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PREFACE

This book has been produced under the restrictions of wartime
regulations in regard to confidential material. There is nothing
in it that has not been available in book and periodical form for
some years and that is not known by experts in the field of
interior ballistics. Nevertheless, there is no equivalent work on
the subject in the English language.

The recent great development of the explosives and ammuni-
tion industry has created a demand on the part of newcomers
into the field for a compilation of this information on a sound
theoretical basis. It is hoped that this book will fill this need.

The bibliography was prepared with the assistance of Ruth A.
Ogilvie.

CrLArRK SHOVE ROBINSON.

BosTon,
May, 1943.
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THE THERMODYNAMICS OF
FIREARMS

CHAPTER 1
INTRODUCTION

Thermodynamics is the science of the relationship between heat,
work, and other forms of energy in combination with the physical
properties of the substances involved.

Firearms are weapons from which projectiles are discharged by
the explosion of gunpowder or other propellant.

The gun is a heat engine, used to convert the heat of exploding
powder into mechanical energy, and as such is amenable to the
fundamental concepts of thermodynamics. It takes propellent
powder, rich in stored-up energy, and causes it to explode and
produce gases at high temperature and pressure. These hot,
highly compressed gases, confined in the powder chamber, expand,
pushing the projectile in one direction and the gun in the
other, the energy present in the gases being converted by this
process into kinetic energy of the moving parts and into friction.

The gun as a heat engine differs only from other types of heat
engine in the fact that the firing of the gun is not a cyclic process,
in contrast to the steam or internal-combustion engine where all
the moving parts return to their original positions at the end of
a cycle. But from the thermodynamic viewpoint the three have
much in common, the resemblance between the gun and the
internal-combustion engine being marked. The basic thermo-
dynamies that applies to the explosion in the internal-combustion
engine can be applied to the firing of the gun with but few
changes and with much profit.

The present high degree of refinement in steam turbines and
gasoline engines is largely due to the fact that scientific study of

their functioning is possible with the aid of thermodynamies.
1



2 THE THERMODYNAMICS OF FIREARMS

Firearms are susceptible to similar treatment, and it is the pur-
pose of this book to indicate the lines along which this may be
carried out. The lack of a complete thermodynamie treatment
of firearms at the present time is due, not to the difficulties
involved, but to lack of adequate data. It is hoped that such
data will be forthcoming.

It is expected that this book will be used to some extent as a
textbook in courses relating to the design of firearms and ammuni-
tion; therefore, the material has been developed along textbook
lines, starting with fundamental thermodynamics and later apply-
ing the basic principles to firearms. Readers who are familiar
with thermodynamics may find this method elementary. How-
ever, many who use this book will have had no previous training
in the subject. The arrangement of material is based on the
author’s experience in teaching both interior ballistics and thermo-
dynamics for many years.

Thermodynamics, as it is now known, is the result of develop-
ments over a period of several hundred years, chiefly, however,
during the past one hundred and fifty. Numerous engineers and
scientists have been interested in these developments—many of
them because of their studies of guns and ammunition. For
example, the first man to discover what is now known as the first
law of thermodynamics, Benjamin Thompson, Count Rumford,
investigated the subject while he was inspector genperal for the
Elector of Bavaria in the late eighteenth century. He noticed
that heat was liberated when cannon were being bored at the
Royal Arsenal at Munich and made measurements of the amount
of heat so produced. Another famous name in thermodynamics
in the early nineteenth century is that of Carnot, who was
trained as an officer of the French army and was thoroughly
familiar with ordnance problems. This joint interest has con-
tinued all the way from Bernoulli and Newton in the seventeenth
and eighteenth centuries to Gibbs and others in the nineteenth
and twentieth.

Ballistics is the art of hurling a projectile. It is ordinarily
divided into two branches, interior ballistics, which deals with the
projectile and its accessories while it is within the weapon, and
exterior ballistics, which deals with the projectile from the gun to
the target. Exterior ballisties controls the projectile with its
velocity, spin, and angle of flight as it leaves the muzzle of the
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gun and subjects it to the several external influences that deter-
mine its subsequent course, including gravitational, fluid-fric-
tional, and meteorological effects. Interior ballistics includes all
the previous history of the firing from the instant the firing pin
or hot wire ignites the primer mixture until the projectile and the
hot powder gases have left the muzzle. It involves studies of
ignition, the rate of explosion of propellent powder, the tempera-
ture, composition, and pressure of the resulting products of the
explosion, the travel of the projectile in the bore of the gun
together with the fluid flow of the powder gases, and certain
external effects such as heat, flash and smoke, and recoil.

The design of propellent powder suitable for a specific weapon
falls clearly in the field of interior ballistics. It involves some
study of the chemical and physical-chemical relationships of
powder and of powder gases.

The possibility of correlating laboratory experiments in interior
ballistics, such as closed-chamber, or laboratory, bomb firings,
with the actual performance of the same propellent powders in
the gun itself is one of the attractive features of this method of
presentation.

The mechanical features of gun design and construction are
usually grouped under the heading of ordnance engineering, and
the manufacture of propellent powders and other ammunition
materials comes under the subject of ammunition manufacture.
However, neither ordnance engineer nor ammunition designer can
move a step without specifications furnished to them by the
intertor ballistictan as to pressures, velocities, charges, rates of
explosion, etc.

The primary requirement of the weapon has to do with the
functioning of the missile on arrival at its destination, and the
gun has the sole purpose of placing it there in working condition
at the right time. The gun is therefore a means to an end and is
the result of this primary requirement.

It may therefore be presumed that the statement of the prob-
lem will specify the primary conditions to be met. This will
include the type and size of projectile to be used, the range at
which it is to be fired, and the angle at which it is to hit
the target. Secondary requirements that will also influence the
problem will have to do with the mobility of the gun and the
desired rapidity and duration of its fire.
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The problem of the flight of the projectile from the gun to its
target is one of exterior ballistics and deals with the behavior of
the projectile after it has left the gun and is beyond direct control.
Exterior ballistics therefore has to do with the effect of natural
laws on the projectile while it is in flight. It presupposes that
the projectile leaves the gun with an initial velocity and initial
spin and at an initial angle of azimuth and of elevation. It is the
specific problem of exterior ballistics to figure backward from
the target to the gun in order to determine just what these initial
conditions must be.

It is the problem of interior ballistics to design the gun and
ammunition so that the initial requirements set up by exterior
ballistics as to velocity, spin, and angles are met.



CHAPTER 1I
BASIC THERMODYNAMIC PRINCIPLES

The relationship between the many forms of energy, including
heat and work, is simple. The basic principle is that energy can
be neither created nor destroyed. This is known as the first law
of thermodynamics and is based on experiments covering a period
of over a hundred years. Energy in the form of work can be
converted completely into heat, while that in the form of heat
can be converted partly back into work, depending on the tem-
perature. Enpergy may also be tied up in a substance as latent,
or bound, energy and as such is called iniernal energy. If a sub-
stance is in motion, it has kinetic energy. If it has been raised
up above some datum level, it has potential energy due to its
elevated position. It may be charged with electricity or magnet-
ism and have energy on that account. It may have chemical
energy on account of its composition. The first law of thermo-
dynamics says simply that the loss or gain of energy by a body
is accompanied by an equivalent gain or loss of energy in its
surroundings.

The second law of thermodynamics is equally simple. It states
merely that energy in the form of heat can be more or less com-
pletely converted into work or other form of mechanical energy
depending on the temperature of the body from which the heat
is taken. The system of temperature referred to in this book
is the absolute temperature, as measured above absolute zero, which
is —273°C. or —459.5°F. depending on whether the centigrade
or the Fahrenheit system is used. Absolute zero is the lowest
possible temperature that can ever be reached.

Work may be mechanical or electrical in character. Mechani-
cal work is usually defined as the product of force times distance.
For example, a force that lifts a one-pound weight a vertical
distance of one foot has done one foot-pound of work on the body
so lifted.

Since work can be quantitatively converted into heat, it is
often convenient to express work in heat units instead of mechani-

5



6 THE THERMODYNAMICS OF FIREARMS

cal units. One heat unit in the English system is the heat needed
to raise one pound of water one degree Fahrenheit, and is called
the British thermal unit (B.t.u.); in the metric system, it is the
amount of heat needed to raise one gram of water one degree
centigrade, being called the calorie (cal.). It requires 778.26 foot-~
pounds of work to be the equivalent of 1 British thermal unit.
Since there are 453.6 grams in 1 pound and 1.8 Fahrenheit degrees
is the equivalent of 1 centigrade degree, the number of calories
of energy equivalent to 1 British thermal unit is 453.6/1.8, or
252 cal. = 1 B.t.u.

It is customary and convenient to express the first law of
thermodynamics as a formula, based on the fact that the amount
of energy contained in a system at the start of a process plus the
net, gain or loss of energy during the process from or to the sur-
roundings must be equal to the amount left in the system at the
end of the process. In the following equation the subscript 1
refers to the start and the subscript 2 to the end of the process.

2
Bitn+ 2 q-w-mt+n+ ¥

This formula is for a batch system where the entire contents of
the system remain within it at all times. The meaning of the
symbols is as follows:

E = inlernal energy of the material in the system. This energy
is represented by the energy content due to the temperature
of the body, its chemical composition, its molecular struc-
ture, its physical state, whether a liquid, solid, or gas, and
similar properties. This form of energy is that stored
within the body and is other than that due to its position
in space or its mass movement as a whole. It is not practi-
cable to obtain an exact value of E, but its relative value
can be obtained by comparison with some other known con-
dition as a point of reference. It does not depend on the
previous history of the material in the system.

z = polential energy, which is the energy a body possesses due
to its position above some datum plane or reference level.

M = mass of the body in question. In the English system, the
unit of mass is the slug, which weighs 32.2 or ¢ Ib. In the
metric system the unit of mass is the gram.

u = velocity, or rate of mass movement of the body as a whole
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Q = heat received by the body from the surroundings between
the start of the process (point 1) and the end of the process
(point 2)

W = work performed by the system on the surroundings between
the beginning and the end of the process

The mechanical work done on a mass of material to force it
into a system from the outside may be computed by measuring
the force needed to move the mass from the outside to the inside
of the system multiplied by the distance the force has to act,
since, by Newton’s laws of motion, mechanical work is equal to
force times distance. Since force can be measured as pressure
per unit area (pounds per square inch) times the cross-sectional
area against which the pressure is applied and the distance which
the mass moves times the cross-sectional area is the volume of
the mass, the work needed to push it into the system will be

Work = force X distance = pressure X area X distance (2)
Work = pressure X volume = PV 3)

where P = pressure acting on the mass in question
¥ = its volume

In a system in which material is entering continuously at a
uniform rate at one point and the same weight of material is
leaving the system at another point, the work done by the sur-
roundings on the material so entering is equal to the pressure
required to force it into the system times its volume. If the
inlet point be designated by the subseript 1, then this work will
be P,V,. In the same manner, the material leaving the system
must do work on the surroundings in order to get out; and if the
outlet point be called 2, then this amount of work will be P,V .

A system, therefore, in which material is entering and leaving
at a continuous, uniform rate is known as a “flow’’ system, and
the formula for the energy balance on a definite mass of material
entering and leaving the system is similar to the one for the
batch system with the items P,V, and P,V, added. This is in
the form

2 2
Vs 1 QW =Bt PVt 2 (8)

The sum E + PV is called enthalpy and is indicated by H.

E1+P1V1+171+
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Therefore, the fow formula becomes

M ua?
17171 + 1 + ][Ul -+ Q W = [{n - Tg =+ [;“ (5)

The gun is an e\'ample of what might be called a “semiflow”
process. At the time it is fired, all the material, powder, and
projectile are aiready in the system and the initial velocity is zero.
At the end of the process, the projectile and some of the powder
gases are leaving the system and there is a large velocity effect.
A special formula of the energy balance for this case would be

Ei+ a1+ Q=W =E:+ P.Vo+ 22+ ‘M;w~ (6)

For this equation to hoid, all terms in it must be expressed in
the same units, such as foot-pounds or perhaps calories. It is
customary to select the system so that it contains 1 1b. or 1 gm.

