NASA/CR—2003-212799

An Overview of Autogyros and The McDonnell
XV-1 Convertiplane

Franklin D. Harris

University of Maryland

Dept. of Aerospace Engineering
College Park, MD 20742

National Aeronautics and
Space Administration

Ames Research Center Prepared for Ames Research Center
Moffett Field, CA 94035 under Contract NAG2-1597

October 2003



Available from:

NASA Center for AeroSpace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161

301-621-0390 703-605-6000



TABLE OF CONTENTS

FOREWORD
INTRODUCTION
HISTORY

TECHNOLOGY ASPECTS

Component Aerodynamic

Rotor Behavior at High Advance Ratio
Limits to Rotor Lift and Propulsion
Conclusions To Technology Aspects

RE-EXAMINING THE XV-1
Full Scale Testing in NASA Ames 40 by 80 ft Wind Tunnel
Rotor System Test
Complete Aircraft Test
Rotor Stability In Forward Flight
Phase Il Flight Evaluation
CLOSING REMARKS
APPENDIX

Seminar Table of Contents
Supplemental Data And Charts

11
11
12

13
14
15
18
21
24
27

29

A-2
A-181



FOREWORD

About once a decade (since World War I1), the subject of the autogyro and its many variants
comes to our attention again. United States Army questions about its needs for a Future Transport
Rotorcraft precipitated the review this time. On this occasion, Dr. Michael Scully (US Army AFDD)
and Dr. William Warmbrodt (NASA Ames) raised the subject with me. They asked if | would prepare
and give a seminar on the subject at NASA Ames, which I did on June 18 and 19, 2003. The seminar
was titled “Let’s Revisit Autogyros.” At the seminar’s conclusion, Dr. Scully suggested that the
presentation material would be more archivalable if published as a NASA/USAAMCOM document.
This report is in response to Dr. Scully’s suggestion.

The report serves primarily as a summary to the seminar’s many charts, tables and
photographs. The seminar material itself is contained in the report as an Appendix. While the report
is in normal portrait format, the Appendix is in landscape format. This appendix is numbered
consecutively starting at page A-1. Lastly, the seminar included 16 additional topics in a section
entitled Supplemental Data and Charts. The table of contents for these 16 supplemental topics is on
page A-181.

In addition to the acknowledgements on page A-180 of the seminar, | especially want to
thank Ray Prouty, Dick Carlson and Troy Gaffey for being at the seminar. Not only did they add
technical explanations to several subjects addressed, they related personal recollections which were
not lost on the young engineers who attended. Lastly, John Davis (US Army AFDD), who chaired
the meeting, was very, very helpful in acquainting me with the modern “give a show projector”
system. He also has taken custodial responsibility for all the material used in preparing and giving
the seminar.

Frank Harris
October 2003



An Overview of Autogyros and the McDonnell XV-1
Convertiplane

Franklin D. Harris

INTRODUCTION

Autogyros, their technology and their compound helicopter derivatives, have become a minor
(if not nonexistent) topic in the curriculum and apprenticeship of several generations of rotorcraft
engineers. Names such as Cierva, Pitcairn and Kellett and aircraft such as the Rotodyne and
Lockheed’s AH-56 Cheyenne are, of course, still recalled. But the overwhelming attention for
several decades has been on helicopter engineering and the more recently emerging tilt rotor
technology. And yet, questions frequently arise about applying new technology to many concepts—
but fewer experimental aircraft-that failed to live up to their promise. For example, the development
of the Bell/Boeing VV-22 Tiltrotor has been accompanied by thoughts that a lower risk development
of an aircraft having less performance might well be a better investment strategy. These thoughts
have, on more than one occasion, led to re-examining the potential of compound helicopters and
even the wingless autogyro itself.

To respond to these thoughts, the questions they create and the re-examinations sought,
today’s rotorcraft engineers frequently must start from first principles because of insufficient
background. Of course, the re-examinations encounter extravagant claims by zealous advocates,
which hardly helps an objective study of quantitative results. Still in all, periodic re-examinations
have considerable value.

It is with just these thoughts in mind that an overview of autogyros and, primarily, their
performance has been prepared drawing from the many pages of the seminar, which are included as
an appendix to this report. Following a brief historical assessment, the elementary aerodynamic
technology of autogyro components (i.e. fuselages, wings, propeller, and rotors) is provided. Finally,
a detailed re-examination of the McDonnell XV-1 Convertiplane is made. This re-examination
allows (1) an application of the elementary aerodynamic technology, and (2) a discussion of an
aircraft having considerable potential to fill the gap between helicopters and higher speed/range
VTOLSs such as the Bell/Boeing V-22 Tiltrotor.



HISTORY
(Appendix pages A-3 to A-25)

The autogyro® era began with Juan de la Cierva’s development of his C-1 (from the latter
part of 1919 to unsuccessful flight during October 1920). The 25 year era ended, for all practical
purposes, by 1943 after the U.S. Army Air Corp selected the underpowered Sikorsky R—4 helicopter
instead of the competing Kellett XO/YO-60 autogyro or the less satisfactory Pitcairn XO-61
autogyro. The choice was made primarily upon the fact that the helicopter could hover and the
autogyro could not. A configuration comparison (A-14 & A-19) shows the XO/YO-60 bested the
R-4 in every performance category. The rotor and control systems were functionally identical in that
both aircraft had 3-blades and fully articulated hubs; both used collective and cyclic control. Laying
cost aside, the discriminator was simply a short takeoff and landing (STOL) autogyro versus a
vertical takeoff and landing (VTOL) helicopter.

The autogyro industry, while it existed, developed some 46 aircraft types and delivered about
450 rotorcraft. The aircraft’s safety record was easily 5 times better than general aviation experience
over the 25 year period. The cost per pound of weight empty varied from $3.50 for the Cierva C.30
(of which 180 were produced) up to about $8.00 for the Pitcairn PCA-2 (of which 25 were
produced), these costs being in “back then dollars.” The industry reduced the civil autogyro’s initial
weight empty to gross weight fraction from 0.81 to 0.58 by the end of the era. From a business point
of view, our pioneers (a) created a flying machine other than an airplane, (b) acquainted the public
with the aircraft and (c) pursued a vigorous product improvement program.

The technology foundation for all helicopters (and its still evolving industry) comes from the
autogyro’s research, development, production and field service era. Only a minimum of effort was
required to list 10 fundamental technology contributions from which the helicopter industry now
benefits (A—24). Cierva laid the initial technical foundation with his 2 volume notebook entitled
“Engineering Theory of the Autogiro.” These notebooks were edited by Dr. James A.J. Bennett,
found their way into Dr. Richard Carlson’s hands in the mid 1970s, who later sent a copy to the
American Helicopter Society Library. The bulk of all follow on engineering work can now be found
in pre 1940s technical society journals, NACA technical notes and reports and, from Britain, the
Royal Aircraft Establishment and National Physical Laboratory research published as a British
Aeronautical Research Council R & M.

Three particularly noteworthy reports stand out in the pre 1940s open literature. The first is
H. Glauert’s and C.N.H. Lock’s R & M 1162 published in April 1928 and titled “A Summary of the
Experimental and Theoretical Investigations of the Characteristics of an Autogiro.” The second is
John B. Wheatley’s 1932 NACA TR 434 dealing with the “Lift and Drag Characteristics of Gliding
Performance of an Autogiro [the Pitcairn PCA-2] as Determined in Flight.” The third report, R & M
1859, deals with the Cierva’s production C.30 Autogiro. It was published in March 1939 and titled
“General Investigation into the Characteristics of the C.30 Autogiro.”

