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This handbook has been prepared as one of a series on Explosives.
It is part of a group of handbooks covering the engineering principles
and fundamental data needed in the development of Army materiel,
which {as a group) constitutes the Engineering Design Handbook Series
of the Army Materiel Command.

S The !

“Fhis handbook presents information on the design, functioning and
manufacture of solid propellants for use in propelling charges for guns
and rockets. -

The text and illustrations for this handbook were prepared by
Hercules Powder Company under subcontract to the Engineering Hand-
book Office of Duke University, prime contractor to the Army Research
Office-Durbam for the Engineering Design Handbook Series.

Agencies of the Department of Defense, having need for Handbooks,
may submit requisitions or official requests directly to Publications
and Reproduction Agency, Letterkenny Army Depot, Chambe'rsburg,
Pennsy.vania 17201. Contractore should submit such requisitions or
requests to their contracting officers.

Commecents and suggestions on this handbook are welcorae and i
should be addressed to Army Research Office-Durham, Box CM, Duke
Station, Durbam, North Carolina 27706.
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LIST OF SYMBOLS

a = @ coustant

a = acceleration
P ] == time rate of acceleration
a (subscript) = atmospheric

av (subscript) = average

A, = areaof burning surface = §

A, = areaof nozzle exit

A, = pon area

A, = nozze throat ares

b = a constant

¥y == a constant

¥ = aconstant

< (subscript) = chiamber

¢* = characteristic velocity

¢ = calculated thermodynamic characteristic
velocity

Cc = concentration of polymer in solution

Cp = mass fiow factor < ;l;

Cy = thrust coefficient
C:; = number of weight atoms of carbon in
unit weight of ingredient 7 in propellant
composition
C, = molar heat capacity et constant ,ressure
C. = molar heat capacity at constant volume
4 == grain diameter
D, = diameter of nozzle exit
D, = diameter of nozzle throat
e = base of naturai logarithms
¢ (subscript) = exit
E = internsl energy
AE = heat of formation = H,
/ (subscript) = partial value contributed by fuel
F

= specific force or impetus
F = thrust
L § = acceleration of gravity
g (subscript) = gaseous state

G == mass velocity of the gases in the port

Ghp = gas horsepower

H = moisture content

M, = heatof formation = AE

He = heat of explosion = Q

AH = enthalpy change

i (subscript) = partial value contributed L ingre-
dient 7

xi

CARA  amwwrrme = maeam

1 = ingredient in propellant composition

1 = total impulse

Iy = specific impulse

I3  =calculated thermodynamic specific im-

pulse

l» (del) = measured specific impulse at nonstand-
ard conditions

j (subscript) = partial value contxibuted by product

= product gas constituent

= erozion constant

= & constant

= Kelvin (temperatire) ’

= ratio of initial propellant burning surface

to nozzle throst area = %-:—

K; = erosivity constant
1 (subscript) = liquid state

N~

L = distance downstream from the stagna-
tion point

L = grainlength

M = molecular weight of combustion gases

% = specific gas volume

Mg, = average molecular weight of combustion
gases at isobaric adiabatic flame tem-

M.

s, = average molecular weight of combustion
gascs at isochoric adiabatic flame tem-

perature
n = exponent in de Saint Robert burning rate

equation, » = bP"

] = gas volume in moles produced from unit
weight of propellant = -lﬁ

n = moles per unit weight of gas at isobaric
adisbatic flame temperature

n, = moles per unit weight of gas at isochoric
adiabatic flame temperature

o (subscript or superscript) = calculated thermo-
dynamic valuc

o {subzcript) = initial condition

0x (subscript) = partial value contributed by oxi-
dizer

p (subscript) = constant pressure conditions
P = pressure
P, = chamber pressure
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LIST OF SYMBOLS (Continued)

Q = heat of explosion = H,,
r = linear burning rate

R = Rankine (temperature)
R = specific gas constant = %’
R, = universal gas constant
RF = relative force