Th° wora system in thermodynamics refers to a body of matter
isolated from its swrroundings but able to exchange energy with
it in the form of either heat or work. If thereisno heat exchange
between the system and its surroundings, the process is called
adiabatic. If a system undergoes a change of such a character
that an exact reversal of the process would restore the system
to its original state, which might occur if the process were
frictionless, the change is called reversible.

Heat added to a system is positive and is called @. When heat
is removed, @ is a negative quantity.

Work done by a system on the swrroundings is positive and is
called ¥ ; therefore, in a horizontal batch apparatus with no
velocity effects,

Q—W =AE (7

The last formula is commonly used for many cases, particularly
in its diferential form

dQ — dW = dE (8
Suppose that the system consists of & horizontal eyvlinder,
1 alnst external heat effects so that it is adiabatic and

insulated ag

equipped at one end with a Fr1ct1onlecs piston whose cross-
sectional area is 4 and with its other end closed. The cylinder
contains expansible fluid, such as air, at the pressure P. The
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force acting on the inside of the piston and attempting to push
it out will be pressure times area, or ¥ (force) = P4. If the
piston moves out a distance dL, which would correspond to an
expansion of the fluid dV at zero veloecity, so that there is no
kinetic-energy effect, then dW = P4 di = P dV, which is the
work done by the fiuid on the piston and, in this case of a friction-
less piston, also equals the work done by the piston on the
surroundings. When the piston has moved a finite distance L,
the tota! work will be the sum of all the differential works and
will be given by tke integrated formula

W=f:PdV 9)

which is good for a frictionless or reversible process only. There-
fore the batch energy balance becomes

Q — AE + fV’P av (10)

for a reversible process only, where AE represents E» — E.

In the case where the cylinder is not horizontal and the piston
moves with an appreciable velocity, the changes in potential
energy and kinetic energy must be allowed for. If the cylinder
contains a unit weight of fluid and the piston itself has no mass,
then the increase in kinetic energy of the moving fluid will be
(Mus?/2) — (Mu,?/2); and since, for one unit weight, 17 = 1/¢
where ¢ is the acceleration due to gravity, the increase in kinetic

energy will be A l’_:\ Similarly, the change in potential energy
29/

will be z2 — z1, or Az. In such a case, u and z represent the
average velocity and average elevation, respectively, of the unit
weight of fluid at the instant in question.

Ezample 1.—The work done by a gas supplied to a horizontal cylinder

12 in. inside diameter at a constant average pressure of 2,000 atm., pushing
a frictionless piston a distance of 10 ft., is calculated as follows:

V-
W= ﬁ/ PaV = P(Va— V) = PA(Ls — L1) = 2,000 X 14.7

w12
X4 =

X 10 = 33,200,000 ft.-Ib.

The units in this calculation are taken as follows: If T¥ is to come out
in foot-pounds (ft.-lb.), then P must be in pounds per square foot (Ib. per
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sq. ft.), and V must be in cubic feet (cu. ft.), since pounds per square foot
times cubic feet equals foot-pounds.

1 atm, = 14.7 lb. per sq. in. = 14.7 X 144 lb. per sq. ft.
33,200,000 ft.-lb.
~wRoe = 42,700 B.t.u.
Ezample 2—Suppose the gas in Example 1 had expanded, not at
constant pressure, but under such conditions that the pressure decreased
as the volume increased, so that PV =a constant = P,V,. Then

V:
P =P,V,/V. Since W = v\ P dV, substituting that value for P gives

14
W = v !PIVI% the value of which, according to calculus, is PV,
1
log. (V2/V)1).
If the original volume of the gas V, corresponded to L, = 10 ft., then
V2 would correspond to L. = 20 ft. and

12z

20
W = 2000Xl47X144X X == 144 XlOXlog;(E)

Since loge = log. 2 = 0.693,

W =2,000 X 14.7 X 144 X X(llii X 10 X 0.693
= 23,000,000 ft.-1b.
This example would approximate a constant-temperature expansion of

the gas.

Ezample 3.—If the gas in Example 2 had expanded adiabatically, without
friction, the relation between the pressure and the volume would be given
approximately by the formula PV* = a constant = P,\V,». If the exponent
n were 1.4, then the expansion work of the gas would be calculated as

follows:
L £} V: dV
S = 1.4 —_
L4 fV: Pav P fV; V14
By calculus,
_Pwid1 1
- 0-4 VID 4 Vzo -4
_ Py (Va4 vy 4) . (V _ V;“)
T 04 \V,04 V04 1 Vo0t
Since P, = 2,000 X 14.7 X 144 = 4,230,000 lb. per sq. ft.,
V=3 x U210 = 7.85 cu. fa.
_ (12)
Ve _ZX_144 X 20 = 15.7 cu. ft.

W= 4, 230 000 [7 85 — (7.85)14

?1‘57_)“] = 19,900,000 ft.-Ib.
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Ezample 4.—Suppose that the tube in Example 3 had been vertical, and
the frictionless piston being pushed by the expanding gas had weighed
3220 1b., which would be 100 slugs (the English system unit of mass is the
slug, weighing 32.2 1b.); then the energy given up by the gas, whose weight
in this example will be neglected, will be used up in raising the piston and
giving it kinetic energy due to its velocity.

W = 19,900,000 ft.-Ib. = Az + A (@)

Az = 10 ft. X 3,220 1b. = 32,200 ft.-lb.
Initial velocity u, = 0

In order to calculate us, the velocity when the piston has traveled 10 ft.,
make use of the following mechanics relationships:

F = Ma
where F = force
M = mass
a = acceleration (11)
. . du
a = rate of increase of velocity = 7] (12)
where du = velocity increase during the time dé
. dL
u (velocity) = '3
where dL = distance traveled during the time dé (13)

When energy is added to a body, causing a rise in temperature
of that body, that energy is called sensible heat. Latent heat,
when added to a body, is that energy which causes a change in
its physical form such as melting or boiling without rise in
temperature

Sensible heat, added to a body under such conditions that the
pressure exerted by the body remains constant during the heating
process, is called hea added at constant pressure and is repre-
sented by @,. Sensible heat added while the volume of the body
remains constant is called heat added at constant volume and has
the symbol Qv. The @, needed to raise one unit weight of the
material in question 1° is called its specific heat at constant pres-
sure, ¢, while the corresponding Qv is called specific heat at
constant volume, c,.

Referring to the basic formula @ — W = AE, for a constant-

volume reversible process where the work W is equal to j; v: Pav,
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since dV = 0, therefore, @, = AE. However, if @, is the sensible
heat needed to raise the temperature of a unit weight of the
material from T; to T,, then

T2
Q, = fT ¢, dT = AE (14)

1

Another way of writing the same thing is

and this is its usual definition.
The sensible heat added at constant pressure, @,, must allow,
not only for the heating 4t constant volume, but also for the

expansion of the body where it does the reversible work j:’z Pav

against the surroundings. Therefore,
Q,-W=AE or @Q,— V':’Pdv = AE  (16)
Q= [ cal = AE+ [ Pav (17)

T
This last equation may be rewritten in differential form as in the
previous case, giving

R

which is the usual definition for specific heat at constant volume.

If these heat effects are for quantities other than one unit
weight, they are called heat capacities and the quantity of material
must be stated.

In addition to the heat capacities of substances, their pressure-
volume-temperature relationships must be known. There are no
accurate simple PVT relations for real gases and vapors. They
must be determined experimentally for each gas. There are,
however, certain approximate PV T relations that are often con-
venient, if not exact. The best known is the perfeci-gas law.
This so-called law does not apply accurately to real gases, but
some of them come close enough to it so that it may be used for
many calculations. The perfect-gas law has two formulas, both
of which must apply for a perfect gas.
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PV = NRT (19)

(g%)r -0 (20)

The second formula states that there is no change in the internal
energy E of a perfect gas when the temperature is constant, no
matter how the pressure P or, for that matter, any other con-
dition such as volume V changes. In PV = NRT, for the
perfect gas,

P = pressure exerted by the gas, 1b. per sq. ft.
V = volume occupied by the gas, cu. ft.
N = number of molecular weights of the gas in question

One molecular weight would be 2 parts by weight of hydrogen
(H.), or 32 parts of oxygen (O.), or 28 parts of nitrogen (N.), ete.,
considering these gases as “perfect.”

R = the gas constant = 1,546, in ft.-1b.—°F. units
T = absolute temperature of the gas = °F. 4 459.6, in °F. units
Since, for a perfect gas, the second formula means that the

internal energy is a function of temperature only, then the formula
can be rewritten

dE = ¢, dT (21)
and, combining it with the PV = NRT for N = 1 and with
Q — W = AE for a reversible process, it follows that

= Mc, + R (22)

where Mc, and Mc, are molal heat capacities, for one molecular
weight of the gas.
The ratio of the specific heats ¢, /¢, (called « or v) is also useful.
For a perfect gas, being compressed or allowed to expand
reversibly at constant temperature, since AE = 0

WT = Qr = VTdeV
Substituting for P its value NRT/V gives

Vs Ve
QT=W,fV NRTAV _ | "NETd (n V)
Qr = NRT In 3 V’ — NRTIn P, (23)

P,
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For a perfect gas in a reversible adiabatic process, @ = 0 and
therefore

—W=AE = —ﬁZEPdV

. T
Since AE = fT ¢, dT, then
1

T2 Ta T >
J cedT = f PdV = NeT 4.
T 2 ¥ v

which, when rearranged, gives

Ta Ve 717
f c. AT = NR f Q =NRIn 2 (24)
T: LV 14 2

If ¢, is called 2 constant at the dverage volume over the tem-
perature range involved, this relationship then becomes

T,
dT T ; P,
ct‘j;n —T—cllnT \]1':‘1n1/—,1 (25)

For one mole, cr molecular weight, N = 1 and

A V. r Vs MCr—MC,
& - -F)
MC»

T'z vaé'_;_l 1;2 (T2>"‘_1
<Tl> 7.\ (26)

and also the PT relationship

[ )

™

giving

11;2 - (%_) or  PV¥* = a constant (27)
1 Y2

Substituting this in the AE value for one mole of a perfect gas,

x—l_l

RT, P\
= ¥ T = —=
E = Mec, AT — [<P1> ] (28)

Table 1 is a summary of the thermodynamic formulas for a
perfect gas with a constant value of the specific heat.
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When it is not safe to call ¢, a constant, the j; r ¢. 47T should be

evaluated graphically, using experimental relationships between
¢, and T, as given later in Chap. VII.

At the pressures and temperatures obtained in firearms, the
perfect-gas laws fail to give sufficiently accurate results at higher
pressures. Various formulas have been developed to allow for
these deviations. The best one is that due to van der Waals,

(P + 1—0-,2) (V. — a) = RT for 1 mole (29)

In this formula b/V? is a measure of the mutual attraction of the
gas molecules for each other, and « is the so-called *covolume,”
or the space actually occupied by the gas molecules, and is
supposed to be one-third the critical volume ¥, of the gas in
question. When the pressure P is very high, it is often suitable
tc omit the b/¥2, and the formula becomes

P(V —«) = RT (30)

A still better approximation of the PV T relationships is given
by the u chart method. This method uses the formula

PV = uNRT (31)

when g is an empirical factor that has been found to be the same
for all common gases and is based on the critical values for the
individual gases. The treatment is as follows:

Divide the actual absolute pressure exerted by the gas by its
critical pressure, and call the quotient the reduced pressure

T

T, =~ T
and the reduced volume

Vo
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Table 2 gives critical volume for common gases, the tempera-
tures being in degrees Kelvin (°C.abs. = °C. + 273.2) and the

pressures at atmospheres.