! peter W. Brooks (in his absolutely indispensable and comprehensive book “Cierva Autogiros” published by the
Smithsonian Press) states in note 2, pg. 357 that the word Autogiro was a Cierva Company trademark, to be spelled
with a capital A and with the “i”. He further says the generic term is autogyro, with a lower case “a” and a “y”. Ray
Prouty, in private conversation, noted that autogiro is Spanish for autogyro in his dictionary.



It is generally known (within the rotorcraft community) that Cierva developed the flapping
hinge for rotor blades before his early C—4 Autogiro was really flyable. Later, he introduced the
lead-lag hinge. These two articulated joints insured that blade loads would be minimal in flight.
These and other improvements were incorporated into his C.30 Autogiro, his most successful
production configuration. What is not so commonly known is that the C.30’s rotor blades were a
significant departure from his earlier configurations. For example, an aerodynamic performance
improvement was made by going from the C-6’s 4 wide chord blades having 0.19 solidity to 3
narrow chord blades with 0.047 solidity on the C.30.% This reduction in solidity was accompanied by
an airfoil thickness to chord ratio increased from the C-6’s 11.4 percent to 17.1 percent for the C.30.

What is even less well known is that the C.30 used a highly cambered airfoil instead of the
symmetrical airfoil of all preceding models. The airfoil’s nose down pitching moment caused severe
elastic twisting of the blade. Because of this adverse blade twisting, the C.30 experienced a forward
tilt of the rotor as forward speed was increasing. This led to the adverse stick gradient shown in
Figure 1. The elastic twisting became so severe at high speed, that the aircraft could not be pulled
out of dive, which led to a fatal accident in January of 1935. Beavan and Lock successfully analyzed
the “phenomena” and reported their results in R & M 1727 from which Figure 1 was taken.?
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Figure 1. The Cierva C.30’s Stick Gradient Became Adverse at High Speed Due to Bladé
Elastic Twisting Caused by a Highly Cambered Airfoil.

2 Solidity is the ratio of total blade area to swept area. For rectangular blades, one blade’s area is (chord uradius). The
total blade area is simply number of blades times the area of one blade. The swept area is SR®.

% See “The Effect of Blade Twist on the Characteristics of the C.30 Autogiro” Aeronautical Research Council of Great
Britain, Reports and Memoranda No. 1727, April 1936.



Because of this adverse longitudinal stick position to trim the aircraft, the Cierva C.30 could
not be certificated by today’s FAA or MIL Std 8501A design standards. The use of cambered airfoils
was quickly abandon in favor of symmetrical airfoils having virtually zero pitching moments. Today,
only the most recent helicopters have returned, with care, to cambered airfoils that have a slight
amount of trailing edge reflex to avoid significant airfoil pitching moments.

The addition of the lead-lag hinge solved blade bending moment problems, but, as is
frequently the case, the hinge led to a disastrous downstream problem. The problem was ground
resonance, the results of which are shown in Figure 2.

The addition of jump takeoff capability required
over speeding the rotor on the ground. At the
higher rotor speed, blade lead—lag motion coupled
with aircraft rocking motion leading to a
destructive conclusion within 5 seconds. Peter
Brooks notes in his book that Bob Wagner of
Kellett and Prewitt Coleman of NACA
independently provided the industry with analysis
that explained the “phenomena.” The helicopter
industry heeded this autogyro lesson.

Flu re 2. he eIItt XR-2 Autogyro Before and After round Resonance.



The assessment of the engineering related literature suggests that the autogyro was quite
capable of competing with general aviation airplanes of the era between WW | and the start of WW
I1; however, it was not competitive with military aircraft. The autogyro’s maximum aircraft lift to
drag ratio (not including propeller efficiency) was on the order of 5 to 6 (A-10 and A-15), though
the rotor blades alone easily achieved a maximum L/D of 10 at high speed cruise. When the
autogyro lift—drag ratio is defined as

Gross Weight (Ibs)

Aircraft L 550
—— Engine(s) Horsepower Required>

fps

(which implicitly includes propeller efficiency, accessory and other losses), the autogyro’s maximum
aircraft L/D was roughly 3.5 (A-27).

Like general aviation aircraft of the period, the autogyro suffered from (a) excessive fuselage
drag compared to the rotor’s lifting efficiency, (b) non-retracting landing gear, (c) fixed pitch
propellers of poor propulsive efficiency and (d) heavy weight reciprocating engines. In short,
disregarding hub drag, the rotor system was not the detracting feature of the aircraft.

TECHNOLOGY ASPECTS
(A-26 to A-77)

After WW II, interest in what came to be called a convertiplane (aka, an autogyro with wings
or a compound helicopter or an airplane with a rotor) was reawakened. The high speed limitations of
helicopters were becoming evident and the gap in maximum speed between this rotary wing aircraft
and the fixed wing airplane was widening. And it became necessary for rotorcraft engineers to apply
airplane technology. That is, they added engineering of streamlined fuselages, efficient wings,
variable pitch propellers and retractable landing gear to their growing knowledge of high advance
ratio, high advancing tip Mach number rotors.

Component Aerodynamics

The elementary aerodynamics of fuselages, wings, rotors and propellers is covered with
pages A-26 to A-57. Fuselage parasite drag is, as it has always been, the primary reason for an
aircraft’s poor performance. The seminar’s pages compare fixed to rotary wing aircraft using the
parameter, equivalent flat plate drag area, f. = D/q, in units of square feet. Through evolution,
today’s modern helicopter fuselage is nearly on par with a fixed wing airplane fuselage, given that
both aircraft have retracted landing gear (A-33 to A-36). But when the helicopter’s rotor hub is
included as part of the fuselage, helicopters (and by similarity, convertiplanes) suffer a substantial
parasite drag area penalty. The current state of fuselage and hub drag is quite adequately summarized
as

- 2/3 . 2/3
f 165 CrosSWeights = o5 GrossWeight§ -
1000 © 1000 © °t
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The first term accounts for a fuselage with retracted landing gear, the second term accounts for a
rotor hub. Note that if the gross weight is equally shared by two rotors as in a tandem, side-by-side
or synchcropter configuration, the total hub parasite drag area is likely to be 212 = 1.26 greater than
one hub carrying all of the gross weight. This latter result assumes, of course, equal design
engineering skill.

The aerodynamic performance of a simple fixed wing is addressed on pages A-37 and A-38
and by the last equation on page A-39. Ludwig Prandtl fully explained basic wing lift and drag
performance and his original work is available in NACA Technical Report No. 116. For initial
convertiplane design studies, one hardly needs to read any other papers or books.

The elementary aerodynamic performance of a simple rotary wing is well understood by
most rotorcraft engineers.” The convertiplane introduces an additional feature—an autorotating rotor—
to an engineer who has only helicopter background. The helicopter engineer is quite comfortable
with lifting and propelling rotor blade performance as described by the equation:

Induced Power (P,)  Profile Power (P,) Parasite Power (P,)
550

The helicopter rotor is tilted forward to produce a propelling force, Fp = q f,, which leads to a
parasite power, Pp = VFp , at flight path velocity, V.

