the Cyclone 18 and, unlike the 
Lockland factory, never suffered a delay in production from the failure of a subcontractor 
to deliver parts.237

The Dodge-Chicago factory was the only aircraft engine factory in America that made 
its own forgings. The factory had two foundry buildings, one for light forgings and one for 
heavy forgings. The two foundries made crankcases, crankshafts, cylinder barrels, and 
other smaller steel parts for the Cyclone 18. The foundry used 35,000 lb steam hammers to 
make the three sections of the main crankcase. These came to the foundry as steel billets 
24 in. in diameter.238 A rotary hearth furnace heated the billets to 2300°F. The nine-man 
furnace crew removed the heated billet and placed it on the lower half of the die on the 
steam hammer, which hammered the billet against the die with 15 to 20 hard blows.239 The 
forging next went to a trimming press, which removed the excess metal and punched a 
10-in. hole in the center of the piece. When cooled, the forged crankcase sections went to 
the machine shop and assembly building for finishing and then to final assembly. The steel 
crankshafts went through a similar process, arriving as steel billets, and then heated and 
placed in less powerful steam hammers for forging, and excess metal was trimmed off and 
sent to the machine shop for finishing. Cylinder barrels were formed from solid steel billets 
using an upsetter, a forging machine where the workpiece was placed between two dies and 
pressure was exerted horizontally, as opposed to vertically. A furnace heated the steel billet 
until the front section was red hot. A team of three or four workmen removed the billet 
from the furnace and placed it in the upset forge, where the dies and hammers forged a 
hollow cylindrical barrel of the right size and shape and cut it off from the billet automati-
cally, dropping the finished workpiece onto a conveyor to go to a cooling bin.240

The aluminum and magnesium foundries at the Chicago factory were the largest of 
their type in America.241 The aluminum foundry concentrated solely on casting aluminum 
cylinder heads for the Cyclone 18. Completing 1,600 Cyclone 18 engines required 28,800 
cylinder heads a month, 18 per engine, which works out to casting about 930 a day (as well 
as 930 cylinder barrels). In addition, the Chicago aluminum factory made cast cylinder 
heads for the Wright Wood-Ridge factory, sending 209,924 Cyclone 18 cylinder heads to 
Wood-Ridge in 1944.242 The Chicago factory used the same casting process that Wright 
did, creating sand molds hardened in an oven before receiving the molten aluminum. The 
Chicago factory developed a process of reinforcing the fins in the sand mold that required 
only 240 steel pins per mold, substantially less than the 1,400 that Wright used, allowing 
for faster mold assembly.243 The magnesium foundry made castings for the front section of 
the crankcase, the front and rear housings of the supercharger, and several other smaller 
parts. Both foundries were designed for line production and made extensive use of mechan-
ical overhead and roller conveyors to speed production. Production flowed through 
“molding, baking, core assembly, pouring, shaking out, cleaning and inspection.”244

Machining parts for 1,600 Cyclone 18 engines a month ultimately required over 10,000 
machine tools, nearly three times as many as were in the Wood-Ridge factory.245 The Chicago 
factory benefited from the work Wright had done developing high-production machine 
tools. The Chicago factory used many of the same types of machine tools that were used to 
build the Cyclone 18 at Wright’s Wood-Ridge factory, such as Bullard Mult-Au-Matic multi-
spindle drilling and boring machines, Cincinnati Hydro-Tel vertical milling machines, 
Ex-Cell-O automatic thread grinders, Greenlee 3-, 5-, 7-, 9- and 18-station horizontal 
machines, Heald Boromatics, and Rehnberg-Jacobson multi-station automatic indexing 
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machines.246 Two 18-station Greenlee horizontal automatic indexing machines could drill, 
ream, and counterbore 100 holes in the supercharger front section, replacing eight radial 
drilling machines and two radial tapping machines, reducing the handling operations from 
ten to two.247 To round the edges of the many gears used in the Cyclone 18, Wright replaced 
a time-consuming process using portable tools with a Packer-Matic machine with automatic 
indexing, which reduced the process from 150 to 3 minutes per gear.248

Given the number of cylinder assemblies required for 1,600 Cyclone 18 engines every 
month, the Greenlee automatic transfer machine was arguably even more important to 
production at the Dodge-Chicago factory than at Lockland. Plans for the machine shop 
and assembly building incorporated stronger foundations for three Greenlee Automatic 
Transfer Machines, the largest of which weighed 275,000 lb.249 In the event, the Chicago 
factory set up only two Greenlee automatic transfer machine lines. These were even bigger 
than the transfer machines at Lockland. Each transfer line had three sets of machines that 
were 209 ft long, 55 ft longer than the Lockland machines. These machines performed 269 
operations, more than the Lockland machines, and could turn out a completed cylinder 
head every 45 seconds.250 Using the automatic transfer machines the Chicago factory could 
complete 70% of all the machining operations the cylinder head required in a fraction of 
the time required with previous methods.

The massive machine shop and assembly building were ideal for line production with 
nothing to interfere with the placement of rows of machine tools except the heat treatment 
department on the east side of the building. Materials and parts entered at the south end 
of the building and moved progressively north toward the final assembly section, a 22-acre 
space that was fully air-conditioned, before the fully assembled engines moved to the engine 
test cells. Like the Lockland factory, production at the Chicago factory was organized 
around components, with each component having its own section of the building. The work 
flowed past rows of machine tools via conveyors. Since Dodge had been unable to find 
enough subcontractors to manufacture the many gears needed for the 18 cylinders in the 
Cyclone 18, Dodge had to manufacture these itself at the Chicago factory and other Chrysler 
and Dodge factories.

Manufacturing gears for the Cyclone 18 provides another example of how the aircraft 
engine companies borrowed knowledge and experience from the automotive industry to 
develop new methods of large-scale production. Within the machine shop and assembly 
building at the Dodge-Chicago factory, the gear department took up more space than any 
other component.251 The big Wright Cyclone 14 and 18 double-row engines required many 
gears of different sizes and shapes for the propeller reduction gear, to operate the cams 
controlling the intake and exhaust valves, supercharger, generator, and other accessories. 
Making gears was laborious.252 Gears started as a steel alloy forging. A gear cutter cut the 
rough outline of the gear teeth, and then the gear went through a hardening process. Wright 
had developed a method of hardening the gear first and then grinding the gear teeth to the 
proper shape using a special two-wheel gear shaper that would remove 0.004 to 0.006 in. 
of metal from each side of the gear teeth using abrasive wheels. The final process, finish 
grinding, was to round off sharp corners of the gear teeth by hand, a delicate task, and one 
not suited to large-scale production. However, it was the accepted practice in the aircraft 
engine industry.253

Before the war, the automotive industry, with its high demand for gears for automobile 
transmissions, developed a different method of manufacturing gears better suited to large-
scale production. This method, called gear shaving, used a cutting edge to shave off excess 
metal instead of a grinding machine.254 Shaving instead of grinding gears saved considerable 
time allowing a higher rate of production with fewer machine tools. It was more accurate 
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and less dependent on the skill of the operator.255 Faced with a looming shortage of gear-
finishing machine tools, the War Department instructed the aircraft engine companies 
and their licensees to switch to gear shaving where it was practical to do so.256 Wright 
undertook an experimental development program to work out a method of using gear 
shaving for aircraft engine gears, which would take into account the difference between 
automobile and aircraft engine gears in design and performance requirements.257 This 
program was successful and the factories building Wright engines shifted to this new 
method of manufacturing gears (Figure 6.14).

 FIGURE 6.14  Final assembly of a Wright R-3350 Cyclone 18 engine. Two workers are 
lowering the front section onto the nearly fully assembled engine. Once assembled, the 
engine would go to the test cells for test running before final inspection and shipment.
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The Chicago factory had to cope with changes in the number of parts to be machined 
at the factory and the need to produce parts for other Wright factories building the 
Cyclone 18. In January 1943, even before completing construction of the factory build-
ings, the Chicago factory began machining work on 113 machined parts for the Cyclone 
18, increasing this to machining 158 parts later in the year. From May through September 
1944, Dodge brought the total number of parts to be machined at the factory to 184.258 
The Chicago factory transferred some production to other Chrysler Dodge factories, 
but continued to produce about 130 machined parts until the end of the war.259 The 
Chicago factory also machined 135 different parts for the Wright Wood-Ridge factory, 
sending 75,674 machined parts to Wood-Ridge in 1944.260 The Chicago factory also 
provided Cyclone 18 parts to the Lockland factory as it transitioned from building the 
Cyclone 14 to the Cyclone 18.261 In addition to finished engines and parts for other 
Wright factories, the Chicago factory produced over 34 million spare parts for the 
Cyclone 18 engine from the fall of 1943 to the end of the war.262 To get other Dodge 
factories into production, the Dodge-Chicago factory provided skilled staff and machine 
tools. Over the summer of 1944, the Dodge Main factory took over the production of 
oil pumps for the Cyclone 18 from Dodge-Chicago. The Chicago factory built up a 
30-day supply of oil pumps and then shipped 479 machine tools to the Dodge Main 
factory where they were added to newly ordered machine tools and other tools shipped 
from other Dodge factories. With support from Dodge-Chicago, the Dodge Main factory 
began manufacturing oil pumps before the 30 days had run out.263 In total, the Chicago 
factory transferred the production of 34 separate parts and 13 assemblies to other Dodge 
factories.264