TaBLE 2
Gas 7., °K. V., liters P., atm. Molgcula.r

per mole weight
Acetylene (CoHj)............ 309. 0.113 62. 26.02
Ammonia (NHz)............. 405.6 0.0724 111.5 17.03
Argon (A)............cooeen. 151. 0.0753 48. 39.94
Carbon dioxide (CO,)......... - 304.3 0.0957 73.0 44.00
Carbon monoxide (CO)....... 133.0 0.0930 35. 28.00
Ethylene (C.Hy)............. 282.8 0.127 50.9 28.03
Helium (He)................ 6.3* 0.058 3.26* 4.00
Hydrogen (Hz).............. 41.3*| 0.065 20.8* 2.02
Methane (CHy)...........t .. 190.7 0.099 45.8 16.03
Nitrie oxide (NO)............ 179. 0.0578 65. 30.01
Nitrogen (N2)........oon... 126.1 0.0900 33.5 28.02
Oxygen (O2)...ccovvvvenen. .. 154 .4 0.0744 49.7 32.00
Water vapor (H:0)........... 647.2 0.0566 | 217.7 18.02

* The values for hydrogen and helium are not the true critical values but empirical ones
selected 8o that these two gases will fit the same values of s that other gases fit.

The plots (Figs. 1 and 2) give the values of u plotted against
the reduced pressure Pz for various values of the reduced tem-
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perature Tz. The values for Tz up to 14 are based on averages
of several gases, while those for higher values of T’z are based on
helium alone. For purposes of interpolation, the following helium

22
20
18 I\
AN
\ N
u 16 N g
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NS &
1a D Lo
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Lo
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r
Fic. 2.

data are given from the * International Critical Tables” (vol. ITI,
page 6); V =1 at 0°C. and 1 atm.

PV = a + bP + cP? + dP3 (32)
TaBLE 3

T,°C. a b c d
—208 +0.2384 +0.0%5508 +0.052380 —0.07141
—183 0.3299 6229 0735
—150 0.4507 5090 0259
—100 0.6336 5310 0165
—-50 0.8165 5320 0.050094

0 0.9994 5290
+50 1.1824 5240
+100 1.3654 0.035080

In order to use Figs. 1 and 2, proceed as in the following
example:

Determine the volume occupied by 44 g. of CO, gas at 2,000
atm. abs. and 335.4°C.
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The critical pressure for CO. is 73 atm., and the critical tem-
perature is 304.2°K.

_304.2 4+ 273.2 _

Te = ~— 3042 2.0
2,000 _

=730 = 274

Using Fig. 1, p = 2.02, and therefore
PV = 2.02NRT

u being independent of the kind of units used.

In the metric system, with P in atmospheres and T in degrees
Kelvin (degrees centigrade + 273.2), R is 0.08206, giving V in
liters and N in moles.

2,000 X V = 2.02 X 4444 X 0.08206 X (335.4 + 273.2)
V' = 0.0504 1.

Experience indicates that calculations with the u charts are
usually very close to the exact experimental values and, except
for very moderate pressures, are much to be preferred to those
values calculated from PV = NRT.

Using the covolume method, the following results are obtained
for the same case:

Pe

P(V — ) = RT
_ V.. 0.0957
@a=5=—F—= 0.0319

2,000 X (V — 0.0319) = 0.08206 X 608.6
V = 0.0250 + 0.0319 = 0.0569 1.

which varies by more than 10 per cent from the more reliable
u chart value.

By Dalton’s law, the total pressure exerted by a gas mixture
is the sum of the pressures exerted by each of the constituents, or
the sum of the partial pressures. By Amagatl’s law, the volume
of a gas mixture is the sum of the volumes of the several con-
stituents. Both these rules are approximate only but are usually
adequate for ballistic purposes.

For mixtures of gases, data for which at high pressures and
temperatures are not yet sufficiently reliable for accurate calcu-
lations, it is believed that the most satisfactory method for com-
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puting PV T relations is to use the u charts with weighted average
values for the reduced pressure and temperature. Asan example,
it is required to estimate the volume occupied by two gram-
molecular weights of CO mixed with one gram-molecular weight
of N, at 1000°C. and 1,000 atm. abs. pressure.

From the table of critical values, T, for N, is 134° and for CO
is 1261°, while P, for N, is 35 atm. and for CO is 33.5 atm. The
general method, for a moles of 4, b moles of B, ¢ moles of C, ete.,
would be

T a b c
Tx—a+b+c+"‘(T_c‘_+Tca+Tc—4+ ) 33

1,000 a b e
PB=a+b+c+-~<PT,"’P—,,,+P_,,+ ) (34)

Thus, in this example,

7, — (1,000 + 273.2) (l 4L ) Y

3 134 ° 126.1
1,000 / 2 1\ _
Pn———3 (§+m>—-290

From the charts, p = 1.30 and

1,000 X ¥ = 1.30 X 3 X 0.08206 X 1,273.2
V = 0.408 1. ’

This method checks the volume of known mixtures very
closely.



CHAPTER III
BASIC MECHANICS

The basic mechanics of firearms stem from Newton's laws of
motion. The basic units are mass (A1), distance (L), and time (6).
Velocity (u) is the rate of change of distance with respect to
time and is usually written
_dL
T

Acceleration (a) is the rate of change of velocity with respect
to time and is written

du 2L ] .
a=7= Tap: = ¢ (when due to gravity) (36)

Force (F) produces acceleration in a mass and is defined as

u 35)

F = Ma (37)
Momentum is defined as mass times velocity,
Momentum = M X u (38)

Newton’s three laws of motion dre given as follows:

I. A force (F) is necessary to change the direction or velocity
of a mass in motion. '

II. A change in momentum (M X u) of any part of a system
must be accompanied by a corresponding change in momentum
in the opposite direction in the balance of the system so that the
resultant of all the changes in momentum is zero. This is called
the principle of the conservation of momentum.

II1. To every force exerted by one body on another, there is a
corresponding force equal to and opposite in direction, exerted
by the second body on the first. This is the principle known as
action equals reaction.

The work (W) done on a body by a force (¥) is the product
of the force times the distance over which the force acts, or

Lo
W = fL FdL (39)
22
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. dL du
Since u = TR F = Ma,and a = T4
Lo L2 du
W = MadL = M a0 de (40)
L Ly 6
_ u ) _ ﬂ:{u;»z M’uf—’ _ Mu?

Mu?/2 is called the kinetic energy of the moving body.

The mechanical work thus done on a moving body equals its
increase in kinetic energy. Force used up in overcoming friction,
rather than causing acceleration, does not increase kinetic energy.

In the case of a rigid body rotating about a fixed axis with the
angular velocity w, the change in angular velocity due to the
dw
dg
tton. The linear acceleration a tangential to the line of rotation
of any unit particle of the mass 47’ of the body is

,do
do

where r is the distance of the particle in question from the center
of rotation and the force F' acting on that particle is

action of an applied force is = and is called the angular accelera-

a = 41

£ — 1 d_w
F=M/=MrZ (42)

The product F X 7 is the moment of the force acting on that
particle, and therefore the summation of all the moments of force
acting on the entire rotating body is

b , do\ ,dw
; Pr= <E M r2) <%) 1% (43)

where I = moment of inertia of the rotating body
If the entire mass M of the rotating body could be concen-
trated in a hollow cylindrical shell of radius k such that

Mk = (44)

then k& would be called the “radius of gyration’ of the rotating
body.

The moment of inertia of a non-homogeneous rigid body is the
sum of the moments of all the homogeneous portions.
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It follows from these formulas that the kinetic energy of a

rotating body
. 2
KE = (45)

and the work done by the application of a force tangential to the
direction of rotation is equal to the increase in this kinetic energy.

It should be remembered that forces used in overcoming fric-
tion or in producing acceleration in directions other than those
in question are not included in the above discussion, only the
resultant forces acting in the direction of motion being used.

In the metric system, the gram is the unit of mass, and the
force exerted by gravity on one gram is therefore

F = 980.5 X weight, g. = force, dynes (46)

where the units are expressed in the centimeter-gram-second
system. ’

In the English system, the pound is the unit of force, and then
the value of the mass in this system is

_ weight, Ib.

M = 355 ~ = mass, slugs (47)

where the units are expressed in the foot-pound-second system.
The use of these relations is given in the following examples:
A body weighing 322 lb. and therefore having a mass of
322/32.2 = 10 slugs is acted on by an unresisted force of 100 1b.
for a distance of 100 ft.

M = 10 slugs F =100 Ib. F = Ma 100 = 10g,
a = 10 ft. per sec.?

_ du

T de
S U — uy = 10(8; — 6y)

If, at the start, when 6, = 0, u; = 0, and L, = 0,

a
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Since L, = 100,
0 = \V/100¢ = /20 = 4.47 sec.

and

us = 10 /20 = 44.7 ft. per sec.
S W =F XL =100 X 100 = 10,000 Ib.-ft.

Using the metric system, consider a body weighing 1,000 g.
(M = 1,000) and acted on by a forece of 5,000 dynes for a dis-
tance of 300 cm.; initial velocity and time = 0.

M = 1,000 F = 5,000 L = 300

a—£=5’—=5cm’ersc2
= M ~ 1,000 - per sec.
du

a %—u—ae—w

0 62 L
= 560d8 = 5 = = 2.562 or = (=
L J; 2 \z3
’300
6 = 2—5 = 10.94 sec.

u = 5 X 10.94 = 54.7 cm. per sec.

As an example of the principle of the conservation of momen-
tum, suppose that a projectile weighing 1,000 1b. is fired from a
gun mounted on a boat weighing 1,000 tons (2,000,000 1b.) with
a muzzle velocity of 2,000 ft. per sec. Since

Mas X us=Ms X us
L900 x 2,000 = 29090, (48)
the velocity or recoil imparted to the vessel, g, will be 1 ft. per
sec., in the opposite direction.

The force exerted by a gas under pressure in a closed chamber
is the product of the pressure per unit area times the area against
which the pressure is acting. Thus a 2,000-1b. projectile 1 ft. in
diameter whose base, against which a gas is pressing with a
pressure of 1,000 atm., has an area of /4 sq. ft. has acting on it
a force of

1,000 X 14.7 X 144 xfz' = 1,660,000 Ib.
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If this force is unopposed, the projectile will have an acceleration
of a ft. per sec.?
_ 2,000
1,660,000 = m a
a = 27,600 ft. per sec.?

If such a pressure acted for a period of 3{¢ sec. with the projectile
starting from rest, the velocity developed would be 2,760 ft. per
sec., and the amount of work done on the projectile would equal
its kinetic energy, or

u? 2,000 , (2,760)*
2 - 32277 2

and the distance over which it must have acted would be

W=FXL
2.36 X 10% = 1.66 X 10% X L
236

M = 2.36 X 10 ft.-Ib.



CHAPTER IV
BASIC STOICHIOMETRY

The application of the principle of the conservation of energy
and of material balances to chemical equations is called stoichi-
ometry. The sum of the number of atoms of any element present
on one side of an equation must be equal to the sum of the number
of atoms of that element present on the other side of the equation.
Similarly the weights of each element on both sides of an equation
must be equal.’

The system of symbols used by chemists is very simple. For
example, the symbol C stands for the element carbon. It also
stands for one afom of carbon, which has an atomic weight of 12,
expressed in pounds, or grams, or any other convenient system.
The common chemical elements met with in propellent powders
and other explosives are given in Table 4:

TABLE 4
Name Symbol | Atomic weight
Commonest
Hydrogen..................... H 1.008
Carbon....................... C 12.01
Nitrogen...................... N 14.01
OxXygen........c.oovvveeeeann. (o) 16.00
Less common
Aluminum.................... Al 26.97
Barium....................... Ba 137.36
Calclum...................... Ca 40.08
Chlorine...............ccovne. Cl 35.46
COpPer....vviie et Cu 63.57
Iron.....coooeveenn.. e Fe 55.84
Lead......... ..ot Pb 207.21
Magnesium. .................. Mg 24.32
Mercury.......covvevniannn.. Hg 200.61
Phosphorus. .................. P 30.98
Potassium..................... K 39.10
Silver........coceiiiiiani... Ag 107.88
Sodium.....................L. Na 23.00
Sulphur..............oooiaL S 32.06
b T Sn 118.70
ZiDC. ..o Zn 65.38
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The equations to deseribe chemical reactions make use of these
symbols, to indicate, first, the proportions of the several elements
that go to make up a chemical compound and, second, the ratios
in which these chemical compounds react with each other to
produce new substances.