Rotor Power Required RHP;, .,

The convertiplane engineer sees the lifting rotor blades as creating a drag, Dr — not a
propulsive force — and rearranges the helicopter engineer’s equation to

550RHP...q P P, _

Page A-29 provides a schematic showing the tip path plane (tpp) coordinate system. Now, if the
rotor is in autorotation, RHPgreqa. = 0. Then, for good measure, the convertiplane engineer can
express autorotating rotor blade drag as an equivalent parasite drag area simply by dividing by
dynamic pressure, ¢, where upon

Rotor Drag Dy F

Rotor f De A R Tesin B, HeC0S 4 D
" g qvV gV q
To facilitate communication, the convertiplane engineer can, of course, always resort to helicopter
notation so that

DR CPi CPo
UR’SV? V/V, V/V,

Rotor C,, C;sin C, cosD

tpp tpp

No matter how the rotor blade drag equation is viewed, the convertiplane engineer is quite
interested in rotor blade drag at advance ratios that are 2 or 3 times the maximum advance ratio
which interests the helicopter engineer. The reason for the interest in two different advance ratio

* However, the preoccupation with isolated rotor blade performance has permitted a complete disregard of the blades
plus hub system performance. Ignoring hub drag has led to virtually zero improvement in helicopter maximum cruise
speeds for several decades.



regions is because there are two very different performance objectives. This point is illustrated with
Figure 3. The helicopter engineer is designing a rotor system that must both lift and propel. He
searches for the point of maximum lift to drag ratio. After several decades, this point general has
been found near an advance ratio of 0.4 — if there is little compressibility involved.”> When
compressibility becomes a factor, the maximum L/D will occur closer to an advance ratio of 0.35. It
is, of course, possible to force the rotor to perform at higher advance ratio as Figure 3 suggests, but
the penalty is high solidity and reduced tip speed. One important reason the helicopter’s cruise speed
nearly doubled from, say a Sikorsky R-4 of 1943, to the modern helicopter is that design advance
ratios approaching 0.4 became possible with increased installed power per pound of weight. Higher
power loading was permitted by gas turbine engines. Going from an R-4’s 0.2 advance ratio to 0.35
or 0.4 today about doubled the maximum rotor L/D as Figure 3 suggests. Of course, such
streamlining as retractable landing gear was a key factor as well.

The convertiplane engineer’s rotor performance objective is to defeat the conventional
helicopter rotor’s trend of poor performance at high speed caused by compressibility and blade stall.
The typical approach has been to off load the rotor lift on to a wing, transfer the propulsion
requirement on to a propeller (or some other propulsive device) and idle the rotor at a very low tip
speed in autorotation. It is important to keep in mind that a rotor will not autorotate efficiently —if a
all — without carrying some lift and operating at some slightly positive angle of attack. After several
decades, this convertiplane approach has been reduced to a search for the rotor’s minimum
equivalent parasite drag area.

0.01
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C. -
ToumV?
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Thrust
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Figure 3. Typical Lift-Drag Polars for a Conventional Rotor.

® Ref.: F.D. Harris, “Rotary Wing Aerodynamics—Historical Perspective and Important Issues.” Paper Given at AHS
Southwest Region Specialists’ Meeting on Aerodynamics and Aeroacoustics, Feb. 25-27, 1987. (Chairman: Tom Wood
of Bell Helicopter). Contact Mike Scully for a copy.



These two different performance objectives can be examined another way as illustrated by
Figures 4 and 5. First, consider the variation in rotor blade drag coefficient (helicopter notation) with
advance ratio as shown in Figure 4. This is a calculated result for an autorotating rotor operating at a
quite low rotor thrust coefficient, Cr, relative to the Cy for maximum L/D shown on Figure 3. From
the helicopter engineer’s point of view, this rotor has a minimum rotor total blade drag coefficient of
Cp = 0.00041 at P= 0.4. Suppose the tip speed of this lifting and, if tilted forward, propelling rotor
was 700 feet per second. At P= 0.4, the corresponding speed is 166 knots and the advancing tip
Mach number would be 0.88. Now, suppose the rotor area is 1,600 square feet and the rotor is
operating at sea level density. The rotor blade total drag would then be about 760 pounds at the
minimum drag coefficient, Cp = 0.00041, as seen from Figure 4 for P=0.4.

The convertiplane engineer is searching for the minimum drag point, which is not the
helicopter engineés minimun drag codfcient point ofCp = 0.00041at A= 0.4. To illustrate this
fundamental difference, suppose the rotor tip speed was slowed from 700 to 350 feet per second, still
holding forward speed at 166 knots. The advance ratio would double to P= 0.8 and the advancing
blade tip Mach number would drop to 0.77. The rotor total blade drag coefficient would rise to Cp =
0.00056 according to Figure 4. But with the same rotor area of 1,600 square feet and sea level
density, the drag would be reduced to about 260 pounds from 760 pounds. This is an example of the
carrot held out by a convertiplane. Of course, the drag of a wing to carry most of the convertiplane
weight and the efficiency of the propeller to overcome the drag become very important if this
favorable 500 pound rotor blade drag reduction is not completely eroded.

Figure 5 expresses this example by using drag divided by dynamic pressure, D/q in square
feet, plotted versus advance ratio, which is the convertiplane engineer’s preferred coordinate system.
The exact same drag data leading to Cp in Figure 4 has been converted to D/q in Figure 5. The
equivalent flat plate parasite drag area of this unloaded rotor drops from about 8 ft> at P= 0.4 to well
under 3 ft> at P= 0.8. Figure 5 also shows that the equivalent drag area is not likely to drop much
lower if advance ratio is increased to 0.9 or even 1.1 — at least according to this calculation, which
has been made with CAMRAD Il methodology.®

The difference in advance ratio interest leads to a poorly understood point about rotor
induced drag (i.e., induced power divided by velocity). Most helicopter engineers dismiss induced
power — and thus induced drag — as almost second order in importance based on classical teachings.
In fact, calculations made with a rotor wake that recognizes and accounts for the rotor’s non-
uniform lift distribution in forward flight can now correct this classical view as pages A-42 to A-49
discusses. Figure 4, obtained with the CAMRAD Il comprehensive code, points out that the
minimum drag coefficient (in helicopter notation) of an autorotating rotor occurs around 0.4 advance
ratio. It also shows that the induced drag coefficient does not diminish after 0.4 advance ratio.

6 Johnson, W., “CAMRAD Il Comprehensive Analytical Model for Rotorcraft Aerodynamics and Dynamics - Theory
Manual,” Johnson Aeronautics, Palo Alto, California, 1993.
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Another poorly understood point about the autorotating rotor and its blade drag has to do
with minimum profile drag, which Figure 4 shows is the primary drag. The minimum profile drag is
Po/V, and P, is the sum of two terms, : Q, and VH, (see Supplemental Data and Charts, A-181,
Items 5 & 11). Now the autorotating rotor requires some upwards flow through the thrust carrying
rotor disc. This upflow creates an accelerating torque, which balances the decelerating torque due
airfoil drag. Since the decelerating torque due airfoil drag is Q,, the energy per unit time, a power, is
: Qo. The balancing energy per unit of time is V(T B3) and therefore,

T .02
v

0o

For autorotation to occur, some combination of rotor thrust and rotor angle of attack must exist. It is
possible, of course, for a convertiplane to carry its gross weight on its wing and operate its rotor at
zero thrust (and/or zero angle of attack); but then the required torque, Q,, must be provided directly
by shaft power and the propeller provides enough thrust to overcome Ho.
Another way of looking at this point about minimum profile drag follows this logic:
D, Tgsin D Hycos D
or, for small angle of attack,

D, T W T ,DT ,DH H, D, T ,DH2 D, D

0 I [} 1 1 0

Then the substitutionof T D Q,/V gives

Minimum Profile D, DJ{ T , [H, Qq H, Q VH, R
\Y \Y \Y

The Seminar’s, Supplemental Data and Charts, Item 11 (A-211 to A-215) addresses minimum
profile power, P, in considerable length.

The last convertiplane component the seminar addresses is propeller performance (A-51 to
A-56). The propeller became a reasonably efficient propulsive device when fixed pitch was replaced
by a variable pitch mechanism. With this feature, propulsive efficiency well above 0.8 could be
obtained over a very wide speed range. In fact, just when the jet engine and swept wing were gaining
favor in the fixed wing industry, NACA thoroughly tested a 3-bladed, 9.75 foot diameter propeller,
which demonstrated a propulsive efficiency of 0.88 at 400 knots (A-53 and A-54). One can contrast
this modern, variable pitch propeller’s efficiency with the YO-60’s fixed pitch propeller efficiency
shown on page A-17. A simple, empirical equation that captures a variable pitch propeller’s
performance (i.e., power required to produce a desired propulsive force) is given on page A-56.