Production at the Dodge-Chicago factory was not without its challenges. During the 
war, the factory received 6,274 design changes for the R-3350 engine from Wright 
Aeronautical.265 These design changes resulted in 48,500 engineering releases and change 
notices to the Planning and Production divisions for changes in tools, manufacturing 
methods, and materials.266 New processes had to be integrated into the existing production 
lines, and the production of a new fuel injection Cyclone 18 engine had to be ramped up 
as quickly as possible. Shifting to the new aluminum “W”-shaped fins on the cylinder barrel 
resulted in scrapping many automatic lathes, acquiring new machine tools to make the cuts 
in the cylinder barrel and insert the aluminum fins, and a major revision of the cylinder 
barrel production line.267

Getting the fuel injection Cyclone 18 into production was fraught with problems. At 
several points along the way, Chrysler had to persuade the AAF to allow the Dodge factory 
to continue the production of the carburetor engine so as not to disrupt production and 
cause labor and machine tools to be idle.268 General Arnold had called for 120 B-29s with 
fuel injection engines to be built by October 1944, which again proved hopelessly unreal-
istic.269 When the AAF approached Chrysler about building the fuel injection Cyclone 18 
at the Dodge-Chicago factory, Chrysler stated that the company had no experience with 
fuel injection engines.270 Chrysler was completely dependent on Wright for engineering 
drawings and guidance on production methods and the Bendix Corporation for fuel injec-
tors. The fuel injector system consisted of two pumps, one for each row of cylinders, with 
nine plungers in each row that forced a set mixture of fuel and air into the combustion 
chamber of each of the Cyclone 18’s eighteen cylinders.271

The fuel injection engine had 97 new parts that were different from the standard Cyclone 
18 that the Dodge factory was building and was in many ways a new engine. The fuel injec-
tion engine would require new materials, new machine tools, fixtures, and gages and new 
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subcontractors as Dodge decided it could build only eight or nine of the new parts required.272 
Despite not having all the necessary machine tools and fixtures, the Dodge-Chicago factory 
completed its first fuel injection engine for test purposes in September. However, with 
continued engineering problems, the need for new and different machine tools, and delays 
in getting fuel injection systems from Bendix, the Chicago factory did not begin manufac-
turing fuel injection engines until January 1945.273

In the interim, Chrysler engineers used their extensive experience to redesign, at the 
AAF’s request, the fuel lines leading from the fuel injection pumps to the cylinders, which 
in Wright’s original design were “routed tortuously and inaccessibly; hard to install, and 
harder to service: if a line broke, it could not be replaced without removing the engine from 
the nacelle, a job of as much as 400 man-hours.”274 Dodge engineers redesigned the fuel 
lines so that a mechanic could completely remove the lines and reinstall them in 2 hours. 
As the production of the fuel injection engine built up over the next few months, the AAF 
ordered the Chicago factory to plan to stop the production of the standard carburetor engine 
in November 1945 and to progressively switch to the fuel injection engine, increasing 
production to a level of 1,600 engines by that same month.275

The Chrysler Corporation and the Dodge Division’s extensive experience with mass 
production enabled the Dodge-Chicago factory’s Engineering Department to improve 
manufacturing methods for the Cyclone 18 that speeded production and cut costs, mostly 
by eliminating unnecessary features on the engine.276 The Engineering Department intro-
duced 25 major changes to the Cyclone 18 engine. These changes cut 174 machining opera-
tions, eliminated 62 assembly operations, and canceled 58 unnecessary parts from the 
engine.277 Dodge engineers developed a special test stand fixture that cut the time needed 
to install an engine in the test cell from 2 hours to 10 minutes. In another innovation, Dodge 
connected the engines under test directly to generators to generate electricity for the factory 
around the clock.278 Chrysler estimated that these improved manufacturing techniques 
not only reduced the cost per engine, saving the government upward of $100 million.279 
The Chicago factory cut the cost of building the Cyclone 18 engine dramatically, from an 
estimated cost of $25,314 per engine to an actual cost of $11,357 for the standard version 
and $12,954 for the fuel injection version.280

Another innovation that the Chicago factory introduced, again borrowed from the 
automobile industry, was to adopt shot peening to strengthen connecting rods. Shot peening 
was a process of bombarding the metal surface of the connecting rod with tiny metal or 
ceramic pellets to strengthen the surface layer where fatigue failures often started.281 Shot 
peening also eliminated the need to polish the connecting rod, saving 36 man-hours of 
production time per engine.282 Developing this method was a joint effort of the aircraft 
engine manufacturers and their licensees through the Aircraft Engine Division of the 
Automotive Council for War Production, a grouping that combined representatives of the 
two industries to work out new production methods that would speed production and 
reduce labor.283

Production Challenges at the Chicago Factory
The Chicago factory’s experience with production control provides another, if different, 
example of how challenging organizing large-scale production was during the war. The 
Dodge factory never experienced the disruptions and management control problems of the 
Lockland factory. The biggest challenge the Dodge management faced was simply getting 
into production. Shortages of machine tools persisted for months. The problems that had 
to be overcome to build the Cyclone 18 in quantity covered a broad spectrum of challenges 
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in engineering, production, availability of materials and labor, scheduling, choice of engine 
model, and coordination that at times must have seemed insurmountable. The breadth of 
these problems and the urgency of the Cyclone 18 and the B-29 program taxed the manage-
ment of Wright, Chrysler, and its Dodge Division and the AAF to the limit. Despite the 
urgency, it took the Dodge-Chicago factory 29 months from the contract date to reach a 
production rate of 500 engines a month, longer than the average of 15 to 20 months for 
other aircraft engine factories.284

Setting up the production line, however, is dependent on having a product that is ready 
for production. Only then can the production engineers determine the machine tools needed 
to manufacture the product, the machining operations required, the correct sequence of 
operations, the labor that will be needed, and the parts and raw materials that will be neces-
sary. Once the factory has put all the components of the production line in place, production 
control is relatively straightforward.285 When the Chrysler Corporation received the contract 
to build the Cyclone 18, the engine was far from ready for production. In 1942, the Cyclone 
18 was still very much an experimental engine. Between the time Chrysler received the 
contract to build the Cyclone 18 in February 1942 and November 1943, Wright put through 
more than 2,000 engineering changes on the Cyclone 18, 500 of which required changes 
in tooling.286 As the Harvard Business School study on the problems of accelerating aircraft 
production noted, “the early months of the R-3350 [Cyclone 18] history indicate the futility 
of commencing to tool a shop for an engine too far in advance of the time when its design 
is reasonably well established.”287

Delays in getting machine tools affected the Dodge-Chicago factory’s ability to set up 
a production line. In March 1942, Dodge received from Wright a list of 4,999 machine tools 
required to build the Cyclone 18, with the less than helpful note that the list “…had been 
prepared hurriedly and would undoubtedly be subject to considerable revision.”288 The AAF 
then decided to give priority to accelerating machine tool deliveries to the Wright Wood-
Ridge factory in the hopes of getting Wood-Ridge into production quickly.289 By April 1943, 
the Dodge factory had placed orders for 7,050 machine tools but had received only 32% of 
the tools on order.290 More importantly, the Dodge-Chicago factory had received only 50% 
of the machine tools needed to set up a pilot production line, where Dodge engineers could 
actually test manufacturing methods and confirm the sequence of operations.291

The AAF did not help matters by changing its requirements for the Cyclone 18. In April 
1942, the AAF ordered Chrysler to plan for the production of 1,500 Cyclone engines a 
month instead of 1,000 a month and instructed Chrysler to plan to build 750 Cyclone 18BA 
engines and 750 Cyclone 18BB a month.292 As these engines had important differences in 
their construction, they required separate production lines. Chrysler began ordering 
machine tools for the two different engine models and setting up production lines for the 
BA and BB models, only to have the AAF decide in October 1943, once the process was well 
underway, to drop plans for the Dodge-Chicago factory to build the Cyclone 18BB and 
instead to build 1,500 Cyclone 18BA engines a month, quickly raised to 1,600 a month to 
be achieved by May or June 1945.293

When the AAF canceled the order for the Cyclone 18BB, Dodge found that only 752 
of 2,537 machine tools the factory had ordered for the Cyclone 18BB production line could 
be transferred to the Cyclone 18BA line.294 By the end of 1943, the factory was still short of 
machine tools.295 The start of Cyclone 18 production at the Chicago factory had to be pushed 
back from March 1943 to July 1943 and finally to January 1944, nearly two years from the 
date of Chrysler receiving the contract. The rapid increase in production at the Dodge 
factory during 1944 demonstrates how important production control was to quantity 
production. With a standardized engine ready for production, production processes could 
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be clarified and sequenced, parts and raw materials could be obtained from vendors to a 
set schedule, adequate numbers of machine tools could be acquired and placed in produc-
tion lines, and production could accelerate rapidly.