For example, water is a compound of hydrogen (H) and
oxygen (O) in the proportion of 2 H and 1 O, and so its chemical
formula is written H,O. This also shows that 2 parts of hydro-
gen, weighing 2.016 1b., combine with 1 part of oxygen, weighing
16.00 1b., to produce 18.016 Ib. of water (H,0).

In a similar manner, 12.01 g. of carbon (C) combine with
32.00 g. of oxygen (O) to produce 44.01 g. of carbon dioxide
(CO3).

To use a less familiar material, the modern very sensitive
explosive that is used in detonators, lead azide, is & compound
of 1 atom of lead, weighing 207.21, and 6 atoms of nitrogen,
weighing 6 X 14.01 = 84.06, so that the formula weight of PbN
is 207.21 + 84.06 = 291.27.

One of the principal constituents of smokeless powder is
cellulose nitrate, one form of which has the chemical formula
C24H30020(NOg) 10, each molecular weight of this substance con-
taining 24 atoms of C, 30 of H, 10 of N, and 40 of O. Itsformula
weight would therefore be

24 X 12.01 = 288.24 C
30 X 1.008 = 3024 H
10 X 14.01 = 140.1 N

40 X 16.00 = 640.0 O
Formula weight = 1,098.58

and it contains 140.1/1,098.58 X 100 = 12.76 per cent N.
When cellulose nitrate explodes, the products of the explosion
may be considered to be CO2, CO (carbon monoxide), H;O, Ha
(hydrogen gas), and N. (nitrogen gas). The chemical equation
for this explosion would be as follows, the lower-case letters indi-
cating the number of molecules of each of the explosion products.

C2:H30020(NO32) 10 = aCO: + bCO + cH:0 + dH: 4+ eN, (49)

The number of each atom must be the same on both sides of the
equation. Therefore,
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a+b=24C

b ¢

¢c+d=15H,
e = 5N2

Here are five quantities to be evaluated, a, b, ¢, d, and e, with
four equations. Therefore, a fifth relationship is needed. As
will be shown in Chap. V on Basic Physical Chemistry, such an
additional relation is obtained from the equilibrium constant of
the water-gas reaction, which might, for example, show that

aXd

bXc 10
When these five equations are solved simultaneously for a, b, ¢, d,
and e, there is obtained the following result:

Cz4H30020(N02)10 = 1411002 '+' 9-8900 + 189H20

+ 13.11H; + 5N. (50)
This is therefore the correct equation to fit this explosion when
the equilibrium constant is as stated above.

In dealing with gases, it is customary to assume Dalton’s and
Amagat’s laws, although they are not exact for extreme con-
ditions. It is therefore permissible in most cases to assume that
the volumes of the gases produced in an explosion like the above
are proportional to the number of moles of the individual con-
stituents. Thus, the composition of the products of the explosion
in the preceding example may be calculated in per cent by volume
in the following manner. Obtain the total moles of gas present
and divide the number of moles of each gas by the sum, multi-
plying the quotient by 100.

14.11 4+ 9.89 + 1.89 + 13.11 4 5 = 44.00
14.11

Per cent CO, by volume = v X 100 = 32.1
9.89
CO =4 X 100 = 22,5
1.89
H.0 = X100 = 43
13.11
H, = X 100 = 29.8
5
N, =4 X 100 = 11.3

100.0
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In order to calculate the percentage by weight, the number of
moles of each gas must be multiplied by its molecular weight, the
results added, and each one divided by the sum as before.

14.11 X 44

Per cent CO. by weight = 5 X 100 = 56.5
Cco = IWXB 100 = 252

H,0 = 18X w0 = 31

H, = BLXZ »100= 24

N. g X% X100 = 128

100.0

and, since £ = 1,098, the formula weight of the powder, the per-
centage becomes as indicated above.

The volume of one mole of a perfect gas at standard conditions
(normal barometer and the freezing point of water) is 22.4 1. per
gram-mole or 359 cu. ft. per Ib.-mole. If the gases deviate appre-
ciably from PV = NRT, the best thing to do is to use the x chart
method given in Chap. II. Wheére the perfect-gas relation can
be used, the volume of a mixture such as that just calculated
would be estimated as follows: .

The average molecular weight of the gas mixture is obtained
by dividing the weight of a given number of moles of the mixture
by that number. Thus in the preceding example the average
molecular weight is 1,098 <+ 44 = 25.0.

As an example, calculate the volume occupied by 1 kg. of this
gas mixture at 100 atm. abs. pressure and at 2000°C.

2,000 + 273
[ 273

Similarly, calculate the volume occupied by 100 1b. of this gas
at 200 atm. abs. pressure and 3000°F.
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25 I = 50.5 cu. ft.

In correcting gas volumes for pressure and temperature,
absolute pressures and absolute temperatures must be used.
(°F. abs. = 460 + °F.; °C. abs. = 273 + °C.)

These values should then be corrected for deviation from the
perfect-gas laws by means of the p chart given in Chap. II.
When this is done, it will be found that the first example should
be 77,000 cec. and the second should be 51.9 cu. ft.



CHAPTER V
BASIC PHYSICAL CHEMISTRY

The rate at which any process takes place may be expressed
by a very simple basic rule, that the rate is proportional to the
potential, or driving force, and is inversely proportional to the
resistance, or retarding effect. This general rule applies to all
natural phenomena whether physical or chemical. It applies
to the rate at which the projectile travels through the bore of the
gun and to the explosion of the propellent powder which is
responsible for the movement.

This general rule may be stated in the form of a rate equation,

aw k potential

de resistance (51)

All that is necessary is to evaluate the potential and the resistance
of the phenomenon in question and solve this equation. In
many cases, this is quite simple.

The explosion of propellent powder in a firearm 1s a chemical
reaction, and it is possible to study its rate. The products of
the explosion are mostly gases. It is a characteristic of gaseous
mixtures that they frequently react with each other chemically.
It is also usual that these gaseous chemical reactions will proceed
either backward or forward, depending on the direction of the
potential, or driving force. Such reactions are termed reverstble.

The driving force of a chemical reaction is proportional to the
quantities of the reacting substances present. Suppose that a
particular reaction takes place between three substances 4, B,
and C and that the basic stoichiometry indicates that the reaction
equation (producing the products D and E) is as follows:

ad + bB 4+ ¢C = dD + eE (52)
The rate at which this reaction would proceed from left to right
would be indicated in the following way:
dW (either 4, B, or C) _ k [A]¢[BP[C]°
de resistance
32

(53)
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where the brackets [ ] indicate the concentration or amount of
the constituent present in the reacting mixture.

If this reaction is reversible, and most gaseous reactions are,
as soon as any D and E are formed, then these two products react
to form some of the original materials A, B, and C and the rate
at which this reverse reaction takes place is given by a similar
equation,

dW (either D or E) Py [DYE]e
do 7 resistance

(54)

As the original reaction progresses, A, B, and C are being used
up, so the rate becomes smaller. At the same time D and E are
increasing, and so the reverse reaction has an increasing rate.
Finally, the two rates will approach the same value; at this time
the net change of any component will become zero, and the reac-
tion is said to have reached equilibrium and the two rates are
equal. When this is true, then

i ALIBIICE _ o, [DIIE}

resistance resistance (55)

This equation can be rearranged, combining k, k', and the two
resistances into one grand coefficient K, called the equilibrium
constant.

[DE)  _
[A1[BPIC)

In many cases in gaseous reactions, the partial pressures of the
constituents of the mixture of gases are directly proportional to
their concentration in the mixture so that another equilibrium
relationship may be written, using partial pressures instead of
concentrations, the symbol P, referring the partial pressure of 4,
ete., while 7 indicates the total pressure on the whole mixture.

PD/WXPE/‘II' =K
PA/?I' XPB/ﬂ" XPc/ﬂ'

K (56)

(57)

If the total pressure = is kept constant, it may be combined
with K, and the formula becomes

Pp X Pg _
PaxPsx P~ % (58)
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and Kp is called the equilibrium constant of the gas reaction at
constant pressure.

This equilibrium constant Kpr changes as the total pressure
changes and also is affected by temperature. If the gases in the
reaction approximate perfect gases, the following relation holds
for the change of K» with temperature:

dIn Kp _ AH P

dT ~ RT:

where A Hp = external heat effect at constant pressure for one
mole.

While the products of the explosion of propellent powders
include a large variety of gases, those present in the greatest
proportion are CO,, CO, H., H:0, and N,. The first four of
these are joined in what is called the water-gas reaction, which is
usually written :

(59)

COz =+ Hz = CO + HzO (60)

and which is associated with the manufacture of water gas by the
action of steam on hot carbon. Whenever these four gases are
present in a gaseous mixture, their relation to each other may be
approximated by the equilibrium constant for that reaction, as
follows, assuming the perfect-gas laws and constant pressure:

Pco X Py

PCOz 'XPHz = KP (61)

where Pco = partial pressure of CO, etc.
The values of Ky vary widely with temperature as indicated
by Eq. (69), experimental values being found in Table 5.
Suppose, for example, that cellulose deca-nitrate,

C26H30020(NO3) 10,

is to explode in the absence of air and that the products of the
explosion are in equilibrium at 2000°C., or 2273°K. Since the
reaction may be assumed to have the following form

C2:H30024(NO2)10 = aCO; + bCO + cHzo + H, -+ eN,  (62)

which neglects any other gases such as CH,, NHj;, or oxides of
nitrogen, the stoichiometric values for a, b, ¢, d, and ¢ may be
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calculated as in Chap. IV, using Kp for 2273°K. This is found
to be

log Kr =073 or K» =537

Write material balances as follows:

Carbon at+b=24
[
Oxygen a+§+§— 20
Hydrogen c+d=15
Nitrogen e= 5
Equilibrium value bXe _ 537
aXd )

This last is correct, since @ + & + ¢ + d + e always equals 44
in this reaction, no matter what the proportions are, and, by
Dalton’s law,

ar

— = o= and PA:Z;

(63)
Solving these five equations simultaneously gives ¢ = 6.21
= 17.79, ¢ = 9.79, d = 521, ¢ = 5. Therefore it may be

written that cellulose deca-nitrate explodes and gives the fol-

lowing gaseous mixture at 2000°C.