RH = relative humidity

RQ = relative quickness

s (subscript) = solid state

S = area of burning surface
S = tensile stress

8 = tensile stress at break

5 = final area of surface after burning
8: - = initiul area of surface

Sa = maximum stress

t = time
H = time
¢ (subecript) = throat condition
T = absolute temperature
T, = initial temperature
T, = pyrolysis temperature
T, = reference temperature
7T, = isobari adiabatic flame temperature
T, = temperature at throat
T, = isochoric adiabatic flame temperature
u = a constant
v (subscript) = constant volume conditions
[ 4 = velocity :
(4 = volume
V, = volume of propeliant
W = weight .
> . . dw
W = weight burning rate = =
§ 4 = weight fraction
y = volume fraction
* (superscript dot) = time derivative

W R !R

ox

(overline) = average
= a constant
= covolume
= nozzle divergence half-angle
= aconstant
= volumetric coefficient of thermal expan-
sion
~= ratio of specific heats = %

= nozzle-expansion area ratio = i:—'
]

= viscosity of solution

= viscosity of solvent

= relative viscosity

= nozzle divergence loss factor

= propellant mass ratio, ratio of propeliant
mass of any stage to gross mass of that

stage
= temperature coefficient of pressure at

constant pressure-rate ratio = %T-L
v

= temperature cocflicient of pressure at

constant K value = (E%f)x
= density
= gpecific volume
= temperature coefficient of burning rate at
coastant pressure = ab")
°T ),
= temperature coefficient of burning rate at
Olnr :
constant K value = ( )
2T ),
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SOLID PROPELLANTS

PART ONE

CHAPYRR 1
INTRODUCTION

Purpose. This Handbook is intended to pro-
geaeral description of solid propeliants
small , artillery, rockets, and some

thongiveninbﬂL-S‘lM"'l‘hemomnm-
portant of these are:

A (solid) monopropellartt is a single physical
phase comprising both oxidizing and fuel ele-
meats. This is analogous to common usage in
the liquid propellant field describing a single-
phase liquid propeliant.

A filler is a discrete material dispersed in
substantial quantity ir the continuous or binder
phase of & composite propellant.

Deflagration is a burning process in a solid
systemn, comprising both oxidant and fuel, in
which the reaction front advances at less than
mw‘ylﬂdpno\nprodlmﬂfpmdwed
move away from umtescted material.
“Nﬂmodonoccmuamnho!deﬂmu-
tion depends on confinement.

None of these definitions is used for the first
time in this Handbook. Otber definitions are intro-
duced in the text at appropriate places. Unless

otherwise noted, definitions are in accord with

¢ Numbers refer to itemas listed as References ot the end
of each chapter.

MIL-STD-444, Merriam-Websier’s WW
dictionary, or common usage.

3. Man. In Chapier 2 is described how the
figures of merit—specific force for gun propel-
lants and specific iupulse or characteristic velocity
for rocket propellants—are derived from thermo-
chemical dats snd empirically verified. Also in
Chapter 2 is discussed the mechanism of burning
of propellants and the schedauling of gas evolution
to meet the requirements of various engines in
which propeliants are used, such as guns, cata-
pults, rockets, and gas generators. A few simple
numerical examples are given by way of illusira-
tion, but detailed discussion of the ballistics of
such engines is omitted a3 being beyond the scope
of this work and available elsewhere. in Chapter 3
sppears a discussion of certain physical propertics
of propellants as related to system requirements,
In Chapters 4-9 conventional propellants are dis-
cussed, arranged according to their physical struc-
ture. Black powder is presented in Chapter 4.
Crystalline monopropellants appear in Chapter
5. Plastic monopropellants, commonly known as
siagle-base and doubie-base propeliants, appear in
Chapter 6. These common terms can be somewhat
confusing, since the class contains propellants
comprising, for example, cellulose acetate and
nitroglycerin which are difficult to assign to either
singie- or double-base. Composites comprising
monopropellani binder and monopropeilant filler,
commonly known as triple-base, appear in Chap-
ter 7. Again the common term can be confusing,
as whea a nitroguanidine prop :llant with a single-
base (nitroceliulose) binder is to be described.
Manufacturing processes for the propellants of
Chapters 6 and 7 are given in Chapter 8. Fuel
binder composites are discussed in Chapter 9. A
discussion of inert simulants, or dummies, for pro-
pellants is given in Chapter 10. Higher energy
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systems are discussed in ORDP 20-176, Solid Pro-
pellants, Part Two (C).