Building the R-3350 at the Wright Wood-Ridge 
Factory
The key characteristic of the Wood-Ridge factory was the factory’s reliance on the high-
production machine tools that Wright Aeronautical had developed before the factory 
initiated production.296 The Wood-Ridge factory built the entire R-3350 engine, relying on 
other Wright factories in the Paterson area and the Wright Lockland factory for certain 
parts. Wood-Ridge received studs, nuts, bolts, and reduction gears from the Wright Plant 
4, magnesium engine sections from the magnesium factory at Plant 3, cylinder heads and 
other castings from the aluminum factory at Plant 2, and a large number of gears from the 
Lockland factory.297 In return, Wood-Ridge made steel crankcase forgings and forged 
cylinder heads for the R-1820 Cyclone 9 built in the Paterson factories.298

The Wood-Ridge factory received an early version of the Greenlee automatic transfer 
machine, with one 18-station and one 20-station machine connected together for machining 
operations on cylinder heads.299 This may have been enlarged later in the war. The factory 
acquired several smaller Greenlee automatic indexing machines for milling magnesium 
supercharge sections. These included three-way nine-station and five-way 18-station hori-
zontal indexing machines that could perform multiple operations in sequence, automatically 
moving the workpiece at the end of each stage.300 In addition, the factory had several special 
Greenlee drilling machines that cost between $43,000 and $53,000 each.301 Other high-
production machine tools included Barnes special drills, Bullard Mult-Au-Matic four-
spindle machines, Cincinnati Milling four-spindle Hyrdro-Tel milling machines, Ex-Cell-O 
special drilling machines, and different Heald, Landis, and Norton boring and grinding 
machines.302 The emphasis at the Wood-Ridge factory, as at the Lockland factory, was on 
having machine tools perform multiple operations to speed production and reduce the 
number of operators, a critical factor at Wood-Ridge where recruiting workers became 
an issue.

Building the Bristol Centaurus
There is little information available on how Bristol built the 18-cylinder Centaurus engine. 
Contemporary British aviation and industry magazines, principally Aircraft Production 
and Machinery (London), do not contain detailed descriptions of Centaurus production as 
they do for the Bristol Hercules. This is probably because Bristol built comparatively few 
Centaurus engines during the war and to wartime security restrictions. It is likely that in 
many respects, building a Centaurus engine was similar to building a Hercules. As the 
Centaurus was a development of the Hercules, the two engines had much in common in 
terms of the design and composition of their components. Apparently, however, while 
machine tools designed for manufacturing the Centaurus could be used to manufacture 
the Hercules, the machine tools in the Bristol factories used to manufacture the Hercules 
could not be used to manufacture components for the Centaurus.303 For this reason, Bristol 
recommended purchasing new machine tools for Centaurus production and specifically 
requested the Ministry of Aircraft Production to order American machine tools. In June 
1941, Bristol prepared a proposal for the Ministry to build the Centaurus at the Bristol 
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 FIGURE 6.15  The Bristol Centaurus IV 18-cylinder sleeve-valve engine. The Bristol Engine 
Department at Filton and the Hawthorn shadow factory build 716 Centaurus IV engines 
before the end of the war. This model powered the Bristol Buckingham, Hawker Tempest II, 
and the Vickers Warwick twin engine bomber.
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parent engine factory at Filton and the Bristol No. 3 Shadow Factory at Accrington and 
requested £450,000 (approximately $1.8 million) to purchase 132 machine tools and other 
specialized equipment in America.304 On July 4, the MAP’s Air Supply Board approved an 
expenditure of £200,000 ($800,000) to purchase machine tools and other equipment for 
the parent factory to build the Centaurus, with a planned output of 80 engines a month, 
rising to 100 a month when Bristol stopped the production of the Taurus engine.305 A year 
later, the Air Supply Board approved an additional £200,000 for machine tools at the parent 
factory (Figure 6.15).306

While the production of the Centaurus began at the parent engine factory in Filton 
toward the end of 1942, after the Centaurus IV passed its type test in July, debate continued 
over the rate of production to be achieved and how to allocate production between the 
parent factory, the Hawthorn factory, and the Accrington shadow factory.307 A May 1943 
proposal to enable the Accrington shadow factory to build 150 Centaurus engines a month 
gives an indication of the types of special purpose machine tools Bristol wanted to order 
from America for Centaurus production.308 On the list of equipment that Bristol wanted 
were several automatic machine tools that were also found in the American aircraft engine 
factories such as Bosch multi-spindle drilling machines, Cincinnati Milling Hydromatic 
machines, and Heald Borematics, but none of the larger automatic indexing machines that 
were employed in the American factories.
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At its Filton engine factory, Bristol built the Hercules and, until late 1943, the sleeve-
valve Taurus engine, in addition to the Centaurus. While the exact layout of the machine 
shops at the engine factory at Filton, where Bristol built most of the Centaurus engines 
during the war, is unknown, Bristol’s board of directors noted the limited ability to make 
improvements in production methods at the factory due to the layout of machine tools 
compared with the more modern layouts in the shadow factories.309 Based on this concern, 
it is likely that the machine shops at the Filton engine factory were not set up for line 
production. The legacy of the dispersal of facilities was another constraint on production 
efficiency. Bristol had shifted certain operations and departments to facilities around the 
Bristol area. Bristol had moved engine assembly to a building in Paulton, some 20 miles 
from Filton that had 36,000 ft2 of floor space.310 Parts and components for the Centaurus 
would have been trucked from Filton and other dispersal sites to Paulton, and completed 
engines trucked back to the engine test cells at the Filton factory, adding time to the 
production process.

The production of the Centaurus at the Filton factory took months to build up. As of 
May 1943, the Centaurus was still in the process of production development. The number 
of engines built that month was below target, but the Engine Division was slowly eliminating 
production problems.311 The problems persisted into July, with a lack of testing facilities 
and a shortage of boost controls from America slowing production.312 Over the summer 
of 1943, the Bristol Engine Division transferred Hercules assembly from the facility at 
Paulton to allow Paulton to concentrate on the Centaurus.313 The rate of production 
improved during 1944, although shortages of certain components sourced from America 
continued as did some technical issues. Had demand for the Centaurus been greater, it is 
likely that the MAP and Bristol would have put more effort into improving production.

Conclusion
Achieving quantity production of the big, 18-cylinder Pratt & Whitney R-2800 Double 
Wasp and the Wright R-3350 Duplex Cyclone 18 engines, as well as the pace of production, 
was a remarkable achievement. Nearly 80% of these engines were built during the final 18 
months of the war. Once again, the contribution of the automotive companies to achieving 
the quantities needed was vital. Ford, Nash-Kelvinator, Chevrolet, and the Dodge Division 
built 54% of all the R-2800 and R-3350 engines made during the war, and 61% of the engines 
built over the last 18 months.

Ford benefited from the fact that during 1941 as the company was gearing up to build 
the R-2800, Pratt & Whitney was accelerating the production of the engine and sharing 
this knowledge with Ford’s engineers. When Ford began working on the R-2800, the engine 
was ready for production. Ford went on to share its experience and production knowledge 
with Nash-Kelvinator and Chevrolet.314 Pratt & Whitney’s licensing of the R-2800 B series 
to Ford and Nash-Kelvinator allowed Pratt & Whitney to devote its efforts to developing 
the more advanced C series and getting this engine into production at the Pratt & Whitney 
Kansas City factory and Chevrolet.315 In the case of these automotive companies, their 
experience met the three conditions for effective licensing arrangements as outlined in the 
Harvard Business School study.316

The Dodge Division’s experience getting the Wright R-3350 into production illustrates 
the problems that did arise in some licensing arrangements. In early 1942, when Chrysler 
received the War Department contract to build the R-3350, the engine was not ready for 
production. That year Wright’s Paterson factories completed only 67 R-3350 engines.317 
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Wright engineers were perfectly willing to share information with Dodge engineers, but 
were themselves struggling to work out problems with the engine, and until the engine 
reached a production standard, it could not be built. Delays in reaching production status 
caused delays in acquiring needed machine tools, setting back production by a year, from 
January 1943 to January 1944. It took the Dodge Division 29 months from getting the 
go-ahead to reach a rate of 500 engines a month, the longest period of any of the automobile 
licensees. Yet once begun, production accelerated and the Dodge-Chicago regularly 
surpassed its production targets, reflecting the Dodge Division’s long experience with 
production engineering.

All the branch and licensee factories building the R-2800 and R-3350 engines adopted 
line production methods, including extensive use of mechanical conveyors, and simpler 
manufacturing processes to increase production volumes and cope with the influx of semi- 
and unskilled workers. Several factories employed the latest designs in high-production 
machine tools such as the Greenlee and Foote Burt automatic transfer machines and other 
advanced automatic machine tools. The systems of line production that the factories devel-
oped retained the flexibility to adjust to the frequent changes in design that Pratt & Whitney 
and Wright put through to improve engine performance and reliability. Designing successful 
production systems and manufacturing processes for engines that required some 13,000 
component parts, as well as mobilizing and coordinating the work of thousands of subcon-
tractors, and training tens of thousands of employees was an achievement that has received 
little recognition. The successful production of these 18-cylinder engines helped put the 
American aviation industry in a dominant position in the postwar market for 
commercial airliners.