CO, = 6.21 moles 6411 X 100 = 14.1 per cent by volume
COoO =17.79 %) X 100 = 40.5
HO = 9.79 979 % 100 = 222
H, = 521 52 100 = 118
N, = 5.00 424 X 100 = 114
Total  44.00 moles Total  100.0 per cent by volume

The example just quoted was for an explosive with insufficient
oxygen for complete combustion. To illustrate a case where the
explosive has more than sufficient oxygen for complete com-
bustion, consider nitroglycerin, or, more properly, glycerin tri-
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nitrate, C;Hs(NO3)s. If possible oxides of nitrogen formation
are neglected, the explosion would give

CsHs(NOs)s = 0002 + bCO + CHzO + de + 602 + sz (64)

Setting up material balances as before,

Carbon a+b=3

b, ¢ 9
Oxygen ats+ste=3
Hydrogen c+d= —g
Nitrogen = %

Since there are this time six unknowns, two equilibrium constants
must be chosen; any two that involve any of the reacting gases
will do. Assume that the gases exist at 3000°K., and use the
reactions

CO; = CO + 140,

H.O = H: + 50,
For the first one,

b Z< € _ K, =033 (from Table 5)
For the second,
d X = Kr = 0.049

Solve these simultaneously as before.

at+b=3
a+ 050 4+ 0.5¢c +e=4.5
c+d=25
b Xe=0.339
d X e = 0.049c

The approximate values are as follows:
a=22 d = 0.125

=0.8 e =07

¢ = 2375 f=15

Thus that the products of the explosion of nitroglycerin at
3000°K. (2727°C.) would be approximately
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CaH5(N03)3 = 2.2002 + O.SCO + 2.375H20 + 0.125H2
+ 0.70: + 1.5N,

and the gas composition would be

CO, = 3—3— X 100 = 28.6 per cent by volume
0.8
COo = 77 X 100 = 10.4
H.0 = %’ % 100 = 30.8
0.125
H, = T X100 = 1.6
0.7 :
0, = 77 X 100 = 9.1
1.5 '
N, = 7 X 100 = 19.5

100.0 per cent by volume

The reaction rate increases with rise in temperature. At room
temperature the reaction rate of many chemical reactions doubles
with a rise in temperature of 10°C. At higher temperatures this
temperature interval increases somewhat. Many reactions have
rates which are extremely rapid at high temperatures (2000°C.
and higher) but which become so slow at room temperature that
the reaction appears to be at a standstill. When a gas mixture
is cooled from a high to a low temperature, it frequently passes
through a point in temperature at which the reaction apparently
stops and the composition of the gas mixture becomes ‘“frozen”
at that temperature. It is possible to calculate the “freezing”
temperature from the composition of the gas as apalyzed and
from the equilibrium constant of that particular reaction.

A sample of pyro smokeless powder was exploded in a bomb,
giving the following gas, analyzed after the removal of water:

CO, = 14.83 per cent by volume

CO = 46.65
H, =23.00
N, =1484
02 = 026
CH, = 031

02H4 = 0.13
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The original powder had the following composition:
C = 27.86 per cent by weight
H= 3.26
O = 56.86
N = 12.02
Take a basis of 100 parts by weight of the powder.
Atoms C = 2088 _ 939
12
Moles H, = 220 = 1.63
56.86
Moles Oz = 3—2 = 1.78
12.02
Moles Nz = —2?' = 0.43
Take a basis of 100 moles of dry gas as analyzed.
TABLE 6
Moles C (074 H, N:
. CO, =14.83 14.83 14.83
' CO =46.65 46.65 23.33
H, =23.00 | ..... | ..... 23.00
N, =148 | ..... | ..... 14.84
O, =026 | ..... 0.26
CH, = 0.31 031 | ..... 0.62
C.H, = 0.13 0.26 | ..... 0.26
Total.......... 62.05 38.42 23.88 14.84

Using C as a reference value, the O, from the powder must

have been

62.05 X % = 47.6 moles

Similarly, the H, must have been

1.63
62.05 X 539 = 43.6

Therefore, the O, that disappeared is
476 — 38.42 = 9.18
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and the H, that disappeared is
43.6 — 23.88 = 19.72

If the H, that disappeared all has gone to form H,0, this amount
would have been 9.18 X 2 = 18.36 moles, which isin fair agreement
with the 19.72 reported.

The N, that should be present in the gas is

0.43
62.05 X 533 = 11.5 moles

14.84 actually appeared, showing that some air was present in
the gas as analyzed, probably owing to difficulties of manipula-
tion. The N, from the air = 14.84 — 11.5 = 3.34 moles. This
would correspond to

3.34 X 2149 = 0.89 moles O; from air
Therefore, the corrected O, from the powder is
38.42 — 0.89 = 37.53 moles
and that tc form water is
47.6 — 37.53 = 10.07 moles

which corresponds to 10.07 X 2 = 20.14 moles of H, as compared
with that actually calculated by the H, disappearance, or 19.72,
a satisfactory agreement. The H.O present in the gas may
therefore be taken as 20 moles. Calculating the value of K for -
the water-gas reaction,
46.65 X 20 _

K = 483 X 23 = 2.74, log K = 40.438
This corresponds to a temperature of approximately 1520°K. or
1247°C. 4, at which temperature the reaction ‘‘froze.”



CHAPTER VI
HEAT OF EXPLOSION

While most chemical reactions liberate or absorb heat, it is a
characteristic of all explosive chemical reactions that they liberate
heat, making the external heat effect Q a positive quantity.

Using the simple form of the batch energy balance

Q — W =AE )

it appears that in an adiabatic apparatus, where there is no heat
interchange with the surroundings and therefore where @ = 0,

—W = AE

If the explosion oceurs in a closed-chamber, or laboratory, adia-
batic calorimetric bomb, where there can be no external work,
then

W =0

and AE must also equal zero. This means that all the heat
liberated by the explosion must be absorbed by the system itself,
which means a corresponding rise in temperature. Since, in a
constant-volume process,

T’:’ C,dT = AE (14)

the rise in temperature may be computed if values of the heat
capacity at constant volume of the products of the explosion are
known.

By similar reasoning, in a constant-pressure process where
there is no external heat effect and any expansion takes place
reversibly, 7.e., without friction,

Q, — V‘j’PdV=AE=Q,,—PAV (16)
But in a constant-pressure process P AV = A PV, and therefore,

under this condition, since AH = AE + APV, Q, = AH. 1If the
41
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process is also adiabatic so that @ = 0, then the heat liberated
will all go toward raising the temperature and since

T2
AH = fT " e dT (65)

if the heat capacity at constant pressure of the explosion products
is known, the rise in temperature may be computed.

The relation between the molal heat capacity of a perfect gas
at constant pressure and at constant volume is

Me, ~ Mec, = R (66)

For a non-perfect gas, the relationship is

@I, e

which can be evaluated by use of the p charts and the critical
data for the gases in question.

The relation between the heat effect at constant pressure, Q,,
and that at constant volume, @.,

Q. =AE, Q,=AH =AE+ APV (68)
Q= Q =APV (69)

If the average values of ¢, and ¢, are taken as constants over the
temperature ranges in question, the

[o e dT = (T2 — T1) (70)
and
e dT = c(Tz — T3 71
Then
Qp— Qo= (c, — c)(T: — T) (72)
and for one mole of a perfect gas, when M¢, — Mc, = R,
Qr — Q, = RAT (73)

Most values for heats of explosion are computed from data on
heats of formation. Experimental determinations in the labora-
tory serve to check the reliability of the data used. Most heats
of explosion of solid explosives are measured in calorimetric
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bombs, ¢.e., at constant volume. Those for gaseous explosions
may be carried out at constant pressure if the explosion reaction
can be slowed down enough, but the closed-chamber method is
much more common.

The technique for computing heat of explosion from heat of
formation makes use of the method of Henri Hess, over 100
years old. Hess’s law is correct for constant-pressure reactions
only as may be shown by thermodynamic manipulation. The
usual procedure, making use of a calorimetric bomb, is to explode
the material being studied at ordinary temperature, the resulting
temperature and pressure being very high. The temperature of
the contents of the bomb is then allowed to fall until the initial
value is again reached, and the external heat effect, measured by
a calorimeter, is called the heat of explosion. Since, in such a
calorimetric device, the heat passes from the interior, which is at
high temperature, to the calorimeter, which is at lower tempera-
ture, this heat effect is not reversible and cannot be handled
thermodynamically as a point function as can E or H. The
correct method for computing such heat effects requires, there-
fore, the use of AE or AH, rather than Q. For a constant-pressure
process, however, since Q, = AH, the use of Hess’s method, with
Q effects, is exact.

To illustrate the method of computing heat of reaction, take
the case of the water-gas reaction, CO.; H, = CO + H,0. Itis
required to calculate the heat of this reaction at ordinary tem-
perature (25°C.) and pressure (normal barometer). In order to
do this, the heats of formation of CO,, CO, and H:0 from their
elements, at the same temperature and pressure, are needed.
The following gives these values:

C + 0. = CO2 + 94,400 cal. per mole
C 4+ 140, = CO + 26,400 cal. per mole
H,; 4+ 350, = H:0 4 68,400 cal. per mole for liquid H,O or
58,300 for water vapor

These values, expressed as gram calories per gram formula weight,
may be converted to the English system in B.t.u. per pound
formula weight by multiplying by 1.8. Thus,

C + 0; = CO; -} 169,900 B.t.u. per lb.-molecule
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Then proceed as follows:

CO,; 4+ H, = CO + N0 4+ Q,(AH)
1400: + Hz = H,0O (vapor) + 58,300 cal.
Z 4+ 150, = CO + 26,400 cal.
-0, = —CO, — 94,400 cal.
CO; + H, = CO + H;0 (vapor) — 9,700 cal.

This states that at constant pressure and at 25°C. the water-
gas reaction absorbs 9,700 cal. per mole (of any one constituent
such as CO,), being what is called an endothermic reaction. (A
reaction that liberates heat is called exothermic.)

If this reaction were allowed:to take place at constant volume,
since

Q, = AH = AE + APV and Q, = AE

it is necessary to evaluate A PV and subtract it from @, = AH.
In this case, since the temperature before and after was the same
and the number of moles on each side of the equation

COz + Hz = CO + Hzo

is the same (two), and if the perfect-gas formula PV = NRT is
assumed, then

APV =P2V2—P1V1—N2RT2—N1RT1
and o
T2=T1 and N2=N1
L APV =0 and Q, = Q, = AH = AE

‘Where the number of moles of gas on the two sides of a stoi-
chiometrical equation is different, there is a correction, as illus-
trated in the heat of formation of H,O vapor.

H, 4+ 140, = H,0 (vapor) + 58,300 cal. per mole

at constant temperature and pressure, where @, = AH = 58,300.

At moderate pressures and temperatures, where PV = NRT is
sufficiently close to the correct value, V, = 24V since there are
115 moles on the left-hand side of the equation and 1 mole on the
right. Therefore, for each mole of H;O formed, N; = 1 and
N, =114,

S APV = RT AN = 1.985 X 298 X (—13)
= 296 cal. (300 cal. approx.)
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and
Q, = AE = 58,300 — 300 = 58,000 cal.

Since most interior-ballistic calculations are for processes that
are more nearly constant volume than constant pressure, the
values given in Table 7 are given for @, = AE and must have
A PV added to them to obtain Q, = AH.

The heat of formation of cellulose deca-nitrate,

CZ4H30020(N02) 10

at constant volume and room temperature is about 670,000 cal.
per mole. It is required to calculate the heat of explosion at
constant volume at room temperature. First it is necessary to
determine the equilibrium products of the explosion at 25°C.
(298°K.), making use of the value of K for the water-gas reaction
at that temperature and assuming that the value of Kr is not
affected by the change in pressure.

Cz4H30020(N02)10 = 0002 + bCO + GHzO + de + GNz

a+b=24
¢c+d=15
b ¢
e=5
bXe _ log—! — 4.947 = 0.0000113 (from Table 5)
aXd ’ ’

givinga = 16,b = 8, ¢ = 0,d = 15, ¢ = 5 (approx.).
Solve these five equations simultaneously.

CZ4H30020(N02)10 = 16002 + SCO + 15H2 + 5N2
16C + 160, = 16CO, -+ 16 X 94,400 cal.
8C + 40, = 8CO + 8 X 26,700 cal.
—5N2 - 15H2 bt 240 - 2002 = Cz4H33020(N02)10
— 670,000 cal.
Cz4H30020(N02)10 = 16002 + 800 + 15Hz + 5N2
+ 1,054,000 cal.