Literature consulted in the preparation of this
Handbook includes publications carly ia 1960,
The reader is referred to SPIA/M2,! in which will
be found data shects for all of the propellants
developed and used within the Department of De-
fense inciuding those that will appesr subsequent
to the publication of this Handbook.

1. MIL-STD-444, Military Srandard, Nomenclature and
Definitions in the Ammunition Area, Department of
Defente, 6 February 1959,

2. SPIA/M2, Propellant Manual, Solid Propeliaunt In-
formation

Agency, Johns Hopking University, CON-

FIDENTIAL.
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CHAPTRR 2
IVOLUTION OF GASES BY PROPELLANTS

4. Geaersl. The devices in which propellants

are commonly used, be they devices, such as guns
that comprise moving pistons, or vented vessels
acquiring momentum by discharge of gas, .are de-
vices that convert heat energy into mechanical
energy. They thus fall into the general classifica-
tion of heat engines. The propellant gas is then
the working fluid that actuates heat engines. In
solid propellant heat engines the working fluid is
generated in situ by burning the propellant within
the engine. The general problem in fitling a solid
propeliant to a heat engine is the generation of gas
of specified propertics at a specified rate which is
a function of time. The specifications of gas prop-
erties and rate of generation are not usually inde-
pendentofeacho!her Thus a given problem may
be solved by using gas with one set of properties
at one rate schedule or, alternately, by using a dif-
ferent set of gas propertics on a correspondingly
different rate schedule. The properties of the gas
are determined by the compotition of the propel-
1ant. The derivation of the gas properties from the
composition is known as thermochemistry of pro-
pellants. The ratz of gas generation is determined
by the linear rate of buming and charge geom-
etry. Of these, the linear burning rate as a fuc-
tion of pressure is a propellant property. System
pressure and charge geometry are controlled at
leust in part by the end-item specification. The
overall probiem of selecting a propellant formula-
tion and geometry to meet a given end-item per-
formance specification is an exercise in interior
ballistics. Because the propellant developer owes
the ballistician both thermochemical data and rate
versus pressure data, he should have a qualitative
knowledge of interior ballistics in order to perform
his function intelligently.

3. Egustion of state. The classical equation of
state used by ballisticians is known as the Noble-
Abel equation. For unit mass of propellant it is
usually written

P(V-—a) = RT

where R is the gas constant per unit 1anss of pro-
pellant, or more generally

PV — o) = -’fff-’f M

P eyt I I o e e e -

where R, is the universal gas constant. The term
a is known as the covolume and may be thought
of as the space occupied by the gas when com-
pressed to the fimit. It has the empirical value of
about 1 ¢c per gram for most propellants. The
significance of the covolume correction may be
shown by some simple numerical examples. Under
standard conditions of temperature and pressure
(273°K, 1 atm), 1 gram of gas of molecular weight
22.4 occupies 1000 cc. A temperature of 2730°K
and 2 pressure of 68 atm (1000 psi) are conditions
typical of rocket ballistics. Under these circum-
stances

2730 1
273 * 68
For 1 percent accwracy, ¥V — a does not differ

significantly from V. It is customary, *herefore, in
rocket ballistics to ignore the covolume correction

V —a= 1000 X 5== =147 cc

and use the perfect gas equation
_WRT
PV = ™ (1a)

as the equation of state. On the other hand,
whereas we encounter similar temperatures in gun
ballistics, the pressures are higher. Taking 3000
atm (44000 psi) as typical, for 1 gram of gas

2730 _ 1 _
V—a—1000X273 3005 = 33¢cc
Under these conditions, V ~ « differs significantly

from V, and the covolume correction must be
made. For precise calculations, other equations of
state of greater precision than Equation 1 are used.
These equations are more complex and contain
constants the physical significance of which is more
difficult to understand. In such celculations the
departure from the perfect gas law is still called
the covolume correction. The covolume if evalu-
ated is'no longer a constant but is a variable with
a value still in the neighborhood of Noble-Abel's a.