10
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Rotor Behavior at High Advance Ratio

Thrust and rigid blade flapping behavior is discussed in the seminar, pages A-59 to A-69. A
reasonable body of work suggests that rotor flapping stability becomes a serious issue for advance
ratios above 1.5. Both analysis and experiment confirm that 2 per flapping is a very destabilizing
influence on rotor’s behavior (A-67, 68). What is less well known, is that the change of thrust with
collective pitch reverses sign as Figure 6, below, shows (See footnote 5).
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Figure 6. Thrust Sensitivity to Collective Pitch at Constant Tip Path Angle of Attack for
Articulated and Teetering Rotors Having Little Pitch—Flap Coupling.

Limits to Rotor Lift and Propulsion

This technology aspect was explored using the CAMRAD Il comprehensive code and the
graphical results are provide, pages A-71 to A-76. When all issues such as loads, vibration,
instabilities, etc. are laid aside, the articulated rotor’s aerodynamic capability to both lift and propel
is rather astounding — if power required is of little concern. The CAMRAD calculations were made
for a Sikorsky S—76 isolated rotor. If this rotor, operating at 670 feet per second tip speed, was lifting
an S—76 of 10,000 pounds gross weight and overcoming a parasite drag area of f. = 10 square feet,
then the calculated performance results are tabulated as

11



Tip Path Lift/Drag
Plane Based on
Rotor Angle of GW=10,000Ibs| Advancing Tip | Advance

Speed Horsepower Attack & RHP Mach Number | Ratio
198 kts 2,370 RHP -14 deg 2.57 0.90 0.50
238 5,930 -23 1.23 0.96 0.60
278 9,490 -31 0.91 1.02 0.70
317 14,820 -36 0.66 1.08 0.80
357 No solution 1.14 0.90

These are rather discouraging results to the engineer searching for a high speed helicopter, but they
are very motivating results to a convertiplane engineer. This is particularly so because overcoming
10 ft of parasite area with an K = 0.85 propeller efficiency at 317 knots at sea level on a standard
day (q = 342.3 psf) only requires

qf, V 342310 1.69 u317.5

RHP
® 550 K 550 0.85

3,900 hp

Conclusions To Technology Aspects

1. Our autogyro pioneers build a solid foundation for us.

2, Many of the VTOL aircraft that have been studied are not easy to describe simply.

3. Elementary aerodynamics captures the performance of fuselages, wings, props and rotors.
4. There is a wealth of experimental data in the old NACA TRs, TNs, TMs, RMs, etc.

5. Theoretically, a conventional rotor can both lift and propel at speeds above 300 kts. It’s just that
inordinately large forward shaft tilts and enormous power is required, to say nothing about loads
and vibration.

6. Around P=1 conventional rotors experience a collective pitch control reversal if rolling moment
equilibrium is maintained.

7. Rotor flapping instability caused by 2" harmonic blade motion is a show stopper to very high
advance ratio operation (i.e. P=1.5to 2.0 depending on configuration). Other potential
instability problems are too numerous to list.
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RE-EXAMINING THE XV-1
(A-T78 to A-176)

The 1950s began with a U.S. Army and Air Force sponsored research program to find a high
speed VTOL that complemented the helicopter.” The Services selected three concepts to pursue:

1. the XV-1 Convertiplane from McDonnell Aircraft Corp.’s Helicopter Division, which was
a compound helicopter with pressure jet tip drive rotor, plus a wing and a propeller.

2. the XV-2 from Sikorsky, which had a 1 bladed rotor that would be stopped and stowed,
plus a wing and two propellers,

3. the XV-3 from Bell, which had side-by-side tilting rotors, plus a wing.

A down select was made to the XV-1 and XV-3 designs and — you might say — the rest is history.®
But that neglects the major contributions Kurt Hohenemser and Fred Doblhoff of McDonnell’s
Helicopter Division made to the technology of edgewise flying rotors operating in autorotation at
high advance ratio.

Figure 7. The McDonnell Aircraft Corp., Helicopter Division’s XV-1 Convertiplane.

During its development, the XV-1 was a classified program and the lack of details in the
open literature reflects this Confidential status. Therefore, considerable help from several sources
was turned to in preparing the seminar included in this report. First, two aircraft were built and flown
and now they reside—intact—in museums; one at Fort Rucker and one in the Air and Space Museum

" The helicopter speed record as of April 1949 was 112.6 knots set by a Sikorsky S-52-1. A Piasecki YH-21 raised the
record to 127 knots in September 1953. Westland’s G-Lynx now holds the helicopter speed record at 216.3 knots, set
on August 11, 1986. At this speed, the Lynx aircraft L/D was about 2.

8 The XV-1 is one of the earliest aircraft on the ANSER V/STOL Aircraft and Propulsion Wheel (see Supplemental
Data and Charts, Item 14, page A-229).
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storage. Photos from the XV-1 stored at Ft. Rucker,’ along with several sessions with Mr. Robert
Head'® clarified the key features of a very ingeniously designed rotor system. Secondly, the open
literature provided (1) a well documented full scale wind tunnel test, (2) the Phase Il Flight
Evaluation report and (3) fortunately, several key papers by Hohenemser and others. Finally, two key
McDonnell Aircraft Corporation reports authored by Kurt Hohenemser greatly expanded knowledge
about the full scale testing that was done.

The XV-1 had 3 operating modes. In the first mode, the helicopter mode, the aircraft flew on
the pressure jet tip drive units and the propeller was declutched and stationary. The design rotor
speed of the 31 foot diameter rotor was nominally 410 rpm in the helicopter mode and was
controlled by the pilot. An autogyro mode was adopted that captured the transition between the
helicopter mode and the “airplane” mode. In the autogyro mode, the propeller was clutched in, the 3
tip drive units were turned off and the rotor autorotated at a nominal 325 rpm with collective pitch
set to 6 degrees. The pilot controlled rotor rpm in the autogyro mode. In the airplane mode (110 to
125 knots and higher), the rotor rpm was reduced to a nominal 180 rpm and collective pitch was
further reduced to O degrees. In the airplane mode, rotor rpm was controlled through longitudinal
hub plane angle of attack, which was controlled by a flyball governor. The full scale wind tunnel test
investigated only the autogyro and airplane modes. Flight testing, of course, included all three
modes.

The XV-1’s stiff inplane, bearingless and damperless rotor system changed its configuration
when transitioning from helicopter/autogyro to airplane flight (A-81, 82,125, 127, and 138 to 150).
Each blade was attached to the hub by 2 flex strap bundles, which gave an equivalent flapping hinge
offset of 0.062R. A large diameter torque tube controlled feathering and provided the air passage to
the blade. This torque tube was centered between the fore and aft flex strap bundles. The hub itself
was gimbaled to the rotor mast.** The swashplate was mounted to a large diameter tube (called a
“stem”) and this “stem” was tilted for cyclic input. Blade cyclic feathering was introduced by
directly controlling the swashplate plane relative to the aircraft, much as Cierva/Pitcairn/Kellett did
on their direct control autogyros. In the helicopter and autogyro modes, the gimbal was free. The
blades then had pitch—cone coupling of 65.5 degrees (i.e., 2.2° pitch down for 1° cone up) and pitch—
flap coupling of 15 degrees. In airplane mode, the hub and gimbal were both locked to the “stem”
and the collective pitch was reduced to zero degrees. In this locked mode for airplane flight, the
pitch—cone and pitch—flap coupling both became 65.5 degrees. Thus, in the airplane mode, the rotor
system became a stiff inplane, bearingless and damperless main rotor system (A-81).