Since the formula weight of cellulose deca-nitrate is 1,098.44,
the heat of explosion at constant volume at 25°C. will be

1,054,000
1,098.44

= 960. cal. per g.

or
960 X 1.8 = 1,728 B.t.u. per lb.
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If the heat of explosion at constant pressure is desired, it is
necessary to subtract A PV which in this case, calling it equal
A NRT with R = 1.985, T = 298°K., and AN = 44, paying no
attention to the volume occupied by the solid powder as compared
with that of the gas,

AH = 1,054,000 — 44 X 1.985 X 298
= 1,028,000 cal. per 1,098 g., or 936 cal. per g.

The computation of heats of explosion at other than room tem-
perature requires reliable heat-capacity data and will be included
in a later chapter after such data have been described.

Table 7 gives the heats of formation for a number of chemical
compounds of interest in ballistic calculations. These data give
the heat of formation at constant volume, expressed in calories
per mole. The first portion of Table 7 contains various organic
substances of interest to the explosives industry. The arrange-
ment is according to the number of C atoms and then according
to the H atoms.



CHAPTER VII
HEAT CAPACITY OF POWDER GASES

As stated in Chap. IT on Basic Thermodynamic Principles, the
heat capacity, or specific heat, of a gas is defined as

Heat capacity at constant volume = ¢, = (%?')

or

Heat capacity at constant pressure = ¢, = (g%
P

When based on one unit weight of substance, it is called specific
heat. When based on one mole or molecular weight, it is called
molal heat capacity. In the English system, specific heat is
usually expressed as B.t.u. per pound per degree Fahrenheit; in
the metric system, as gram calories per gram per degree centi-
grade. Since the heat capacity of liquid water in the metric
system is approximately 1, the expression specific heat often
refers to the ratio of the heat capacity of the substance in question
to that of an equal weight of liquid water. Heat capacity, while
having the physical dimensions of heat per unit of weight per
degree temperature, is independent of the system and has the
same numerical value in any consistent system.

The specific heat of liquid water is the highest of any known
substance, that of vapors being appreciably less and that of the
common so-called “‘permanent’ gases being still less, while most
heavy solids are lowest of all. All heat capacities increase with
increasing temperature.

As an estimate of the molal heat capacity at constant volume
for solids (at constant pressure also), it is usual to assume Kopp's
law. This rule adds the atomic heat capacities of the elements
making up the compound in their proper proportions. For the
atomic heat capacities at constant volume of the elements, use
the following:

55
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Carbon =138
Hydrogen =23
Oxygen and nitrogen = 4.0
Sulphur =54
Heavier elements = 6.4

For example, the specific heat of solid sodium chloride (NaCL),
whose molecular weight is 58.5, would have a value of ¢, calcu-
lated from this rule as follows, there being two atoms in the
molecule,

2 X 6.4

“ERE 0.22

while the actual value is about 0.21 at room temperature. Simi-
larly cellulose deca~nitrate CesH30020(INO2)10, which has a formula
weight of 1,098, would have its specific heat calculated as follows:

C 24X 18 = 432
H 30X23= 69
-0 40 X 4.0 = 160
N 10 X4.0= 40
3122
. o 312.2
Estimated specific heat = 1,008 = 0.28

It should be remembered that such estimated values are for
approximate use only. Accurate laboratory determinations are
necessary for more reliable values.

The heat capacity of gases varies with both temperature and
pressure, as well as with the variety of the gas.

The molal heat capacity at constant pressure of gases com-
mon in explosion products is given in Fig. 3 as a function of
temperature. This chart is for zero or low pressures, where the
gases behave much like perfect gases. To use this chart, it is
necessary to allow for the change in Mc, due to temperature.

Q = AH = [c,dT (65)

This is best done by graphical evaluation of the definite integral,
as shown in Fig. 4. The shaded area between the limits of 7',

and T represents L, 1:2 Mc,dT.
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Another way is to use an average value of Mc, (called Mcp,..).
QP = M c.‘Pn.ve(TZ - Tl) (74)

Still another method is to use Fig. 5. This chart gives Mc¢p,..
between 60 and °F. and

Qr = Mcpy. (2 — 60) = Mg, (1 — 60) (75)
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To allow for the change in heat capacity with pressure, the
method used by Weber is recommended. It is based on the

relation
oH\ _ Vv
(GF).-v- (0, @
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The plot of (H* — H)/T vs. Pz is shown in Fig. 6. To use
this chart, select the temperature T at which the effect of pres-
sure is to be computed, and calculate T, = T/T, when T, is the
critical temperature of the gas in question.

H* represents the enthalpy of the gas at zero pressure where
it behaves as a perfect gas and fits the Me¢, chart (Fig. 6), and H
is the enthalpy at the desired pressure P, represented on the
chart by Pz = P/P..

e a
y-) d
b c
0 T T T2
F16. 7.

To complete the calculation, refer to Fig. 7. Compute H* — H
for T (point a to point b) where P, is the initial pressure; then
calculate

H*, — H*, ] " Me, dT (77)

using the chart, Fig. 7 (point b to point ¢). Then go fromctod
at Ts. The sum of all three AH’s will be the AH required; <.e.,

Hew = [, Moy,dT
and
= AH@ — a)

Cravo = Tg — Tl (78)

This method is quite precise for single gases. For mixtures of
gases, the best method known at the time of writing is to use a
weighted mean, based on the molal composition of the mixture.



CHAPTER VIII

CALCULATION OF EXPLOSION TEMPERATURE
AND PRESSURE

The chemical reaction that takes place when a propellent
powder or similar substance explodes liberates the heat of reac-
tion described in Chap. VI. If the explosion is confined within
a closed chamber, such as the calorimetric bomb, the energy thus
liberated can do a small amount of external work by causing the
bomb to swell, but the bulk of the energy will appear either in
the form of heat lost te the surroundings or as an increase in
temperature of the contents of the bomb. The first effect due
to the expansion of the vessel is usually small enough to be
neglected but may be estimated as shown below. The other two
effects are complementary. When the final temperature is the
same as that at the start, all the heat effect at constant volume
goes to the surroundings. If the bomb is strictly adiabatic, the
energy must all go toward raising the temperature and the final
temperature will be the maximum temperature possible under
the circumstances. The pressure produced at the maximum
temperature will also be the maximum pressure.

For all practical purposes, the maximum temperature will be
independent of the loading density, or quantity of explosive
present, but the maximum pressure will vary almost directly
with it. For this reason, it.is customary to compute the maxi-
mum possible temperature by thermochemical means and then
use this figure to estimate the corresponding pressure.

While the use of the perfect-gas formula or of the covolume
calculation is quite simple, the results of the pressure calculations
are not considered sufficiently precise for firearms purposes and
recourse is had to the u chart method, which gives results that
appear to be as good as those determined experimentally. The
variations of these several methods will be noted below.

Any hot gas confined in a closed vessel will lose heat to that
vessel. Therefore, in actual closed-chamber firings of explosives,

the maximum temperature obtained and the corresponding pres-
60
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sure will be less than the theoretical ‘‘uncooled” temperature.
The amount of this heat loss can be predicted and suitable allow-
ance made for it. .

The calculation of uncooled maximum temperature requires
successive approximation, since it is necessary to know the com-
position of the explosion gases, and that composition depends on
the equilibrium constants, which in turn depend on the temper-
ature. Fortunately, the values of Kr do not change rapidly with
respect to temperature at the temperatures reached in firings,

7

L1

6 =

Hp =HATER GAS REACTION

L

e

0
1000 1200 /400 (600 /600 2000 2200 2400 2600 2800 3000
TEMPERATURE °KELVIN
Fia. 8.

and preliminary estimates are usually very near the actual
value.

As an example, allow 100 g. of CssH30020(NO5) 10 to explode in
a chamber of 1 1. capacity (this is a loading density of 0.1) with
no air present and with the initial temperature 15°C. As a first
approximation, neglect expansion of the container and any heat
losses to it or to the surroundings.

Take as a basis one formula weight of explosive, or 1,098 g.
This will not affect the temperature calculation, and it simplifies
the stoichiometry. Proceed as in Chap. V.

C24H30020(N02)1o = dCOz + bCO + CH20 + dH2 + eNz
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at+b=24
b, e
+§+§—20
c+d=15
e=
ch_K ; .
axd = Kefor water-gas reaction (see Table 5)

The plot of Kr vs. temperature in Fig. 8 shows that at the
probable high temperature expected—somewhere between 2000
and 3000°K.—the value of Kp is approximately 6; this value will
therefore be used as the first approximation.

Solving for a, b, ¢, d, and e gives the following:

C2H302(NO3) 1 = 6CO; + 18CO + 10H:0 4 5H; + 5N,

Using this gas composition, then calculate the heat of explosion
at constant volume.

24C + 30H + 400 + 10N = Cz4HyOn(NO;) + 670,000 cal.
6C + 60, = 6CO: + 6 + 94,400 = 566,400 cal.

18C + 90, = 18CO + 18 X 26,700 = 480,600 cal.

10H, + 50 = 10H.0 + 10 X 58,000 = 580,000 cal.

Combining these heats of formation as before, gives

C24H020(NO2) 1o = 6CO; + 18CO + 10H;0 + 5H, + 5N
+ 957,000 cal.

This means that 957,000 cal. is available for heating the explosion
gases up to 7.°K. .

Continue the approximation by using the chart, Fig. 5, for
Mec,,,. plotted against {°F., and assuming the perfect-gas relation
Mec, — R = Mc,, when R = 1.987.

At 3000°K., t°F. is 4340°, and the values read from the chart
for Mec,,.. are

COz = 13.4
CO = 83
H,0 =108
H = 77
N, = 81
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Multiply these by the moles of each gas present.
CO, =134 X6 = 804

CO = 83X 18 = 1494
H,0 = 10.8 X 10 = 108.0
H, = 77X5 = 385

N, = 81X5 = 405
Sum for 44 moles  416.8

or a weighted average Mc, = 416.8/44 = 9.47.

Then subtract 1.987(R) to obtain the perfect-gas value for
Mc,,,, = 7.48.

The rise in temperature that might be expected, therefore,
would be

957,000
7.48 X 44

which would give T as 2910° + 15°C. = 2925°C. or
2025°C. 4 273° = 3198°K.

Referring again to Kp, it is seen that for 3198°K., K» = 7.15
(extrapolated above 3000°K.). Solving again for g, b, ¢, d, and e,
using the new value (b X ¢)/(a X d) = 7.15, gives

5.65CO, + 18.35CO + 10.35H,0 + 4.65H, 4+ 5N

This change in gas composition will make but little change
in the computed temperature, and because of the approximations
introduced it is considered unnecessary to carry the calculation
of T further. It may therefore be stated that the maximum
uncooled temperature would be approximately 3200°K. or
2900°C. (to the nearest 100°). '

It is now possible to calculate the pressure corresponding
to the maximum uncooled temperature.

First use the least reliable PV = NRT formula when

P = desired pressure, atm.

V = gas volume, L. = 1,098/100 = 10.98 1. (since 100 g.
occupies 1 1.)

N = moles of gas present = 44

R = gas constant = 0.08206, in l.-atm.

T = uncooled temperature = 3200°K.

P X 10.98 = 44 X 0.08206 X 3,200

P... = 1,050 atm.

AT =T, - T, = = 2010°
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Next use the covolume relation; since a = V./3, tabulate «
for the constituents of the gas.

TaBLE 8

Gas V. @ N aN | T, °K. P, atm.

CO:| 0.0957 | 0.0319 5.65 | 0.180 | 304.26 73.0

CO | 0.0930 | 0.0310 | 18.35 | 0.569 | 132.98 34.53

H,O| 0.0566 | 0.0189 | 10.35 | 0.196 | 647.30 | 218.53

H, | 0.0650 | 0.0217 | 4.65 | 0.101 | 41.3 20.8 (pseudo value)
N, 0.0900 | 0.0300 5.00 | 0.150 | 126.1 33.5

44.00 | 1.196
a average = lfingq = 0.0272
P(V —a) = RT (for 1 mole)
V = 1. per mole = 1(31—28 = 0.2496

P(0.2496 — 0.0272) = 0.08206 X 3,200
_0.08206 X 3,200 _
Pmu = W = 1,180 atm.