6. Bellistic parameters, Different systems?* of
interior ballistics have been developed by gun bal-
listicians on the one hand and by rocket ballis-
ticians on the other, Both types of system depend
on the same primary thermochemical properties
of propellant gases, but use different parameters os
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working tools. Thus, as a measure of the ability
of the combustion products of propellants to per-
form in their respective heat engines, gun ballis-
ticisns use the parameter specific force (often
abbreviated to force), or impetus, F. Rocket bal-
listicians use for the same purpose characteristic
velocity, c*, or specific impulse, I,,. Auxiliary
power unit engineers sometimes use gas Aorse-
power, Ghp.

1. Specific force. Specific force, F, is a meas-
ure of the ability of the propellant gas to perform
work. It is defined by the equation

_R[T,
F==" @

sad is expressed in terms of foot-pounds per
pound.

62, Characteristic velecily. Characteristic ve-
locity, c*, is not a significant physical quantity.
lmmedu%-'!.wmr.ummm
mc,A.ianonlethrmtmmdli’isbnming
rate in pounds per second. Mathematical »
shows that it can be computed® from the thermo-
dynamic properties of the gas as

\‘ ™ (:’__)?:{::LIiT @

3 may be rewrittea

@ e o
L
mmﬁmummw

duced characteristic velocity; it is dimensionless
and is a function only of the specific heat ratio, .
In Table 1 are shown the values of the reduced
characteristic velocity for different values of y.
The characteristic velocity is obtained by multiply-

hgthenducedchrmilﬁcvelocityby"L—‘]M!'! )
The comperatively small change of the reduced

=,

L4 values are denoted by sub-
script or superscript o, to differentiate from values de-
pending on Ses aloo Paragraph 8.3

o bﬁo;x/h'lorad’ed' ffofﬁ 7htt;'t)7:/7/v;/WV\-/'.ve\/ier;/spréc.com

TABLE 1. REDUCED CHARACTERISTIC

VELOCITY
—"'—L 1 xt1
VEE - () (5
14 M T \y 2
1.15 1.566
1.20 1.542
1.25 1.520
1.30 1.499
1.35 1.479
1.40 1.461

characteristic velocity with changing y points out
that the characteristic velocity is a stronger func-

tion of 1% than of y.
6-4. Specific impulss. Specific impulse, 1,,, 1s
defined as the impulse (force X time) delivered

by buming a unit weight of propellant in a socket
chamber. From rocket ballistic theory’® csn be

derived the equation
.1.:1
2yR,T, Py 4
ne s |- @

Note that this parameter becomes 2 thermo-
dynamic Zunction of the propellant only when the

ratio £* is specified. The curveat United Siates
.

convention is to consider P, as one atmosphere
(14.7 psi) and P, as 1000 psi unless otherwise

speuﬁed.lmpﬁedmthufomnhisthemnmp—
ﬁmdmhﬂﬂmﬂzo{mmﬁm

akoPan;npr \

65, Roduced specilic sapulse. Equation 4 may
be rewritten

Y- f,-.[ @]

'l‘hequandty‘/——llliui is known as the reduced
specific impulse; it is dimensionless. and depends

onlyonthepteuurendo,z'-.r 1 the specific
heat ratio, v. Aplototﬂ:eredm;,dﬂcim—
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Figure 1. Reduced Spaclfic impulse Yersus Area Ratio and Gamma

pulse as a function of pressure ratio for various
y's is shown in Figure 1. The use of this chart in
calculsting specific impulse is illustrated in the
numerical example, Paragraph 7-7.

6-€. Volume specific impulse. The product of
specific impulss and deaniiy, expressed in uniiy
of pound-seconds per cubic inch, is known as the
volume specific impulse. If a proposed rocket
motoe has & fixed propeliant eavelope, it will gen-
erate impulse roughly in propertion to its volume
specific impulse. Thus s propellant with lower spe-
cific impulse but higher density may sometimes
outperform one with higher specific impulse and
lower density. If the proposed rocket motor re-
quires a given total impulse but has no envelope
requirement, the volumé of the propellant, and
hence the size and weight of the (inert) cham-
ber, will be lower the higher the volume specific

6-1.Gaw.0uhonepowerisde-

_ fined as

“m ' t
» v b B |
- W R. - P v
Ghp =355 % ;X5 —MI{ 1 (P_l,) ] ®

Here again is a parameter that does not become
& thermodynamic function of the propeflant unless

thenﬁoflisspeciﬁed There appears to be no
UnmadSw,tescotwemumwm:mpe::ttn—a Gas

horsepower is therciore not purely a propenm
property.