Full Scale Testing in NASA Ames 40 by 80 ft Wind Tunnel
Two tests were conducted in the large NASA wind tunnel at Ames Research Center. The first

test evaluated the blades, hub and pylon with and without a dummy wing and cylindrical fuselage
(A-80). No NACA report is available for this first test conducted during July and August of 1953.

% Photos courtesy of Larry Frakes, LTC Franco Villaneuvo, and Tim Smith with help from Fort Rucker Museum
maintenance staff. They found the aircraft and partially disassembled it so details of the rotor system became clear.

10 8o Head, retired from Boeing Mesa and now living in Gilbert, Arizona, was intimately involved with the XV-1. His
knowledge was invaluable in understanding just how the XV-1 and its rotor system worked.

1 The Robinson R-22 and R-44 have a modern day equivalent of the X\VV-1 hub. These two helicopters are two bladed
teetering (i.e. gimbaled) and each blade has its own flapping hinge.
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However, Kurt Hohenemser authored “Full Scale Rotor Tests of the Air Force Convertiplane Model
XV-1 in the NACA 40 x 80 foot Wind Tunnel at Moffett Field, California,” McDonnell Aircraft
Corporation Report No. 3379 and dated Feb. 4, 1954.*2

The second test, conducted during five weeks in April and May of 1954, was reported both
by NACA and by Hohenemser. NACA Research Memorandum RM A55K21a, entitled “Full-scale
Wind Tunnel Tests of the Longitudinal Stability and Control Characteristics of the XV-1
Convertiplane in the Autorotating Flight Range” was authored by Mr. David H. Hickey and released
May 17,1956 with a Confidential classification. Kurt Hohenemser’s MAC Report No. 3599 is dated
Nov. 1, 1954 and titled “The Characteristics of the Model XV-1 Convertiplane in Airplane and in
Autogiro Phase Flight Conditions as Measured in the NACA 40 x 80 foot Wind Tunnel at Moffett
Field, California.”

Rotor System Test. Seminar pages A-79 to A-96 re-examine the “rotor alone” test data that
Hohenemser reported in MAC Report N0.3379. This first test evaluated the rotor system in both
autogyro and airplane flight, with and without the dummy wing. The four configurations tested are
described by Hohenemser as:

FWR (Wing On, Hub & Gimbal Locked, 0° Collective) (MAC 3379, Fig. 24-38)
FWR (Wing On, Hub & Gimbal Free, 6° Collective) (MAC 3379, Fig. 39-54)
FR (Wing Off, Hub & Gimbal Locked, 0° Collective) (MAC 3379, Fig. 55-69)
FR (Wing Off, Hub & Gimbal Free, 6° Collective) (MAC 3379, Fig. 70-85)

He also states that “the rotor was mounted on a rotor adapter of which the upper portion had the
geometric shape of the prototype pylon and which carried a fixed wing of rectangular planform,
constant thickness and zero washout in order to keep its manufacturing costs down. The fixed wing
had the same area as the prototype wing and was located at the same distance from the rotor center.”
The rather non-representative fuselage was on for the whole test (A—80). During the test, collective
pitch and longitudinal cyclic pitch were controlled from the control room. However, lateral cyclic
was fixed at zero degrees throughout the test.

While the pressure jet tip drive units were not operated during the test period, the full scale
prototype hardware operated free of instabilities up to the tunnel’s 200 knot maximum speed
capability with the rotor in the 180 rpm, airplane mode (hub & gimbal locked to the stem). This high
speed point was an advance ratio of 1.15. Additionally, the rotor system was free of flutter “up to the
maximum tested rotor speed of 480 rpm at 125 knots tunnel speed in the locked hub condition.” The
high rpm point was inadvertently obtained during “the rotor runaway caused by overloading the
longitudinal power cylinder and excessive leakage of this cylinder when manual controlling the rotor
incidence.” Surely, one of the most gratifying proof of concepts must have been the excellent control
of rotor speed exhibited by the flyball governor coupled to longitudinal hub plane tilt. In the airplane
mode, the human (a remotely located rotor rpm controller) was a poor substitute for the onboard
governor.

12 The MAC reports are available with many thanks to Mr. Frederich W. Roos, Boeing Company, Phantom Works, St,
Louis, Mo. The rotorcraft industry is very lucky that these two reports could be found. Mr. Roos found a third report by
Hohenemser, MAC Report No. 3371 dated Jan. 1954, titled “The Development of a V-Tab Controller Floating
Horizontal Tail for Rotary—-Wing Aircraft.” John Davis of the Army organization at NASA Ames now has the CD with
all three reports.
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The impact on loads and vibration of transitioning from the autogyro’s 320 to 430 rpm range
through a resonance range to the airplane’s idling 180 to 200 rpm was quantified. It was expected
that vibration would be very high, but of short duration. Loads did not exceed allowables. A
relatively short list of redesign requirements was compiled that, because of this test’s early timing,
could be completed before first flight. The majority of the items dealt with subsystems such as the
need to increase hydraulic pressure.

The discouraging aspects of the test were primarily aerodynamic in nature. For one thing, the
“fixed wing had the effect of increasing all the rotor loads, including blade vertical bending moments
by an appreciable amount.” And, as is so often the case, “the hub drag was found to be much higher
than estimated because of hub—pylon interference.” As Figure 8 shows, drag from the hub, pylon and
non-representative fuselage (and to a much lesser extent, the exposed wind tunnel struts) completely
over shadowed the drag of the 3 blades at high advance ratio. Kurt Hohenemser said, in his 1952
AHS Forum paper: “Actually in a compound aircraft the drag of pylon and hub is of more
importance than the drag of the rotating blades.” One could reasonably add the fuselage and landing
gear to Hohenemser’s list.
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Area versus Advance Ratio.
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The simple theory for blades alone drag referred to on Figure 8, the energy method, is nothing more
than

D, K L,§ BbcRC, 1 465° 415B °§P

q 2R0© 41 s? ©
where K, 1.075Cosh 6.76 > for 05 Pd P
and K, 1 29.332 P92.439 *P51.746 °Pfor 0.5 dPId0

b 3c 175/12ft, D 31.0f, R 155ft C, 0.01568

which, strictly speaking, was semi—empirically created for untwisted rotor blades. The XV-1 blades
had 8 degrees of washout, which creates an induced drag even though the total rotor lift is small or
even zero (A—-48). This is compensated for in this simple theory by an increase in the airfoil average
drag coefficient, Cqo. For the XV-1, a value of Cy4, = 0.0124 was derived from whirl stand tests done
with the blades at zero degrees collective pitch at the % radius (A-84). This compares to the Cyo =
0.01568 used for forward flight in Figure 8.

From an operations point of view, this first X\VV-1 test clearly showed how sensitive rotor rpm
and hence advanced ratio became at high speed. This key convertiplane factor is illustrated by Figure
9. The aircraft operator in the control room had very little trouble setting rotor speed in the low
advance ratio, autogyro mode. However, in the high advance ratio airplane mode, the human
operator was a very poor substitute for the flyball governor.

140

Airplane Mode vs. Autogyro Mode
Wing Off

Advance Airplane Mode
Ratio 080 } (Hub & Gimbal Locked)
Collective = 0 deg.
VIV,

0.60 F
Autogyro Mode

(Hub & Gimbal Free)
Collective = 6 deg.