Now to use the p chart relation (Fig. 1). Calculate first the
reduced temperature (T'z) using the critical data given above.

_3,200( 5.65 18.35 © 10.35 , 4.65 5 )
3

Tr=~42 \30426 T 132.05 " 64730 T 413 T 1261
Tr =239
Puw (565 1835 1035 465 5
) (73.0 3453 T 21853 T 208 T m)
Py = 0.0233P...
Poae X 0.2496 = p X 0.08206 X 3,200
Pow — 1,052

To solve for P... by successive approximation, set up Table 9:

Py =

TABLE 9
Prgx Pg i 1,052p = Ppa,| Deviation
1,000 23.3 1.17 1,233 +233
1,233 28.8 1.16 1,220 - 13

Probable correct Pr.. = 1,220 atm.
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Summary of calculation of Prax.

By u charts = 1,220 atm. (most reliable)
By covolume = 1,180
By PV = NRT = 1,053

The relative reliability of the p chart method increases with
increasing loading density and therefore with pressure.

The actual temperatures and pressures obtained in a closed
chamber or in a gun are less than those calculated by the above
method because of the loss of heat to the walls of the container
and the resulting drop in temperature and pressure and also
because of the work done by the gas in causing the expansion
of the container. The latter loss may be calculated quite aceu-
rately from the dimensions and physical properties of the con-
tainer. The heat loss may be estimated approximately by the
following method:

Call the rate of heat loss %

9Q _ 000013684 (L) + 0.000373¢,7% &5 4(T — T) (79)
do : 100 ) »5 7 Doz 0

dQ _
wher a0 = cal. per sec.

A = container surface area, sq. cm.

T = temperature of gas, °K.

Ty = wall temperature, °K.

D = container diameter, cm.

G = average mass burning rate, g. per sq. cm. per sec.
cp = average specific heat of gas at constant pressure

The loss due to expansion of the container has been found by
Crow and Grimshaw (Ref. 69) to be

Loss in calories = kP?A (80)

where & was 8.18 X 108 for a chamber of 130.7 cc. and 251.6
sq. cm. surface, and 3.70 X 10~2 for a chamber of 649 cc. and
656.8 sq. cm. surface, P being in kilograms per square centimeter.

The loss of heat from the hot explosion gases to the wall of the
chamber and thence to the surroundings depends, not only on the
time interval. but also on the respective temperatures. As
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the gas cools off and the walls warm up, the rate of loss gradually
becomes smaller. It can be calculated for each instant and the
total obtained by summation. However, at the start of the
cooling-off period, the gas is somewhere near the maximum
uncooled temperature and the walls are relatively cold. It is
therefore possible to calculate a maximum value for the cooling
loss.
Taking the results of the previous calculation,

A = surface of 1-1. sphere = 589 sq. cm.
T = 3200°K.

= 300°K.
D = sphere diameter = 124 cm.

¢ = Mc, 1—4 1,087 _ 7.48 1—4 }.987 — 0215
G = average mass burning rate, g. per sq. cm. of bomb surface

per second

Since this is a fictitious example, no rate-of-burning data are
available, but from other data a reasonable estimate would be
50 milliseconds, or 0.05 sec. @ then would be 100 g. burning in
0.05 sec. in a container whose surface is 589 sq. cm.

100

€ = 589 X 0.05

=33

Substituting these values in the heat-loss formula,

dQ 3,200\*
9% _ 0.0001368(s89) ( 20
+ 0.000373(0.215) (3;200)%[(—%'%] (2,900)(589)

= 84,500 + 12,200 = 96,700 cal. lost per second

If the elapsed time were 0.05 sec., as assumed above, the calories
lost would be

96,700 X 0.05 = 4,830 cal. lost
The original value of @, for 100 g. of powder was

957,000

w’ = 87,000 cal.
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As an approximation, therefore, the value of the maximum
‘““cooled”” temperature would be

87,000 — 4,830 oo
2,910 (—87’,000 ) + 273 = 3000°K.

and P... would be

3,000
1,220 X m = 1,140 atm.

The expansion loss is usually negligible. Using the Crow and
Grimshaw formula, which fits only the closed chamber they
used but which may be used to indicate the relative magnitude
of the correction,

Loss (Q) = kP24

where k = about 4 X 10—%
P = 1,140 X 1.033 (kg. per sq. cm. = 1 atm.) = 1,180
A = 589 sq. cm.
Q =4 X 1078 X (1,180)2 X 589 = 33 cal., which is negli-
gible.



CHAPTER IX
IGNITION OF PROPELLENT POWDERS

With few exceptions, explosives are compounds or mixtures of
compounds of nitrogen. This chemical element is unique in its
apparent disinclination to form stable chemical compounds, most
of them being relatively unstable and therefore likely to decom-
pose on little provocation. The decomposition of an explosive
is a chemical reaction; and, as with all chemical reactions, the rate
at which it takes place is influehced by potential, resistance, and
certain other factors of which temperature is the most important.
Physical chemists have known for many years that the rate of
chemical reaction increases with rising temperature, doubling in
many cases for each rise of 10 centigrade degrees or thereabouts.
Since explosive nitrogen compounds exist in an unstable state, it
must be assumed that this is possible only because at the tem-
perature in question their decomposition rates are so low that
they are negligible or practically zero.

To illustrate the point, certain forms of nitrocellulose, a
principal constituent of smokeless pewder, and particularly gun-
cotton, will explode instantly when heated to about 185°C., or, to
be more precise, within 5 sec. after exposure to that temperature.
The same substance, when held at room temperature, will have a
life, or “stability,” of several years. If pure guncotton, in the
absence of any added stabilizer, may be expected to have a
stability life of 10 years at 0°C., then doubling its decomposition
rate each 7°C. would cause it to increase so that it would explode
in 5 sec. at 185°C. If stored in a magazine near a steam radiator
that is at 100°C., the guncotton would be expected to explode in

100°
(5sec.) X (2) 7 =5 X (2)143 =5 X 2 X 10* = 105 sec.

or a little over 1 day.
The significance of this temperature effect, which is common to
all explosives, lies in the fact that it is necessary to raise the tem-
68
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perature of the explosive to this instantaneous-ignition temperature
to cause it to explode. This is the problem of ignition in the gun.

Propellent powders may decompose in three ways, »iz., by
detonation, by explosion, or by combustion.

Combustion occurs when the explosive is burned in the presence
of air or other external source of oxygen, just as any combustible
material burns in external oxygen. Most propellent powders
burn by combustion in a manner similar to celluloid or camera
film, quietly, with little flame and no smoke.

Ezplosion takes place in the absence of additional oxygen and
may be a relatively slow process, the speed of which depends on
the degree of confinement, or loading density. Explosion is a
surface effect, taking place solely on the surface of the powder
grain, never beneath the surface. Each layer of the surface must
explode away before the next layer underneath can do so. This
phenomenon is called an explosion because it is usually so confined
that the process is rapid as compared with combustion and gives
an explosive effect.

Detonation is an extremely rapid phenomenon, as much faster
than explosion as explosion is faster than combustion. The
whole solid mass detonates almost simultaneously, the detonation
wave proceeding through the solid mass with a velocity of several
thousand meters per second. Detonation is therefore a violent
process. If propellent powders are allowed to detonate, which
happens at times, the result is always a burst gun and other
serious effects.

The products of explosion and of detonation are the same, while
those from combustion are presumably solely CO., H.O, and N,.
There is no sharp line of demarcation between explosion and
detonation. There is a long list of explosives whose individual
decomposition rates range all the way from very rapid detonation
to very slow explosions. Certain high explosives detonate only;
at the other end of the list is black powder, which does not
detonate. Smokeless powder will either explode or detonate,
depending on circumstances; when it detonates, it is a true
high explosive. Nitroglycerin, which normally detonates, can
be made to explode by blending it with certain other explosives
as is done in certain types of smokeless powders like cordite.

From the foregoing discussion, it is evident that the problem
of the ignition of propellants consists in raising the temperature
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of the surface of the powder grain to above the instantaneous-
explosion temperature but doing so under such conditions that
explosion and not detonation occurs. A corollary to this state-
ment is that, if, by chance, the powder-grain surface is cooled
below this temperature, the explosion will stop because of the
slowing up of the decomposition reaction, as when partly burned
grains or slivers are blown out of the muzzle of a gun. Another
factor in maintaining ignition is that the heat produced by the
explosion must be more than sufficient to take care of the energy
delivered to the moving projectile and also the heat lost to the gun
itself; otherwise, the temperature will fall and the explosion be
extinguished before the powder has all been consumed.

One of the most important factors in ignition is the adiabatic
compression of gas. Suppose, for example, a perfect gas is
subjected to reversible adiabatic compression. Using the simple
batch energy balance,

Q-W=2aE=Q+ [ Pav 1)
Since the compression is adiabatic,
Q=0
and
V2 : T
——j;lPdV=AE=le ¢, dT (82)
Since PV = RT for one mole of a perfect gas,
V2
—J; Pav = — RT-——fc”dT (83)
Rearranging gives
v T:
AV : aT
'—R Ll 7 = Ll 00-1_1' (84)
Then, calling ¢, a constant, this becomes
Vi T,
Rln v, =% In = T, (85)
But since, for one mole, B = ¢, — ¢,
(c, — ¢) In 22 = ¢, In L2 (86)
PV, T

@ -
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and if ¢,/c, = v,

Vl)"‘ T,
B T,
But as
PV, P,V,
T, T
VvV, P,T,
V. PiT
(Ple)"" T,
P:T, T,
or
& - @)
pP) T \Iu
or

(T2 (1 1)

71

(88)

(89

(90)

(9D

(92)

This gives the compression ratio P:/P; needed to raise the

temperature of a perfect gas from 7y to 7.

Suppose now that it is required to raise the surface of pro-
pellent powder grams to such a temperature that ignition and
explosion would take place in 0.001 sec., or 1 millisecond. Using
the same rule as before, that explosion will take place in 5 sec.
at 185°C. (185 4 273 = 458°K.), the increase in explosion

rate = 5/0.001 = 5,000 fold.

T:—458
5,000 = (2) 7
log 5000 = 52_7—@ log 2
3.699 = 0.301 (Tl%ﬁg

T. = 544°K. = 271°C. (T, = 288°K.; 15°C.)

In the previous chapter, it was seen that for a specific case,

using the average values, Mc, = 9.47, and Mc, = 7.48.

. Me, _ 947

“ Mo, ~ 7.48 ~ 1266

1.266

0.266 4)4.76 2
e ()% _ oge - 207
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If the initial pressure were 1 atm., it would appear that a reversi-
ble adiabatic compression of the gas surrounding the powder
grain to about 30 atm. would raise its temperature, and therefore
that of the surface of the grains in contact with it, to such a
temperature that ignition of the powder would take place in
about 0.001 sec. It is believed that some such process of com-
pression equivalent to that just calculated is responsible for part
of the ignition phenomenon.

Propellent powders in firearms are ignited by primers. In
small arms, which always have the propellent powder enclosed
in a metallic cartridge case, the primer consists of a small cup
inserted in the base, or rear end, of the cartridge. This cup con-
tains a sensitive composition that explodes by friction or shock
and produces a flame made up of hot gases and incandescent
solids which flows through an orifice in the base of the cartridge
case into the powder chamber, whére it comes into direct contact -
with the propelling change. In cannon, the primer must ignite
a much larger amount of powder and therefore is made up of two
parts. The first part is much like that in the small-arms cartridge
and contains a sensitive composition that is exploded by friction,
shock, or electric heat. This explosion then ignites a much
larger mass of black powder, which in turn supplies the heat for
igniting the main charge of propellant.

There is no substitute for black powder in cannon primers.
The reason for this is well understood. Propellent powders must
be ignited by high temperature and not by shock, since the latter
will cause detonation. This means that heat must flow from the
hot primer flame to the powder grain. This sensible heat plus
that due to any adiabatic compression of gases in the vicinity
is the sole source of the heat needed.