The story of the Bristol Centaurus is one of what might have been. Had there been an 
aircraft “champion” for the Centaurus that the RAF required in quantity, if Bristol Aeroplane 
had had the resources to devote more effort to Centaurus’ development earlier in the war, 
the Centaurus production record might well have been different. By the end of the war, the 
Centaurus had reached 2,500 hp, equal to the Wright R-3350. Post-World War II, the 
Centaurus had a long and successful career as an engine in military transport aircraft, but 
did not fare well as an engine for commercial airliners, a market where the American air-
cooled radial piston engines dominated until the advent of the jet engine. The attempt to 
manufacture the Centaurus in the underground Hawthorn factory failed to meet expecta-
tions, but the Bristol parent factory proved able to meet the limited demand for the Centaurus 
in the final years of the war.
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Comparing American and British 
Aircraft Engine Production

Introduction

As the chapters on Pratt & Whitney and Wright Aeronautical engine production have 
shown, wartime aircraft engine production in America was on a completely different 
scale from production in Britain. During World War II, the American aircraft 

engine industry built three times the number of engines of all sizes as the British aircraft 
engine industry and in a shorter period of time. Figure 7.1 shows that in 1944, the peak year 
of American production, the American industry built four and half times the number of 
aircraft engines built in Britain that same year. Pratt & Whitney and its licensees alone 
built more engines than the entire British industry. There are three factors that can explain 
the difference in volume of production between America and Britain: first, the disparity 
of resources available; second, differences in labor productivity; and third, differences in 
the organization of production, specifically factory size and composition of machine tools.

7
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Disparity of Resources
Given the disparity in resources that could be brought to wartime production, it is not 
surprising that America built substantially more aircraft engines for more aircraft than 
Britain. Using GDP as a measure, America had substantially greater resources available 
than Britain, even when adding in resources of the British Commonwealth and colonies. 
At the start of the war in 1939, though still recovering from the effects of the Depression, 
American GDP was three times greater than that of the UK.1 By 1944, the peak year of 
American wartime production, American GDP was four times greater.2 America had a 
population nearly three times bigger than the population of Britain.3 The pool of potential 
workers in America, adults in the age group from 20 to 64, was at 77.1 million in 1939 
greater than the entire population of the UK.4

The disparity in resources is evident in the relative expenditures on aircraft engine 
production during the war. In Britain, government expenditure on aircraft engine factories 
between 1936 and 1945, both shadow factories and extensions to factories of the aircraft 
engine manufacturers amounted to approximately $439 million.5 From July 1940 to August 
1945, the American government provided $1.3 billion to the aircraft engine manufacturers 
and their automobile licensees, including the General Motors Allison Division building 
the Allison V-1710 liquid-cooled engine and Packard Motor Company building the Rolls-
Royce Merlin V-1650 under license.6 Within this total, the automobile companies building 
Pratt & Whitney and Wright Aeronautical engines under license received $701.8 million 
in financing for factories and equipment, nearly double the entire British government 
expenditure on aircraft engine facilities (Table 7.1).7

 FIGURE 7.1  Comparative American and British aircraft engine production, 1940–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC); Ministry of Aircraft Production: 

Statistical Review, 1939–1945.
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The more important factor for aircraft engine production in wartime was that the 
American aircraft engine companies had a much larger industrial base to draw on than their 
British counterparts. The American motor vehicle industry, the source of the licensee compa-
nies during the war, was far larger. In 1937, the year of peak production before the outbreak 
of war, the British motor vehicle industry built 493,256 cars and commercial vehicles.8 In 
contrast, in 1941 after the American motor vehicle industry had recovered from the Depression, 
the industry built 3,779,682 automobiles and 1,060,948 commercial vehicles, nearly ten times 
the number of British motor vehicles built in 1937.9 Figure 7.2 shows the disparity in produc-
tion between individual American companies that built aircraft engines under license and 
the British Standard Motor Company, one of the automotive companies in the Shadow Factory 
Scheme. The American automobile industry’s extensive experience in production engineering 
and production management contributed greatly to the quantity production of aircraft engines 
by the automotive licensee companies during World War II.10 The licensees were companies 
that “understood the importance of production engineering and that knew how to use it.”11

TABLE 7.1 Government financing for aircraft engine factories.

Factory Government financing

Pratt & Whitney Hartford Area $90.3 million

Pratt & Whitney Kansas City $85.5 million

Buick Melrose Park $125.6 million

Chevrolet Tonawanda $134.1 million

Ford Dearborn $128 million

Nash-Kelvinator $36.7 million

Wright Paterson area $39.7 million

Wright Wood-Ridge $70.2 million

Wright Lockland $141.1 million

Dodge-Chicago $181 million

Studebaker Chicago, Ft. Wayne, South Bend $93.3 million

Source: Civilian Production Administration: Industrial Statistics Division: War Industrial Facilities 
Authorized July 1940–August 1945 (Washington, DC, 1946).

 FIGURE 7.2  Automobile production in 1939.

Source: https://en.wikipedia.org/wiki/U.S._Automobile_Production_Figures; Robson, Graham: The Book of the Standard Motor 
Company (Poundbury, Dorchester, UK, 2011), pp. 63-64.
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The size and continued expansion of the American automobile industry were also 
important to the development of new types of machine tools and the growth of the American 
machine tool industry.12 Demand from the automotive industry for improved production 
processes, faster production, and improvements in automobile components stimulated 
progress in the design and construction of machine tools.13 The automotive industry served 
as a “vector of innovation” for the industry, driving the industry to introduce machine tools 
with greater automaticity, speeds, precision, and accuracy.14 Like the automotive industry, 
the American machine tool industry was larger than the British industry. In 1935, the 
British industry produced machine tools with a value of approximately $24 million, while 
the American industry’s production amounted to $85 million.15 During 1942, the year of 
peak machine tool production, the American industry built 307,000 machine tools of all 
types compared with 95,800 machine tools built in Britain.16 With a deep understanding 
of the requirements of the automobile industry and other metal cutting industries that had 
certain characteristics in common with the aircraft engine industry, the machine tool 
company engineers and tool and die makers made an equally significant contribution in 
the shift to quantity production of aircraft engines.17

Comparing Labor Productivity at  
American and British Aircraft Engine 
Factories
A comparative study of British and American aircraft engine production during World War 
II raises the issue of comparative labor productivity. Little data have surfaced on the man-
hours required to build aircraft engines at these wartime factories, particularly over time, but 
some data are available on total employment during the war.18 One simple measure of produc-
tivity is to look at the output per worker, in this case the number of workers per engine built. 
Using this albeit simplistic measure of productivity, it can be demonstrated that the American 
wartime aircraft engine factories were more productive than their British counterparts.

There is historical precedence for the difference in productivity between America and 
Britain. Stephen Broadberry has argued that since the late nineteenth century America has 
maintained an advantage in productivity over Britain, particularly in manufacturing.19 
Even during the Depression years, American productivity in manufacturing was double 
that of Britain.20 Broadberry attributes the difference to “a distinctive American machine-
intensive and resource-using technology that economized on skilled shop floor labor.”21 
This was particularly true for certain sectors of manufacturing producing large quantities 
of standardized products, such as the automobile industry, where unskilled labor could 
be combined with machines to greatly expand production.22 Broadberry contrasts the 
American mass production approach with the European “flexible production technology” 
that relied on more readily available skilled labor than machine tools and confronted 
markets demanding greater product differentiation.23 It can also be argued that the two 
different approaches utilized different types of machine tools, which directly affected 
productivity. American mass production methods required more special purpose, high-
production machine tools to obtain large-scale production, while standard machine tools 
were better suited to the European flexible production approach.

In looking at comparative labor productivity, it is necessary to bear in mind that there 
were obvious differences between American and British factories in the type of aircraft 
engine produced—single-row versus double-row, 9, 14, or 18 cylinders—how many models 
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of a particular engine were built, the number of shifts and hours worked per week, the 
number and types of machine tools available, the size and layout of the factory space, the 
percentage of subcontracting, and the demand for engines and size of contracts with the 
military, among other variables. The aircraft engine manufacturing companies such as 
Bristol, Pratt & Whitney, and Wright Aeronautical had many more responsibilities than 
their licensees. The number of employees at the parent firms included many working in 
design, development, and administration and in experimental machine shops. Coming up 
with a meaningful measure of comparative productivity is thus challenging.