0.40 F

0.20

Note: RPM increases (and P
decreases) as angle of
attack increases

0.00
0 2 4 6 8 10 12
Plane of No Feathering Angle of Attack deg

Figure 9. Rotor Speed Control Becomes Very Sensitive at High Advance Ratio.
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Kurt Hohenemser ended his summary in MAC Report No. 3379 on a very positive note. He
says: “The outcome of the full scale rotor tests has shown that the decision to conduct these tests as
soon as a rotor became available was well made. A few malfunctions of the rotor could be eliminated
during the test period by improvised modifications. A number of other rotor modifications will be
incorporated in the rotor during the time between the full scale rotor tests and the completion of the
prototype so that considerable development time will be saved.”*

Complete Aircraft Test. Seminar pages A-96 to A-104 re-examine the full scale aircraft test data
that Hickey and Hohenemser reported. Three configurations,

1. rotor off, prop off
2. rotor on, prop off (autogyro rpm = 325, airplane rpm = 180)
3. rotor on, prop on (autogyro rpm = 325, airplane rpm = 180)

were tested at very specific tunnel velocities (A-98). The pressure jet powering the main rotor was
never operated in the tunnel. The basic aircraft (hub on, but blades off and prop off) achieved a
maximum lift to drag ratio of 7.5 at a lift to dynamic pressure ratio of L/q = 105 square feet (A-103).
With propeller off and rotor on, the L/D dropped to 5.0 with a nominal 325 rotor rpm (A-108).
When the rotor speed was slowed down to 175 rpm and the propeller was off, L/D increased to about
6.5 (A-112).

The aircraft’s lift variation with angle of attack (Figure 10) and equivalent parasite drag area
variation with advance ratio (Figure 11) summarize the key aerodynamics learned from this second
XV-1 test in the NASA 40 by 80 foot wind tunnel. The lift curve slope in airplane mode shows just
how effective the 2.2 degrees of feather down to 1 degree of flap up coupling was in making the
rotor nearly a transparent surface to the complete aircraft.

A summary of the XVV-1’s drag as measured in the full scale wind tunnel test, taken from the
seminar, page A-101, is reproduced here as Figure 11. The equivalent parasite drag area (at a gross
weight of nominally 5,300 pounds) dramatically benefits by high advance ratio operation. However,
this benefit is nearly fully realized by an advance ratio of 0.8. Of course, if compressibility were a
factor, the picture could be significantly different. But this was not the case for the XV-1. Note that
at P=1, the induced drag due to lift is easily twice the rotor minimum profile drag of the blades.
Most importantly, note that parasite drag of the aircraft (without the rotor blades and propeller)
dominates the configuration’s performance trend at high advance ratio.

Figure 11 further emphasizes Hohenemser’s point (MAC 3599) that “the most important
result of the Moffett Field tests is the recognition of the drag problem as the most pressing for any
future application of the rotary—fixed wing aircraft. Although the large amount of drag increase [over
estimates made from small models] was found to be caused by the accumulation of many items, by
far the most important single contribution of this drag increase was traced to pylon—rotor
interference.”

13 Both of Kurt Hohenemser’s reports contain a wealth of technical data reported in the detail and suitable format
demanded of engineers — at least up to my generation. More importantly, critical hardware short comings that might
have caused a crash in flight test are emphasized and problems yet to be overcome are fully divulged. Studying his
reports was a great pleasure for me.

18



FT T T TS T T TS T s L B e - (Bt
| Aircraft Autogyro |
V =75 kts

| L/q RPM = 289 t0 355 !

| sq. ft. F=0.22t00.27 |

| |

‘ 250 | |

| |

| |

| |

: Autogyro :

| V =100 kts |

| 200 [ RpM =289 t0 370 |

: F=0.28100.36 : :

| | |

: : Airplane :

| ‘ V =100 kts |

‘ 150 p . . RPM =175 to 185 |

| Autogyro Alirplane P=0.58 t0 0.61 I

I V =125kt V =125 kts |

I RPM = 325 to 372 RPO W X
! P=0.35 0 0.40 " P cegm et
| = 0. . Wt X

: - L =5250Ibs. at 125 kts ))‘S

| |

| |

| |

| |

| |

| — 50 F | |

| % Base Aircraft L/q !

! — Rotor Off, Prop Off !

‘K( (various stab. lift) :

| Lift Curve Slope |

| 0.0849 Sy, (per deg) |

L N N N N )
-4 -2 0 2 4 6 8

Fuselage Angle of Attack deg.

Figure 10. The XV-1 Lift Curve in Autogyro and Airplane Modes.

70 | ; - | I I

| Autogiro Config. V =75 kts | | |

! Rotor Lift = 3,525 Ibs ! ! !

| Wing Lift = 1,800 Ibs | | !

! Fuse. AOA = +4.0 deg ! ! !

60 F : Rotor Vt = 542 fps : : :

| Collective =+ 6 deg | | |

| | | |

| | | |

Autogiro Config. V =100 kts | ! ! !

| Rotor Lift = 3,100 Ibs | | !

50 F I Wing Lift = 2,340 Ibs I I |

D/ | Fuse. AOA = +1.0 deg | ! !

q | Rotor Vt =562 fps | | |

(sq. ft.) : Collective = 6 deg : : :

| | L | |

40 F | Autogiro Config. V = 125 kts | |

: Rotor Lift = 2,730 Ibs : :

: Wing Lift = 2,720 lbs Airplane Config. V =125 kts ||Airplane Config. V = 150 kts :

| Fuse. AOA = -1.0 deg Rotor Lift = 430 Ibs Rotor Lift = 770 Ibs ‘

| Rotor Vt = 582 fps Wing Lift =4,890 Ibs Wing Lift = 4,550 Ibs |

OV fF-- - :7 T — — — —|Collective = & deg ~ 7 |Fuse. AOA = +3.8 deg Fuse. AOA = +0.0 deg [ J‘

Drag Due to Lift I I Rotor Vt = 300 fps Rotor Vit = 292 fps I

(+ All Other Drags): : : Collective = 0 deg Collective = 0 deg :

| | | |

| | | |

N | | | | |

20 | | | | |

| | |

| | | |

Minimum Drag of Rotor Blades Alone 1 I — I

(Harris Min. Rotor Profile with Cdo =0.019 ) : ! : :

ok __ [

! ! ! | |

Minimum Drag of Aircraft Less Rotor Blades & Prop, D/q =8.6 I I

(includes airframe, wing, rotor pylon, rotor hub, yaw fans, skids, etc.) : :

0 i i i N i i
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Rotor Advance Ratio P=V/V;

Figure 11. The XV-1’s Total Parasite Drag Area versus Advance Ratio.

19



A considerable amount of discussion in both Hickey’s NACA and Hohenemser’s MAC
reports deals with the aerodynamics of the floating horizontal tail (A-99). The tail, or elevator if you
prefer, operated with much the same properties as the large elevator on a UH-60. However, the XV-
1’s tail was not hydraulic powered or computer controlled. Because the XV-1’s tail flew principally
in proportion to dynamic pressure, the prop wash “produced a very sizeable download.” Hohenemser
thoroughly designed for a flutter free elevator and checked for tail flutter. He found that the complete
aircraft needed to be free in pitch to avoid coupling with the wind tunnel support system. A thorough
stability and control data matrix was obtained during this second test that would be applicable to
future convertiplanes.