Heat flows from a hot substance to a cooler substance by a
combination of two means, conduction and radiation. The laws
governing heat flow have been well developed. The semiempiri-
cal formula quoted in Chap. VIII for the rate of heat flow from
hot gases to the walls of the chamber is an excellent example of
this effect.

Heat flow by radiation is correctly given by the formula

Q. _ TY*
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dQ,
de
¢ = radiation coefficient = 0.172, English units
p = emissivity, or specific radiating ability
'A = area of radiating surface
T = absolute temperature of radiating surface

= rate of radiant heat flow, B.t.u. per sec.

In the case where one body more or less surrounds the other, the
net radiation between them is given as

FRLE [(100) ( )] (04)

The emissivity p of most solids is high, from 0.5 to 1.0, while
that of most gases is low, not over one-tenth as much. For this
reason, luminous flames, which contain large numbers of solid
particles in suspension in the flame, radiate much more intensely
than non-luminous flames. This accounts in large measure for
the superiority of black powder for use in primers, for the prod-
ucts of the explosion contain large amounts of solids such as
potassium carbonate and sulphate. These incandescent solids
radiate intense heat, in contrast to the non-luminous flames from
smokeless powders.

Heat also flows by direct conduction, following Newton’s laws
of conduction, to the effect that

dQ. _ k r,—-T
de R
where R = resistance offered to the flow of heat.

Such a formula for flow from a hot gas to a solid surface is

typified by the following:

(95)

dQc = kepA(T1)%5 (g;“ (T, —
where k = conduct1v1ty coefficient

¢, = specific heat at constant pressure of the hot gas

A = area of the solid in question to which the heat is

flowing

T, = temperature of the hot gas

T, = temperature of the cold surface

G = mass velocity of the gas in contact with the solid,

D = average diameter of the solid

T,) (96)
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The example quoted in Chap. VIII indicated that, for that case,
the bulk of the heat flow from the hot gas was by radiation.
When the radiation from hot gas is enhanced by the presence of
incandescent solids, it is believed that radiation effects are more
important than conduction.

The usual methods for determining the ignition temperature of
explosives are those which depend largely on direct conduction
of heat rather than on radiation. For this reason, no great
reliance is placed on such results. The most common method
consists in placing some of the
explosive in a copper cup and
immersing it in a bath of molten
metal. The time for explosion
.and the bath temperature are
recorded.

Extrapolation of the curve in

TIME Fig. 9 would give the instantane-

Fic. 9. ousignition temperature. How-
ever, it is believed that some other method, based on radiant
heating, would be much more likely to represent ignition condi-
tions as they exist in the gun.

Under ideal conditions, each grain of powder in the propelling
charge would be ignited at the same instant by being brought
into complete contact with the primer flame. It has been found
quite difficult to arrange this, particularly in large guns. The
use of a large primer requires so much black powder that the
firing is no longer smokeless. Powder grains that pack together
tightly offer such obstruction to the flow of hot primer flame
that ignition is irregular; and it is believed that many of the
irregularities in firings can be traced to poor ignition conditions-

From a purely theoretical viewpoint, the most satisfactory
primer would consist of an explosive gas which would permeate
the entire propellent charge and which, on exploding, would
liberate solid particles. It is suggested that a mixture of acety-
lene and air (or oxygen), with insufficient of the latter for com-
plete combustion to carbon monoxide, would liberate incandescent
carbon particles and give ideal ignition conditions. Such a
mixture would be an equal-volume mixture of acetylene and
oxygen.

TEMPERATURE




CHAPTER X
RATE OF EXPLOSION

The chemical decomposition of smokeless powder at ordinary
temperatures is an autocatalytic process. That is, the produets
formed in the decomposition catalyze, or increase the speed of,
the subsequent reaction, the catalytic effect increasing as their
amount increases. At ordinary temperatures, it is believed that
nitrocellulose does not form the same sort of products as at high
temperatures and that the oxides of nitrogen, which are very
evident in laboratory experiments at moderate temperatures and
which are acid in behavior, are largely responsible for this
catalytic effect. This decomposition might be indicated by the
following equation:

Cz4H30020(N02)10 = 4002 + 17CO + 3C + 15H2 + 5NO + 5N02

the last two, the oxides of nitrogen, both being decidedly acidic
when in the presence of water.

However, in the successive layer explosion of propellent
powder, it is believed that the temperature is toc high for these
oxides of nitrogen to exist in any appreciable amount, even
though their presence is obvious in the gases discharged from
some guns. Freak examples even show the presence of free
ammonia (NHj) in the products of the explosion. It is much
more likely that the rate of explosion in a confined space is
affected chiefly by temperature and to a less degree by pressure.
This statement is based on the belief that the rate of explosion
is determined by the rate at which heat flows from the hot
explosion products to the cold unburned surface of the powder,
which is distinctly a temperature phenomenon, pressure having
a purely secondary effect. Nevertheless, all current formulas for
rate of explosion are on a pressure basis.

The reason for the attempt to explain explosion rate on a
pressure basis is historical and experimental. Temperatures of
flames of short duration are extremely difficult to measure, par-
ticularly when the flame is enclosed in a powder chamber. Gas

75
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pressures, on the other hand, are relatively easy to measure, at
least with approximate accuracy. It is only to be expected,
therefore, that the first studies of explosion rates were made in
connection with pressure-time
measurements and that the formu-
las so developed were based on
pressure rather than on tempera-
ture or heat transfer.

Experiments showed very early,
both in closed chambers and in
guns during the period before the
projectile starts to move, that the
pressure increases slowly at first,
and then more and more rapidly, as shown in Fig. 10. This
type of curve strongly resembles a hyperbola of the form

PRESSURE

TIME
Fie. 10.

Yy = az® 97)

This led Vietlle, in 1893, to offer such a formula, in the differen-
tial form

dy = d(az™) = anz*ldz (98)
or

d_y — gypn—1

ar = o (99)

where n = a quantity greater than unity
His formula is

% — apk (100)

where % = decrease in web thickness in the time d@
A = a coefficient
P = pressure at the time 6
k = an exponent that has a value greater than 0

Vieille recognized that k varied with conditions, but others
who have attempted to use his formula have tried to fix it at a
constant value, using values variously from 0.5 to 1.0. In this
formula, the web thickness e is the radial dimension of the powder
grain, measured in a direction at right angles to the layers that
are successively burning away. In the case of long single-
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perforated powder grains, or multiperforated grains, whose burn-
ing surface does not change much or increases slightly as the
grain burns away, the rate of decrease of web thickness is about
proportional to the rate at which the powder burns. Further-
more, if the temperature of the powder gases remains about con-
stant during the firing, which would be true in an ideal adiabatic
closed chamber, then the amount of gas produced and therefore
the pressure would increase at a rate proportional to that at
which the web thickness decreased, or

—adp = de (101)
Using this substitution in the Vieille formula gives
—adP .,
5 = \P (102)
Separating the variables and integrating between limits gives
P. 0
* —adP 2
J;n —pi = J;l Ado (103)
If @ and A are assumed to be constant, this becomes
P2 [}
dP A [
Lnﬁ__aﬁl de (104)

This, when solved, gives

1
T (Pt — Pyt = %oz (105)

when 6, = 0.
Except at the beginning of the explosion, P; is small compared
with P, and may therefore be neglected, giving

P* = — @ 0, (106)

Perhaps a better way to handle the Vieille formula, as converted
to P vs. 6, is to take the logarithm of both sides.

log fii; = log * + klog P (107)

A plot of this last equation should give a straight line with the
slope equal to k, if it fits experimental data. In using the Vieille
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TasLE 10
Charge = 0.8 kg. Charge = 0.7 kg. Charge = 0.4 kg.
Time Pressure Time Pressure Time Pressure
0 0 0 0 0 0
0.8 4 0.9 4 2 2
2.5 12 2.7 8 6 4
4.1 33 4.6 16 10 8
5.8 90 6.4 36 14 20
7.5 159 8.2 77 18 45
9.2 240 10.0 137 22 89
10.8 326 11.5 202 26 146
12.5 440 13.6 274 30 223
14.2 580 15:5 363 34 321
15.8 769 17.3 471 38 435
17.5 1,030 19.1 620 42 587
19.16 1,380 20.9 801 46 792
20.83 1,860 22.73 1,040 50 1,063
22.50 2,580 24.55 1,345 52.6 1,280
23.25 3,010 26.36 1,770
28.18 2,360
28.61 2,510
2800
2400
2000 [I ”
1600 /
p }
1200 / i V4
V.
800 / ,7 /
[/ ,/
400 / ,/ e
/: 1L~
=
0 //
] /0 20 30 40 S0 60
e
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formula, A/« should be the same for any given variety of powder,
independent of the loading density.

As a test of this formula, the classic data by Krupp, quoted by
Cranz (Ref. 11), are used. These data were obtained on some
German 8.D. (solventless powder, made with anon-volatile gelatin-
izing agent) tubular powder, fired in a calorimetric bomb of 3.450 1.
capacity. The density of the powder was 1.64 kg. perl. Runs
were made on three weights of charge, 0.8, 0.7, and 0.4 kg,., the
pressures being given in kilograms per square centimeter and the
time (elapsed) in milliseconds, the origin being in doubt by about
1.5 milliseconds. Three grams of black powder was used to

TasLE 11
daP dP

] P 5 log ¥ log P

Charge = 0.8 kg
6.2 110 32.7 1.515 2.041
10.0 280 54.3 1.735 2.447
13.8 560 109.5 2.039 2.748
17.9 1,080 178 2.250 3.033
22.0 2,275 435 2.638 3.357

Charge = 0.7 kg
6.0 30 15.5 1.190 1.477
10.1 130 30.8 1.489 2.114
14.2 290 51.3 1.710 2.462
18.0 530 80.0 1.903 2.724
21.9 920 122 2.086 2.964
25.8 1,575 226 2.354 3.197

Charge = 0.4 kg
10 8 3.64 0.561 0.903
14 20 6.12 0.787 1.201
22 89 12.2 1.086 1.949
28.3 185 18.6 1.270 2.267
31 250 21.4 1.330 2.398
34 320 26.5 1.423 2.505
38 430 32.8 1.516 2.633
42 587 46.5 1.667 2.769
46 792 59.0 1.770 2.899
50 1,063 76.7 1.885 3.027
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ignite each charge. The final value in each run is the maximum
pressure obtained.
Figure 11 shows these data plotted as pressure against time.

The values of the slopes % in Table 11 were then obtained from

those curves and tabulated with their logarithms.
These values of log %1; and log P have been plotted in Fig. 12.

It will be seen that they fail to give straight lines and that the
slopes of straight lines approximating the points are variable, as
shown in Table 12.

TaBLE 12
Loading Slope
0.8 0.92
0.7 0.72
0.4 0.67

From Figs. 11 and 12, it would appear that the Vieille formula
serves as a rough approximation only; for the lines are not
straight, and the slopes vary widely with the loading density.
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Another still more empirical formula, based on pressure rela-
tions, is the Krupp-Schmitz modification of the Charbonnier
formula, as follows:

W swp (108)
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where ¥ is the weight fraction of the powder burned at the time 6
and ¢(y) is a purely empirical function of y, which is a function
solely of the variety and granulation of the powder and inde-
pendent of the loading density. Since ¢(y) can be any sort of
function whatsoever, the formula can be made to fit any curve
exactly, and the only test of its usefulness is to see whether ¢(y)

is independent of loading density.
Separating the variables gives

0 _ 1 dy

between the initial and final limits. Since for any variety of
powder ¢(y) is a definite function,

3%

must be the same, no matter what the loading density.
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Furthermore, since in an ideal adiabatic closed chamber the
pressure is directly proportional to the fraction of the powder

burned, the final value of P will <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>