Comparing productivity at American and British aircraft engine companies is chal-
lenging, not simply because of the multiple variables between factories, but more so because 
of a lack of data on employment at the British aircraft engine factories. With minor excep-
tions, data are available on employment and production on a monthly basis for nearly every 
airframe and engine factory in America from 1940 to 1945.24 The equivalent publication 
from the Ministry of Aircraft Production provides only averages of engine production by 
quarter for most major factories, but combines production at No. 1 and No. 2 Shadow 
Groups into one figure, making it impossible to determine a breakdown of production at 
the different factories.25 Estimating total workers is also difficult due to the relative paucity 
of information on employment during the war particularly how factories calculated the 
number of workers. The Ministry of Aircraft Production’s Statistical Bulletin lists the 
employment of “operatives” at the different airframe and aircraft engine factories, but only 
for selected periods from March 1942 to September 1945, and does not define what consti-
tuted an “operative.” The more comprehensive lists of labor at the different factories that 
were used to produce these data do not seem to have been preserved in the records of the 
Ministry of Aircraft Production.

Because of constraints on the supply of labor in Britain during the war, calculations 
of productivity were important to the Ministry of Aircraft Production as a basis for calcu-
lating labor requirements. Calculating productivity at the factories was never easy. MAP’s 
own calculations often underestimated increases in productivity.26 Part of the problem was 
that the firms themselves had “little experience of measuring labor requirements under 
conditions of large scale production, with a much higher degree of tooling, etc., than they 
were accustomed to.”27 Reports on monitoring and reporting on productivity improvements 
have yet to surface in the archives. From what information is available, it is clear that there 
were variations in levels of productivity and improvements in productivity over time as 
production increased.

It is also important to point out that at the time productivity was less important than 
production. There was a far greater emphasis on meeting monthly production schedules 
than on reducing man-hours per engine.28 As Alexander Field has observed, at a time when 
government contracts were on a cost-plus basis, “success is measured by one’s ability to 
produce large quantities of ordnance quickly.”29 The difficulty, as Field notes, is that there 
are few detailed studies of wartime productivity, particularly on an individual industry 
basis.30 From the records surveyed, there does not appear to have been many efforts at the 
time to determine relative productivity in the aircraft engine factories in either Britain or 
America, though there is much information on monthly production targets.31 In the British 
Ministry of Aircraft Production’s planning process, the more important questions for 
program planning for an aircraft engine factory were the date when production would start 
and how fast it would take to reach the level of peak production.32 In the British system of 
production, with frequent modifications and changes in engine models, the expectation 
was that a few aircraft or aircraft engine models would reach peak production before modi-
fications would require changes in production processes.33 The more important calculation 
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was to estimate labor requirements at the factories for a given rate of production in order 
to determine the manpower allocation among the Admiralty, the Ministry of Aircraft 
Production, and the Ministry of Supply.34

Looking at American aircraft engine production, it can be shown that productivity 
varied considerably among the American aircraft engine factories. Using the number of 
workers per engine built, Figure 7.3 shows that the three most productive American aircraft 
engine factories, those factories with the fewest workers per engine built, were those 
managed by three automobile companies—Studebaker, Buick, and Chevrolet—building 
engines under license. Two of the biggest aircraft engine factories—the Dodge-Chicago 
factory and the Pratt & Whitney factory in Kansas City—required more workers per engine 
built. The Wright Lockland factory was the only giant factory to approach the productivity 
levels of Studebaker, Buick, and Chevrolet, although sustaining productivity at Lockland 
proved difficult. This finding contradicts the assumption that giant factories were, or should 
be, more productive. The function of the giant factory was to increase output and improve 
efficiency through economies of scale, yet these productivity figures imply that in fact this 
was not the case.35

Explaining these variations in productivity is difficult as there are multiple variables 
to consider and comparable data on these variables are not always available. Three factors 
that can be considered are the type of engine in production, the reliance on subcontracting, 
and production experience. Regarding the type of engine, the Harvard Business School 
study makes clear that building established engine models in production before America’s 
entry into the war contributed to better productivity.36 Building proven engines with fewer 
variants, where the licensee companies could draw on the technical and production 

 FIGURE 7.3  Total workers per engine built during peak production at the Principal 
American air-cooled radial aircraft engine factories, 1943–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC).
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knowledge of the parent firms, clearly improved productivity. The complexity of the engine 
was also a critical factor in productivity. Building an 18-cylinder engine with nearly three 
times the number of parts was, not surprisingly, more demanding than building a 9-cylinder 
engine. As Figure 7.4 shows, the Ford Dearborn factory building the 18-cylinder Pratt & 
Whitney Double Wasp engine required nearly twice as many total workers per engine as 
Studebaker did building the 9-cylinder Cyclone 9.

A possible correlation between the level of subcontracting and productivity is not 
clear-cut. There are data for the level of subcontracting at the aircraft engine factories from 
November 1944 through February 1945.37 Charts 7–5 show the reliance on subcontracting 
at the different factories. The percentages given for this period may not, however, be an 
accurate reflection of the true reliance on subcontracting at earlier periods in the war. The 
Studebaker factory, for example, relied on subcontractors for 50% of the value of the Cyclone 
9 engine, while in early 1943 the Wright Lockland factory depended on subcontracting for 
65% of the parts in the Cyclone 14.38 It would seem that a higher reliance on subcontractors 
would result in a higher output of engines per worker at the aircraft engine factories. The 
Ford Dearborn and Nash-Kelvinator figures do not support this assumption. For 1944, 
Ford and Nash-Kelvinator had almost identical figures for the number of direct workers 
per engine, yet Ford’s reliance on subcontracting was one or five times that of 

 FIGURE 7.4  Best record of total workers per engine for American factories building 9-, 
14-, and 18-cylinder air-cooled radial aircraft engines.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Holley, Irving Brinton, Jr.: 

Buying Aircraft: Material Procurement for the Army Air Forces, United States Army in World War II: Special Studies (Washington, DC, 
1964), pp. 580-81; Manpower Office, Management Control, Air Technical Service Command, Army Air Forces: Labor Statistics for the 

Aircraft Industry, November 1944–July 1945, File 218.6-7 Labor Statistics, AFHRA.
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Nash-Kelvinator. Similarly, the Wright Lockland factory had a greater reliance on subcon-
tracting than either the Buick or Chevrolet factories (nearly double the percentage at 
Chevrolet) but was not notably more productive (Figure 7.5).

The implication is that it was not necessarily the type of engine nor the level of 
reliance on subcontractors that determined productivity, but the organization of produc-
tion within the factory; that is, how well the management deployed methods of produc-
tion and process engineering. It is noteworthy that for each type of engine—9-cylinder, 
14-cylinder, and 18-cylinder—the factories that were the most productive in terms of 
the fewest number of workers per engine built and that had the most sustained record 
of productivity were the factories managed by automobile licensees. As the Harvard 
Business School study notes, these firms brought to aircraft engine production “manage-
ment organizations that knew how to carry out production engineering in all its 
phases.”39 This is perhaps most evident in the record of the three factories building the 
biggest and newest air-cooled radial engines. Pratt & Whitney Kansas City undertook 
the production of the redesigned Pratt & Whitney R-2800 C series, while the Dodge-
Chicago factory and the Wright Wood-Ridge factory built the new Wright Aeronautical 

 FIGURE 7.5  Percentage of subcontracting, November 1944–February 1945.

Source: Manpower Office, Management Control, Air Technical Service Command, Army Air Forces: Labor Statistics for the Aircraft 
Industry, November 1944–July 1945, File 218.6-7 Labor Statistics, AFHRA.
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R-3350 Cyclone 18. Figure 7.6 shows that the Dodge-Chicago factory continued to 
improve productivity in the final year of the war to achieve a level of productivity close 
to that of Ford and Nash-Kelvinator. The Pratt & Whitney and Wright factories were 
less successful in this effort.

There is some evidence to indicate that even before the start of the war Pratt & Whitney 
and Wright Aeronautical employed manufacturing methods that were more productive 
than Bristol. Pratt & Whitney and Wright appear to have required half the number of 
workers per engine built as shown in Figure 7.7. Data for the war years show a similar rela-
tionship, particularly when comparing factories building similar types of engines as shown 
in Figure 7.8. No. 1 Shadow Group and Studebaker both built 9-cylinder engines, while the 
most appropriate comparison for the Bristol Accrington factory and the combined No. 1 
and No. 2 Shadow Group factories, which built the 14-cylinder Hercules, would be the 
Buick, Chevrolet, and Wright Lockland factories that also built 14-cylinder engines. 
Studebaker was twice as productive as the factories in No. 1 Shadow Group, with an average 
of five workers per engine built compared with ten workers at No. 1 Shadow Group factories. 
Buick, Chevrolet, and Wright Lockland were twice as productive as the factories in No. 1 
and No. 2 Shadow Groups and the Bristol No. 3 Shadow Factory at Accrington, with half 
the number of workers per engine built.

 FIGURE 7.6  Average total workers per engine built for factories building 18-cylinder  
air-cooled radial aircraft engines, 1944–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Holley, Irving Brinton, Jr.: 

Buying Aircraft: Material Procurement for the Army Air Forces, United States Army in World War II: Special Studies (Washington, DC, 
1964), pp. 580-81; Manpower Office, Management Control, Air Technical Service Command, Army Air Forces: Labor Statistics for the 

Aircraft Industry, November 1944–July 1945, File 218.6-7 Labor Statistics, AFHRA.
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 FIGURE 7.8  Average number of total workers per engine for American and British 
factories for peak month of production, 1941–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, 
Division of Aircraft Statistics: US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller 

Production (Washington, DC, 1946); Ministry of Aircraft Production: Statistical Review, 1939–45.