The sheer number of other questions that Hohenemser got answers to from this test of the
complete aircraft is very impressive. For example,

(a) the experimental propeller was stress surveyed and a resonance was found just below
2,000 engine rpm,

(b) engine cooling was found to be adequate for the experimental aircraft, but cooling drag
was D/q = 0.3 ft® due to an excessive boundary layer in the inlet,

(c) the cooling fan itself appeared to be operating on the stall side of the power map,

(d) the best flight procedure for transition from autogyro to airplane mode was worked out.
Maximum loads throughout the aircraft and rotor system as the rotor passed through its
two resonance’s were established,

(e) early problems with the rotor incidence, flyball governor system were solved,

(F) starting and stopping the rotor in a 42 knot wind showed that a rotor brake would not be
needed on the experimental XV-1,

(9) the preferred way of flying the rotor in the autogyro mode was found to be a fixed
collective and stem incidence fixed at +3° aft, using the elevator to adjust
fuselage attitude,

(h) a mini-vibration survey was completed and stiffened tail booms were required,

(i) comparison of measured and design fatigue rotor loads showed that only during
the transition from autogyro and airplane modes would there be a problem,

(j) four unsatisfactory subsystem characteristics were found that needed to be eliminated
prior to extensive flight testing, and

(k) high drag caused by separated pylon flow at the intersection of the pylon and the hub was
not solved despite a number of tries. A return to the 8 ft model was planned.

In summarizing his conclusions, Hohenemser says that “the information obtained from the wind

tunnel tests is the equivalent of many months of flight testing and should help very much to expedite
flight testing of the Model XV-1 convertiplane in the autogiro and airplane flight phases.”

20



Rotor Stability In Forward Flight

The Helicopter Division of the McDonnell Aircraft Corporation began studies of the
convertiplane in 1949. These studies, sponsored by the Office of Naval Research, included theory,
model testing and preliminary design of what was to become the XV-1. At the 1952 AHS Forum,
Kurt Hohenemser gave a paper** which included experimental data for a two bladed, teetering, 7.6
foot diameter rotor tested in the University of Washington wind tunnel in Seattle.® Hohenemser’s
paper devotes considerable attention to rotor performance before addressing the high advance ratio
flapping stability issue. He includes, in Appendix B to his paper, his solution to the classical one
degree of freedom flapping differential equation. His theoretical attack proved conclusively that the
XV-1 type of rotor would be free of instabilities. But then he goes on to say that “this reassuring
[theoretical] result is unfortunately not verified by tests. A large number of test runs within a wide
range of Reynold’s Number have definitely established the fact that for our specific case the flapping
motion becomes unstable between an advance ratio of 1.5 and 1.6. The frequency of the unstable
flapping motion is %2 per rev, which again disagrees with [theoretical results] ...... 7

In Hohenemser’s next report to the rotorcraft community,'® he takes up this blade flapping
instability at high advance ratio problem again, opening the paragraph by saying “I first have to
apologize for an erroneous conclusion | gave you three years ago with respect to this subject.” [How
often do you see a statement like that in the literature.] He apparently felt he had offered a useable
approximation of the differential equation for high advance ratio, but his application of the “twin
ripple” method of solution was ill advised.

Fortunately, using numerical integration of the flapping equation, he was able to present
some evidence that the Y2 per rev instability was analytically predictable. Furthermore, he included
an experimentally measured waveform of the flapping motion in the vicinity of the stability limit.
This waveform is reproduced here as Figure 12. The pitch—flap coupling is 2.2° pitch down for 1°
flap up. The Lock number is 5.0 and the record was obtained at an advance ratio P=1.55.

Figure 12 illustrates the blade motion characteristic at the threshold of the ¥ per rev flapping
instability. Note that to see a % per rev, the waveform must be plotted over two revolutions before
the repetition becomes clear. By the time full scale rotor and complete aircraft testing had begun, a
sufficient number of model tests had produced a picture of the instability regions to be avoided. The
Y per rev flapping instability was drawn as a boundary independent of rotor speed and virtually as a
limit to forward speed, which Figure 13 (also see page A-128) shows was about 225 knots.

It is not at all clear that this high advance ratio flapping instability has received a great deal
of attention by the rotorcraft community. In fact, it is this author’s opinion that a clear explanation

14 Hohenemser, Kurt H., “Some Aerodynamic Problems of the Compound Rotary—Fixed Wing Aircraft”, 8" AHS
Forum, 1952

15 Ray Prouty attended the Seminar. He told the group that he was a student at the University of Washington during the
time that Kurt Hohenemser and Fred Doblhoff used the University wind tunnel for several tests. Ray became well
acquainted with both men, Because of this experience, Ray wrote his Master’s thesis on the subject “Wind Tunnel Wall
Corrections for Rotors.” Later, Ray told Kurt Hohenemser that because of Kurt and the tests, he embarked in a
rotorcraft career. Hohenemser’s reply was that Ray shouldn’t blame him.

16 Hohenemser, Kurt H., “Remarks on the Unloaded Rotor Type of Convertiplane” 11" AHS Forum, 1955.
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has not been published detailing the physics of the % per rev instability and why it would be a speed
limit independent of rotor speed.

Figure 13 also shows a flutter onset boundary which Hohenemser says™ was at “about 2.3
per revolution and elastic blade bending and elastic blade torsion were predominant.” The flutter
instability is much better understood by rotorcraft engineers. The trend shown on Figure 13 follows
the classical behavior where instability onset depends on advancing blade relative speed and
dynamic pressure. That is, Y2 U(V+V;)* = constant so for the XV/-1,

V, 0.96RPM 560

knots

which fits the locked hub, collective pitch = 0° data on Figure 13.

In 1962, at the 18" AHS Forum, C.H. Perisho (et al) presented “A Comparison of Detailed
and Simplified Methods of Analysis of Rotor Stability in Forward Flight with Model Test Results.”
One of the analyses — the most successful one — was a 40 degrees of freedom model representing the
motion of all three blades (at least to one node of bending) and the hub. The equations were
programmed on an analog computer by R.H. MacNeal of Computer Engineering Associates Inc. A
key conclusion was that for the XV-1 type of hub, inter-blade coupling was quite important to
accurately predict instability boundaries over the full range of rotor speed.

Finally, Hohenemser®® was quite satisfied with the dynamically similar, quarter scale (i.e. 8
foot diameter) rotor models that accompanied the XV-1’s development. The one shortcoming he
noted was that the cyclic control system “was not in all respects dynamically to scale and for this
reason the oscillating cyclic control loads were underestimated from the model tests.” He goes on to
say that “with a little further refinement we would have had a model which would have given us
without exception the right answers to all the complicated dynamic and loading problems of the
rotor.”
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Phase Il Flight Evaluation

The XV-1 (Ship No. 1 of two) rolled out in January 1954."7 Its first lift off was accomplished
one month later. The first conversion to airplane flight was performed in April 1955. One year later,
the contractor, McDonnell Aircraft Corp., had completed their share of development flying and the
Air Force began its formal flight evaluation on April 12, 1956.'8

The problem of the XV-1’s higher than expected drag (that the full scale wind tunnel testing
brought to light and Hohenemser repeatedly mentioned) was still an obvious issue during
McDonnell’s one year of contractor flight testing. This point is illustrated by Figure 14. Tufts were
used to survey airflow about the whole aircraft and pylon-hub interference drag apparently was
attacked with a form of end plating as Figure 14 shows. It is not clear just how successful this aspect
of development testing was. However, the fundamental problem, in one form or another, has
continually plagued virtually every new helicopter as any number of authors have documented.™

Pylon-hub interference
drag reducing end plate.

Figure 14. Early XV-1 Flight Testing Was Devoted to Drag Reduction, the Major Problem
Hohenemser Repeatedly Identified During the Full Scale Wind Tunnel Testing.