 FIGURE 7.7  Prewar average total workers per engine built per month.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft 
Statistics: US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Lilley, 

Tom, et al: Problems of Accelerating Aircraft Production During World War II, P. 12; Manpower Office, Management Control, Air 
Technical Service Command, Army Air Forces: Labor Statistics for the Aircraft Industry, November 1944–July 1945, File 218.6-7 
Labor Statistics, AFHRA; Mr. Haag to Secretary Morgenthau, “Employment in the Aviation Manufacturing Industry,” January 14, 

1941, Diaries of Henry Morgenthau, Vol. 347-January 13–14, 1941, FDR Library Digital Collections; Bristol Aeroplane Company, 
Summary of All Employees for 1937 and 1938, copy in the archives of Aerospace Bristol Museum.
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 FIGURE 7.9  Peak monthly production at American and British factories building 9- and 
14-cylinder air-cooled radial engines, 1941–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Ministry of Aircraft 

Production: Statistical Review, 1939–45; History of Production of Bristol Aeroengines by the Shadow Industry, Abridged Record of 
Engines, Spares and Accessory Output from Shadow Industry for 1938–1944.

Production at the American factories building 9- and 14-cylinder aircraft engines 
was on a different scale to the production of Bristol engines, as Figure 7.9 indicates. Since 
American airframe production was also greater than British airframe production, monthly 
production targets at the American aircraft engine factories were significantly higher than 
those at the British aircraft engine factories. Only the combined factories in No. 1 and 
No. 2 Shadow Groups building the Bristol Hercules approached the American factories 
in terms of peak monthly production. As Figure 7.10 shows, the American factories 
employed more workers, but not substantially more. Studebaker and the No. 1 Shadow 
Group factories had approximately the same number of employees, while the combined 
No. 1 and No. 2 Shadow Group factories had more employees than the Buick, Chevrolet, 
or Wright Lockland factories.
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Hornby notes that there was a wide variation in productivity at the different British 
factories and asserts that it was related to the degree of subcontracting.40 Hornby describes 
the difficulties in expanding capacity at a specialist subcontractor for the aircraft engine 
manufacturers after the war began, but states that while some of the new aircraft engine 
factories operated with a lower-than-normal reliance on subcontracting, many others 
achieved a higher level of subcontracting due to limitations on civilian production that 
allowed other manufacturers to switch to manufacturing components and subassemblies 
for the aircraft engine factories.41 In these cases, which did vary from factory to factory, 
Hornby says the level of subcontracting at the aircraft engine factories approached that of 
the airframe factories, where subcontracting reached a level of 50% and often higher, 
compared with an average of 40% at the American aircraft engine factories.42

Unfortunately, precise data on the level of subcontracting at the factories building 
Bristol engines do not seem to have survived. However, anecdotal evidence suggests that 
these factories were heavily reliant on subcontracting, at a level that was at least equal to 
or higher than the levels at the Wright Lockland and Studebaker factories. For example, 

 FIGURE 7.10  Peak monthly employment at American and British factories building 9- and 
14-cylinder air-cooled radial aircraft engines, 1941–1945.

Source: US Department of Commerce, Civil Aeronautics Administration, Office of Aviation Information, Division of Aircraft Statistics: 
US Military Acceptances, 1940–1945: Aircraft, Engines and Propeller Production (Washington, DC, 1946); Ministry of Aircraft 

Production: Statistical Review, 1939–1945.
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none of the factories in No. 1 or No. 2 Shadow Groups, nor the Bristol Accrington factory, 
had their own foundries for casting aluminum or magnesium engine parts nor facilities 
for forging engine parts. They were therefore entirely dependent on outside suppliers for 
cylinder heads, cylinder barrels, crankshafts, and crankcases, as well as specialized bearings, 
piston rings, carburetors, and magnetos.

Factories and Machine Tools
Why the large difference in productivity between American and British factories? The 
answer lies in factory design and composition of machine tools. The difference in the scale 
of intended production was critical. As shown in Figure 7.9, there was a vast difference 
between monthly aircraft engine production targets in Britain and America.43 Where the 
target for the Bristol Accrington factory was 400 Hercules engines per month, the target 
for the Wright Lockland factory was 3,000 Cyclone 14 engines a month. The answer lies in 
factory design and composition of machine tools. When faced with unprecedented demands 
for engines but with full government financing available, Pratt & Whitney and Wright 
Aeronautical and their automotive licensees had the ability to design, build, and equip 
factories that could meet this demand. Monthly production targets could be broken down 
into the number of parts and components required to build the specified number of engines. 
From the number of parts per engine, production and process engineers could determine 
the number of machining and other operations needed to build the required number of 
parts and, from this, determine the number and type of machine tools that would be needed 
for a given number of daily shifts. Plant layout engineers could then determine the size of 
the factory needed to accommodate all the machine tools.

The size and design of the factories that built these engines in America and Britain 
were in sharp contrast. In America, wartime aircraft engine factories were designed from 
the beginning to facilitate flow production. Critical to flow production was “the passage of 
the part from operation to operation in a direct and uninterrupted sequence.”44 With no 
threat of air attack, American factories could be built as large, single-story buildings accom-
modating all phases of production and with no internal obstructions restricting the flow. 
The large American factories could accommodate conveyor systems to speed the flow of 
parts. In contrast, the shadow factories in Britain had to incorporate measures to reduce 
their vulnerability to air attack. Instead of large factory buildings, the government recom-
mended several smaller buildings placed apart to reduce the risk of damage to all and 
protective blast walls built within buildings to contain an explosion in one area of the 
building.45 The Bristol Accrington factory is an example of how the constraints of air raid 
precautions imposed on factory design resulted in a factory layout that was less than ideal 
for flow production. The Accrington factory, it will be recalled, had five separate machine 
shops with engine test cells separated from the final assembly shop, an arrangement that 
was not conducive to efficient flow production. The other factories in No. 2 Shadow Group 
also had multiple buildings. These factories were, too, smaller than almost all their American 
counterparts. At around 800,000 ft2 of floor area, the Accrington factory was some 
200,000 ft2 smaller than the Studebaker factory at South Bend, Indiana, and even smaller 
than the large Pratt & Whitney Kansas City, Wright Lockland, and Dodge-Chicago factories. 
To contrast the size of British and American aircraft engine factories, Figure 7.11 shows the 
outline of the Accrington factory superimposed on the outline of the Wright Lockland 
factory’s main machine shop and assembly building. The entire Accrington factory could 
fit within the main machine shop and assembly building with room to spare. This was the 
difference between the second and third generations of aircraft engine factories.
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Similarly, when faced with unprecedented demands for engines, Pratt & Whitney and 
Wright turned to the mass production methods and machine tools developed for large-scale 
production in the automobile industry and adapted them to large-scale production of Pratt 
& Whitney and Wright engines, passing on these methods and machines to their automo-
tive licensees, learning and adopting methods and machine tools from their licensees as 
well. While Wright in particular focused on developing advanced, high-production machine 
tools that would provide for large-scale production and replace many standard machine 

 FIGURE 7.11  Factory comparison.

Source: Plancor 10, Manufacturing Plant Lockland, Ohio. Property Defense Plant Corporation, Record Group 234, NARA; AIR 2/3684, 
National Archives, Kew, UK.
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tools, Bristol, while incorporating a certain number of high-production machine tools as 
a complement to standard machine tools, preferred to rely on these standard machine tools, 
mirroring the contrasting characteristics of American and European production methods. 
While Bristol and the shadow factories did make use of special purpose machine tools, 
many of which were designed by Bristol and manufactured in America, most of the machine 
tools at these factories were standard types. The British aircraft engine factories do not 
appear to have adopted the more advanced machine tools that could be found in many of 
the American aircraft engine factories.

The Missions to Study Production
The reports of British and American government missions to study American and British 
production methods in the fall of 1942 support the argument that the superior produc-
tivity of the American factories stemmed from advantages in factory size, greater atten-
tion to production engineering in factory layout, and greater use of special purpose, 
high-production machine tools. In September 1942, the Ministry of Aircraft Production 
sent a small group of executives from the Society of British Aircraft Constructors, A.V. 
Roe, Boulton-Paul, Vickers, Vickers-Armstrong, Ford, and High Duty Alloys to visit 
airframe, aircraft engine, and component and material manufacturers in the US.46 The 
mission spent two weeks in America and visited the major airframe and aircraft engine 
manufacturers, including Packard, Ford’s Dearborn aircraft engine factory, the Wright 
factories in Paterson, and the Pratt & Whitney factories at Hartford. The scale of 
American airframe and aircraft engine production greatly impressed the mission, with 
some factories “…four to five times the size of our largest factories.”47 In their report, 
the members of the mission focused on three key elements of the American system of 
production: the characteristics of the factories, quality of the engineering departments, 
and methods of production.

The mission stressed the size of American factories as their most important char-
acteristic. Size determined not only the manufacturing methods that could be used, but, 
more importantly, the layout of the factories. The American factories were designed for 
large-scale production from the start. The mission concluded that “the fundamental 
difference in the average size of the plants—large units in the US and dispersal into small 
units forced upon us by conditions in the UK—vitally affects the methods of produc-
tion.”48 Vulnerability to air attack was not an issue, and with greater space available, 
American factories could be built on a scale surpassing what could be done in Britain. 
The mission was impressed that many of the American factories were built without 
windows and used artificial lighting and air conditioning to control temperatures. The 
lighting was superior to conditions in British factories, and the combination of artificial 
lighting and temperature control meant that day and night shifts could operate under 
the same conditions, a definite improvement over British factories.49 The mission believed 
that better lighting and the light-colored walls of the factories were “valuable aids to 
production.”50

In general, the factories the mission visited had much larger engineering depart-
ments than equivalent British factories and a greater number of engineering staff 
relative to direct production workers.51 The mission’s members gained the impression 
that in the American engineering departments there was less of a “watertight division” 
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between design and manufacture than in Britain and that American engineers were 
as concerned with problems of manufacturing as with problems of design.52 They noted, 
as a result, the larger number of engineering staff devoted to production planning. As 
one example of this orientation, the mission found that as an aid to productivity engi-
neering departments prepared considerable numbers of perspective drawings of parts, 
which were easier for unskilled workers to interpret than standard engineering 
drawings.53

The two aspects of American production methods that impressed the mission the most 
were the extensive use of moving assembly lines (for components) and special purpose 
machine tools. Moving assembly lines, mostly using powered conveyors, were “standard 
practice” in the factories the mission visited.54 The mission found that regardless of the 
extent of moving assembly lines, “all plants go to considerable trouble to lay out their shops 
to avoid unnecessary movement of material, and to arrange their final assembly lines to 
this end.”55 The extensive conveyor systems the mission saw in the American factories they 
visited were clearly better suited to these large factories than to the smaller, dispersed 
factories in Britain, but where the level of production could justify the cost, the mission 
concluded that “a substantial savings in man hours can be achieved” and recommended 
that more British factories adopt these systems.56 The mission recognized clearly that the 
benefit of moving assembly lines was “to control and stimulate the production of the 
component parts which the assembly line demands in order that progress be maintained,” 
one of the most critical features of mass production.57

The mission observed that “the experience of the American automobile industry is 
probably responsible for the practice in aircraft manufacture of using special purpose 
machinery to save handling time to a greater extent than in the case in the UK.”58 Not 
surprisingly, the mission stated that the “best example of this outlook” was the Greenlee 
automatic transfer machine the mission saw in operation at the Wright factory in Paterson, 
New Jersey. The mission gave a detailed description of how the automatic transfer machine 
could produce one completed cylinder head every 50 seconds, noting that this large machine 
required only nine male operatives and “three girls” to perform all loading, unloading, and 
gauging duties.59 However, the mission realized that introducing these systems into British 
factories where, as at the Bristol Accrington factory, blast walls interfered with the flow of 
work in the shop, and where not all components were manufactured in the same building 
would be a difficult undertaking.60

Critical to the argument this chapter is making on comparative productivity, the 
mission’s report stated clearly that the American aircraft engine factories the mission visited 
made much greater use of special purpose machine tools than comparable British factories.61 
This reflected, the mission believed, the underlying principle of American manufacturing 
that “economy of labor is regarded as more important than economy of equipment,” the 
same point that Stephen Broadberry would make some 50 years later.62 The mission noted 
that “where complicated and expensive multipurpose tools can be employed there appears 
to be little difficulty in obtaining suitable machines specially designed for the job.”63 The 
mission attributed this tendency to use special purpose machinery in aircraft engine manu-
facturing to the experience of the American automobile industry and its development of 
high-production machine tools.

At the end of the year, a second British mission arrived in America at the invitation 
of the American government.64 Sir Roy Fedden, Bristol’s former head of engine develop-
ment but serving as a special advisor to the Minister of Aircraft Production, led a group 
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of 11 British aeronautical engineers and production specialists. The purpose of the 
mission was to investigate American airframe and aircraft engine production and coor-
dination of British and American technical and design efforts.65 The Fedden Mission to 
America, as it was called, spent three months visiting the major airframe, aircraft engine, 
and component manufacturing plants across the country. With more time available 
than the Ministry of Aircraft Production’s mission, Fedden and his team conducted a 
more thorough review of American production practices. Among the aircraft engine 
factories they visited were the Packard and Ford plants in Detroit building the Rolls-
Royce Merlin under license, the Allison factory in Indianapolis that built the liquid-
cooled V-1710 aircraft engine, the Wright factories in Lockland and Paterson, and the 
Pratt & Whitney factories at Hartford.

The Fedden Mission’s conclusions provide additional support to the argument that 
factory size, layout, and greater use of special purpose machine tools were the key factors 
behind America’s greater productivity. The Mission concluded that the layout of the 
American aircraft engine factories was superior to the layout of British factories. The 
Mission’s report noted that while manufacturing practices had much in common, “the 
actual layout of shops and the use of line production with or without conveyors is quite 
different…and it is felt that we  have been slower to take advantage of this than the 
Americans.”66 The liaison between design and production was closer in American factories, 
with a larger staff devoted to working out the details of shop layout and machine placement 
for a given rate of engine production. The Mission was impressed with the layout for line 
production at the parent aircraft engine factories, but commented that “in some of the 
‘shadow’ plants [the automobile licensee factories they visited] the layout is really excel-
lent.”67 While acknowledging the difficulties that air raid precautions imposed in Britain 
that were absent in America, the Mission believed that “considerable improvements in the 
layout of British shops are still possible.”68

The Mission came to these conclusions after making a careful study of the production 
organization at the aircraft engine factories they visited. The Mission’s report noted that 
“the most important lessons are to be learnt from the general planning and laying out of 
the American engine factories and the administrative details.”69 The most important point 
was that the American factories had devoted time and effort toward efficient planning 
from the start, by implication more than comparable British factories had done. The 
departments responsible for production engineering derived the plant layout from a 
thorough study of the delivery program and standard times for machine tool operations, 
working out the placement of machine tools with the goal of obtaining balanced line 
production and eliminating unnecessary movement between machining operations. As 
with the MAP Mission, the Fedden Mission was impressed with how American factories 
made extensive use of conveyor systems to speed the flow of work from manufacture to 
final assembly. While recognizing the difficulties British factories faced from dispersal 
and the need for blast walls and shelters within factories, the Mission believed that British 
factories “could benefit by more careful study when laying out both machine and assembly 
shops.”70 By implication, British factories devoted less attention to speeding up the flow 
of parts within the factory.

The members of the Fedden Mission were equally impressed with the special purpose 
machine tools they saw at the American aircraft engine factories, concluding that “more 
American special machine tools for use in Britain would assist our engine factories to 
greater production.”71 Visiting the aircraft engine factories, the Mission saw that “first 
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class, new, and in many cases specialized machine tool equipment is used throughout 
all the engine manufacturing plants.”72 The Mission’s report made note of several types 
of special purpose machine tools that apparently were not used in British factories but 
were common in the American factories they visited, among them multi-head tapping 
machines, special multi-head horizontal drilling machines, and multi-spindle boring 
machines.73 They were less enthusiastic about the Greenlee automatic transfer machines 
they saw, arguing that a stoppage at one point along the machine would disrupt the entire 
operation and noting that in British factories such a large machine had a greater risk of 
damage from air attack.74

In return for the American government’s mission sponsoring the Ministry of Aircraft 
Production’s mission to review the American aircraft industry, the Ministry invited a group 
of representatives of the American aircraft industry to visit Britain.75 None other than the 
discoverer of the learning curve effect, Theodore P. Wright, the aeronautical engineer and 
executive with the Curtiss-Wright Corporation and then serving as Deputy Director of 
Aircraft Production at the War Production Board, led a group of eight senior executives 
from different companies to Britain from October 6 to November 11, 1942. During their 
time in England, the group visited more than 22 factories building airframes, aircraft 
engines, propellers, and metal components.76 Included in the tour were visits to the Standard 
Motor No. 2 Shadow Factory building the Bristol Hercules and the Ford factory at Trafford 
Park building the Rolls-Royce Merlin.77 On his return to America, Wright wrote up a report 
on the group’s observations of British production.