The Air Force conducted its formal flight from April 12, 1956 through May 2, 1956. Thirty-
four flights were made, which yielded 9" hours of flight time. The abstract to Putnam’s and Eggert’s
Phase Il Flight Evaluation report® reads as follows:

“The unloaded rotor principle was found to be a satisfactory convertiplane
from the standpoint of flying qualities and operation. The unloaded rotor
does not appear to have any adverse effect on the flight characteristics at
high speed in airplane flight and is beneficial in delaying wing stall at low
speed. Transition from helicopter flight to airplane flight was not difficult

1 Marks, Marvin D., “Flight Development of XVV-1 Convertiplane” J. of the AHS Vol. 2 No. 1, 1957.

18 Putnam, V.K. and Eggert, Wayne W., “Phase Il Flight Evaluation of the X\V-1" AFFTC-TR-56-35, Feb. 1957. Or
see ASTIA Document No. AD-112423.

19 See for example, Harris, F.D., “AHIP — The OH-58D From Conception to Production,” AHS 42™ National Forum,
June 1986
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but could be simplified with development. The pitch—cone coupling in this
rotor design provides outstanding stability and control characteristics in
helicopter flight compared to current designs. With the exception of the
extremely high fuel consumption and the high noise level, the pressure jet
system presented no unusual operating problems. Reliability of the burners
was marginal. Numerous deficiencies in performance and control were
found, but were primarily attributed to this particular airframe
configuration.”
The report’s recommendations were just as positive, reading as follows:

“It is recommended that the XV-1 be utilized to the fullest extent in the
development of the unloaded rotor principle, the pressure jet system, and
the pitch—cone coupled rotor system for application to future designs. A
minimum of XV-1 flight time should be expended in solutions of
problems associated with this particular airframe configuration.”

The magnitude of the two concerns raised in the abstract (pressure jet system fuel
consumption and noise) are quantified in Figures 15 and 16 (A-171 and A-165 respectively). In
regards to fuel consumption, Figure 15, advocates of the pressure jet system frequently argue that
when slow speed flying will only be a small portion of the mission, there will be a net weight empty
reduction accompanied by considerable simplification in dynamic components. Unfortunately, no
pressure jet, tip driven lifting rotor has reached production, so the claims have yet to be validated.
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Figure 15. The Helicopter Mode Used 3 Times More Fuel per Hour than the Airplane Mode.
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With respect to noise, Figure 16, the Flight Evaluation report was somewhat more candid in
its detailed discussion stating that “personal exposed to the noise of the XV-1 have described it as
intense, fluctuating and extremely irritating. A heavy repetitive beat is noted when the rotor tip
burners are ignited during run up. Subjective comments made by several personnel exposed to this
noise indicated that within a radius of 30 feet, one’s reaction is to ‘turn and run’ even when
protective devices for the ears are worn. Noise from the helicopter remained above 90 decibels at
distances estimated to be as much as one-half mile away.” It was somewhat quieter in the cockpit
where a level of 116 db was recorded. It appears that this noise level must be reduced if the pressure
jet system is to be given serious consideration.?
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Figure 16. Pressure Jet Noise Was a Real Operational Concern.

While the XV-1’s rotor system was clearly viewed favorably by the Air Force, a number of
complaints about the aircraft were discussed. For example, the transition from helicopter to airplane
flight was accompanied by significant vibration in the cockpit as the rotor passed through two
resonances. At about 290 rpm, vibration of about 0.2 g became apparent. This predominately 3 per
rev vibration reached a peak of 0.7 g at about 260 rpm and then dropped back to 0.2 g at 225 rpm
(A-154). The Phase Il report states that “vibration at this amplitude is of course unsatisfactory;
however, since this is a transient condition lasting only from 5 to 10 seconds, it is considered
tolerable.” Vibration in helicopter and autogyro modes was deemed unsatisfactory above 80 knots,
but in airplane flight, vibration was quite acceptable being below 0.1 g (A-160, A-161 & A-162).

0Gs. Hislop in his paper, “The Fairey Rotodyne,” (Journal of the Helicopter Association of Great Britain, Vol. 13,
No.1, Feb. 1959) notes that “the noise emission appears to be proportional to the jet exit velocity raised to the 6™ or 7"
power.” The Fairey Aviation Company explored several silencers in full scale testing. They achieved some 14 db
attenuation.
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Another example dealt with handling qualities. The stability and control in airplane flight
was considered “good”, but an investigation into “the pitch roll coupling experienced during all
dynamic longitudinal stability tests” was recommended (A-158 & A-159).

Overall, the Air Force’s report took a positive outlook about the XV-1’s unloaded rotor
concept. The pitch—coning coupling approach that Hohenemser created was particularly single out
for praise. The pressure jet tip drive system that Fred Doblhoff pioneered was worthy of further
development. And last but not least, the Phase II’s conclusions and recommendations (A-173 and
A-174) down played the performance shortcomings of the basic airframe caused by excessive drag,
excessive weight empty, an under powered reciprocating engine and an under sized propeller.

But in the end, it was the tilt rotor concept that went forward.

CLOSING REMARKS

Juan de la Cierva’s invention and development of the autogyro began in 1919. He progressed
from failure (with his Model C-1 in 1920) to production (with his Model C.19) in ten years. His
aircraft and his engineering, marketing and business skills attracted Harold Pitcairn, the Kellett
brothers and others to the autogyro field. Together, these pioneers laid the foundation to today’s
rotorcraft industry.

The basic aerodynamic technology of the autogyro and its many derivatives (aka compound
helicopters, convertiplanes, airplane with a rotor, etc.) is captured with a few simple equations.
These equations show that the drag of the rotor blades alone is of minor importance to the
successfully performing convertiplane. A much more serious concern is the drag of hubs and their
pylon support to say nothing about fuselages and un-retracted landing gear. Controlling rotor speed
at high advance ratio is a very difficult task for a pilot and some form of autopilot appears
mandatory. The conventional rotor experiences, around unity advance ratio, a reversal in the change
of thrust with collective pitch. Stability of the flapping motion is a serious question when the
advance ratio approaches 1.5. Instabilities in both sub harmonic and higher harmonic blade motions
are quite real high speed limitations. Fortunately, today’s comprehensive rotorcraft theory and wind
tunnel model technology are capable of discovering these rotor system instabilities before detailed
design is completed.

The McDonnell XV-1 Convertiplane was created by Kurt Hohenemser and Fred Doblhoff. It
was the first aircraft to demonstrate the unloaded rotor principle. The rotor system contained a
unique hub configuration that was a very successful precursor of today’s bearingless rotor. In fact,
because it had no lead—lag damper, it should be viewed as better than what the helicopter industry is
producing today. Furthermore, pitch-cone coupling of 2.2° nose down for 1° cone up (but negligible
pitch—flap coupling) was demonstrated to give outstanding aircraft longitudinal stability when the
XV-1 was in its helicopter mode. In the cruise mode, as an airplane with rotor unloaded and at idle
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rpm, the use of 2.2° nose down pitch for 1° flap up coupling made the rotor tip path plane follow the
mast. In essence, the aircraft behaved as if the rotor system was transparent. The use of a simple fly
ball governor actuating direct control of the hub plane (i.e. the plane of no feathering) to control
rotor speed in the airplane mode was very successful. The Air Force recommended, in its Phase Il
Flight Evaluation report, “that the XV-1 be utilized to the fullest extent in the development of the
unloaded rotor principle, the pressure jet system and the pitch—cone coupled rotor system for
application to future designs.”

The Air Force recommendation was followed, but only for a few years. A rotor system from
one XV-1 was used on a mini-crane, the McDonnell Model 120 (A-176). Pitch-roll coupling was
corrected and problems with the pressure jet tip drive system were corrected on this small aircraft.
Then, with interest growing for a military heavy lift helicopter, a 75 foot diameter rotor with
pressure jet system was built and whirl tested. Unfortunately, military interest dissolved, little
additional progress was made and the Air Force’s other recommendations (such as the benefits of
pitch—cone coupling) began to take their place in rotorcraft history.
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