Wright observed that the greatest difference between British and American factories 
was the need for dispersal in Britain to avoid the risk of air raids. “Naturally,” his report 
commented, “it is difficult to carry out much line production under these conditions. As 
this situation is quite general, it naturally prohibits the efficiencies which we hope to attain 
in this country.”78 Wright and the other American representatives noted that in the British 
factories they visited “the extent of the use of machine tools in England is far less than here 
[America] while the use of conveyor systems was almost nil.”79 Wright found that there 
were not many single purpose tools in evidence at the factories, leading him to conclude 
that “the conception of true line production was far less” than in America. Overall, Wright 
did not believe that output per man or per man-hour was as high as in America, a condition 
he attributed to the differences in factory facilities and the types of machine tools in use at 
the factories.80 Wright estimated that British output was probably 20% lower due to the 
dispersal of factories and bombing precautions in the factories, probably referring to blast 
walls.81 Although it is noted that the working hours were some 15% greater than in America, 
the more important factor was the use of less-productive machine tools. “The use of older 
tools and general-purpose tools as against single purpose tools,” he said, “is a factor which 
naturally decreases production.”82

These reports from the three missions were all from the end of 1942, when the demand 
for capital equipment in both Britain and America had, for the most part, peaked.83 
Thereafter, the gap almost certainly increased. Although declining, the Ministry of Aircraft 
Production’s requirements for machine tools continued into 1944.84 There may, however, 
have been constraints on the number of high-production machine tools Britain could 
import from America. In November 1943, machine tools were removed from Lend-Lease, 
which means Britain would have had to purchase additional machine tools using its foreign 
exchange reserves.85 Indeed, British imports of machine tools from America dropped from 
$69 million in value in 1943 to $19 million in value in 1944.86 American high-production 
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machine tools were expensive. Most appear to have cost between $8,000 and $16,000, four 
to five times the cost of standard machine tools, but some advanced types ranged from 
$25,000 to $53,000 for the larger Bullard multi-spindle Multi-Au-Matics and Greenlee 
multi-station machines used in the factories building Wright engines.87 We do not know 
what was imported later, but these types of high-production machine tools also do not 
appear on the list of machine tools Britain acquired through Lend-Lease in 1943.88 We also 
know from contemporary late-war periodicals describing Bristol shadow factories and the 
Wright Lockland and Wood-Ridge factories, and lists of machine tools at the Wright and 
Pratt & Whitney factories, that British factories were not using high-production 
machine tools.

Holley’s Dilemma of Mass Production: 
Quantity versus Quality
Finally, there is the question of which production system, American or British, was better 
suited to responding to the quantity versus quality dilemma. As Irving Holley noted, 
obtaining quantity in production with continuous improvement in quality is “an ideal 
combination that is hard to obtain.”89 During the war, the constant demand for improve-
ments in weaponry called for continual modifications and changes in design, but changes 
in design are the antithesis of large-scale production. The trade-off, as David Edgerton says, 
is “between scale efficiency and flexibility: large-scale production was more efficient, but 
flexibility in production was essential to accommodate new weapons and modifications.”90 
In his history of British war production, M.M. Postan argues that “when modifications 
were so frequent, methods of mass production in elaborate production lines, equipped with 
special purpose tools, lost much of their value.”91 Comparing British factories with what 
he described as the more specialized American factories, Postan said that “it remains true 
that the less specialized factories with their simpler equipment found it easier to introduce 
modifications and to change over from one type or mark of weapon to another than the 
factories elaborately equipped for mass production.”92

Postan addresses his argument principally to airframe production, contrasting the 
British approach of piecemeal modification on the production line with the American 
approach of freezing a design to obtain larger production runs and using separate modifica-
tion centers to incorporate modifications.93 Jonathan Zeitlin takes the same line of argument 
on airframe production in favor of the British flexible system of production, arguing that 
“the American system of temporarily frozen designs and retrospective modifications rather 
than continuous improvement during the course of production likewise exerted a negative 
impact on both the quality and quantity of combat-ready aircraft.”94 David Edgerton comes 
to a similar conclusion on airframe production, arguing that while American airframe 
factories may have been more productive than their British counterparts, when the addi-
tional labor required at modification centers is factored into American production, “the 
overall productivity was the same.”95

Whether this argument applies equally as well to aircraft engine production is debat-
able. Postan extends his argument about airframe production to aircraft engine production, 
giving as his example the fact that during the war the more specialized, production-oriented 
Ford Trafford Park factory could produce the Merlin engine with a single-stage, two-speed 
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supercharger more rapidly than the Rolls-Royce factories, but was unable to change over 
to the Merlin with a two-stage supercharger “without a complete re-equipment of the 
machining and assembly shops.”96 The Ford factory was more efficient, but less flexible in 
its ability to introduce new models. Postan’s argument implies that the British aircraft 
engine factories were more effective at modifying their engines than the American factories, 
but were they? None of the major Allied aircraft engines went through the war without 
some modification. The question is where and how was this done and how efficiently and 
timely did the factories introduce modifications into production.

It is noteworthy that in contrast to American airframe production during World War 
II, there were no modification centers in America for aircraft engines. Modifications were 
done at the factories, just as in Britain. As in Britain, almost all the modifications to an 
engine came from the parent engine manufacturer and were passed on to the licensee or 
branch factories. Engines were modified. Between 1931 and 1941, for example, Wright built 
41 variants of the Cyclone 9 for commercial airlines and military services.

The Army Air Force and Navy used dash numbers to designate major changes in an 
engine model, for example, the -65 and -97 to designate different variants of the Cyclone 9 
and the -9, -20, -23, and -29 for variants of the Cyclone 14. It is uncertain whether a change 
in the dash number for an American aircraft engine is the same as a change in the Mark 
number for a British aircraft engine. If they are roughly comparable, then in comparison 
with the 41 Marks of the Merlin engine that Rolls-Royce produced during the war, Wright 
produced 31 variants of the Cyclone 9 and 22 variants of the Cyclone 14. From another 
perspective, of the 41 Marks of the Merlin, ten marks made up approximately 75% of total 
Merlin engine production, while eight variants of the Wright Cyclone 9 made up 91% of 
production, seven variants of the Wright Cyclone 14 made up 86% of production, and six 
marks of the Bristol Hercules made up 98% of production. It is difficult to argue that in 
taking the Cyclone 18 from its initial power rating of 1,800 to 2,500 hp in the Cyclone 18BB 
model Wright was less capable of modifying its engines than Rolls-Royce. In other words, 
the patterns were very similar, but it is possible that America did not have to make so many 
design changes, because it had many more high-powered engines to choose from.

Rolls-Royce’s progressive development of the Merlin, taking the engine from 1,030 
hp in 1939 to 1,710 hp by 1944, was a remarkable achievement, but arguably Rolls-Royce 
had no alternative.97 The 1,750 hp Vulture, Rolls-Royce’s first attempt at an engine more 
powerful than the Merlin, was a failure, while the Griffon, which produced 2,000 hp, was 
delayed until late in the war.98 Pratt & Whitney and Wright did not introduce the same 
number of modifications to their 1939 model engines, the Pratt & Whitney Twin Wasp, 
and the Wright Cyclone 9, because they had no need to, as they both produced high-power 
engines as well—they were more successful than Rolls-Royce in making the jump from 
1,000 to 2,000 hp. Rolls-Royce achieved a 66% increase in power over the four years of 
development of the Merlin. Wright achieved the same by moving from the Cyclone 9 at 
1,200 hp, to the Cyclone 14, an initial increase of 41% in power, and on to the Cyclone 18, 
which gave an 83% increase in power over the Cyclone 9. Pratt & Whitney achieved some-
thing similar by moving from the 1,200 hp Twin Wasp to the 2,000 hp Double Wasp 
engine. America, fortunately, had the industrial, technical, and financial resources to 
accomplish this.

There are in case other points to be made against Postan’s critique of the Ford Trafford 
Park plant’s supposed inability to switch to another model of the Merlin. Postan implies 
that Rolls-Royce or some government authority wanted Ford to switch to the two-stage 
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Merlin but decided against this due to the inability of Ford to build the newer engine with 
its existing machine tools. It is not clear, however, that this was the case. Ford continued 
building the single-stage Merlin until the end of the war because this was the engine that 
powered the AVRO Lancaster, which also remained in production until the end of the war. 
There was also pressure from the Ministry of Aircraft Production to keep older models of 
the Merlin in production to avoid the risk of any shortages.99

Secondly, Postan implies, but gives no evidence to support this, that the Rolls-Royce 
factory at Derby could switch to the two-stage Merlin without reequipping their machine 
shops. Given the extent of changes between the two versions of the Merlin, this seems 
questionable. Even standard machine tools would have required changes in tooling and 
fixtures to manufacture new parts. So, the issue is surely about the relative costs of changing, 
and no information is provided. The mass production methods in use at the Ford Trafford 
Park factory and in the American aircraft engine factories that Postan criticizes may well 
have incorporated more flexibility than he assumed. As a contemporary textbook on produc-
tion commented, “line production offers opportunity for the introduction of far more 
flexibility than is generally assumed.”100 Although the conversion of a factory to a new 
layout or new equipment was not without costs and problems, it was not unusual. The 
“complete re-equipment of the machining and assembly shops” that Postan decries was an 
expected element, and cost, of the manufacturing process in time of peace or war. The 
reality was that companies had to cope with changes in the design of products, fluctuations 
in demand, the discontinuation of a product, and new production processes as part of their 
normal business.101

Given the record of the factories building Bristol and Wright engines, it is difficult to 
agree with Postan’s conclusion that “factories elaborately equipped for mass production” 
were less capable of coping with frequent design changes, modifications to engines in 
production, shifting to the production of different variants of an engine, and converting to 
the production of completely new engine models than the less-specialized factories 
he praises.
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