7. Thermochemistry, Thermochemical data re-
quired for the determination of the abov Zaram-
eters are the burning temperatures ¢ constant
volume and at constant pressure, T, and T, re-

spectively, specific gas volume, 'bli’ and, ratio of
specific heats, y. The burning temperatures and
coinposition of the product gas are aleo impor-
tant from the standpoint of compatibility with the
surroundings. In propeilants the surroundings in-
clude the inert parts of the heat engine which must
remain intact through the cycle or cven have a
service life of many cycles.

7-1. Specific gas volmme. Specific gas volume,
%’, is the number of weight moles of gas pro-
duced in the burning of a unit weight of propel-




T T T

PN Sl

" Downloaded from http://www.everyspec.com

lant, In &Il cases where only gaseous products
result, M is the average molecular weight of the
product gas. The gas volume is determined from
the conservation equations for the elements

2C = [CO,) + [CO] (62)
IH = 2[H,] + 2[(H,0] + [HC] (6b)
IQ = [Hq) (6D

= [CO] + 2[C0,] + IH,0 - (6e)

[COy] + [CO] + [H,) + [H,0) +
Nl + HQl =55 (D
=IC+WIN+UIH+ %A @

)=

In these equations, 3C, e.g., is the total number

of weight atoms of carbon in a unit weight of pro-
pellant and [CO,] is the number of weight moles
of CO; in the gas from the unit weight of pro-
pellant. If x, is the weight fraction of ingredient /
in the propellant composition and C; the number

of weight atoms of carbon in unit weight of I, then

2C = 2(xC) ($))
2H, =N, and 2Cl are derived in the same way.

7-2. Flume tempersiwre st comgtzt volume.
The flame temperature at constant volume is de-

termined by solving the equation

1 Tv .
e=z= T G, 4T (10)

where y, is the mole (volume) fraction of a prod-
uct gas constituent J, e.g, CO,, in the gases
formedfmmthepropellmtandc.,uthemoln
heat capscity of the same gss coastituent. The
heat of explosion ot calorific value of the propel-

Innt,Q,nsunnyexpmudmcalonespergram is
difference at reference temperature, T, be-

tweenthehutotfmmanonottlwprmdwuand
the heat of formation of the propellant.

~Q = AEprequcts ~ AL prepettaat (11)
Assuming no heat effect of mixing
AEpypetmt = Z(XAEY) (129)
where AE, is the heat-of formation of ingredient J
per gram.

Ay = J20RE)  (120)

where AE, is the heat of formation of product J
per mole,

The quantities y, arc derived from Equations
6a-6¢c and various gas equilibrium equations, of
whchthemostxmponmtuthewnmmeqﬁ-
librium .

{CONH; 0]

(€O, H;] — T 3

In actual systems there may be found small
quantitiecs of constituents other than those dis-
cussed above, such as CH;, MH,, NO, OH, H,
O, and N, as well as products of other atomic
speuesnfpresentmthepropeﬂant.l’ormhm
constituent there is available an equilibrium con-
stant K(T) similar to K (T) (Equation 13) and
an estimate of its molar heat capacity.

" The constants X{(T) and the various C,’s and
AE’s have been quite precisely evalusted as func-
tions ¢ temperature, T."*

7-3. Flamie temperature ot constast pressure.
The calculetion of T, is similar to that of T,
except that instead of Equation 10 we must use
the following

. -
Q:-!—z'-y; f "¢, dT] a4

where C, is the beat capacity at constxnt pres-

sure of gas constiteent J,
Smceburmngnsnawatoonstantpressure, en-

thalpy instead of heat of formation must be used.

~Q = AHpreaucts — AH pregaitants (15
AHpropguens = S(xdH) (16s)
AHprauen = Z(y0H)) (16b)

7-4. Ratio of specific hests. The value of - for
s propellant is the weighted average of the y's of
tha: as constituents

§

Yi-e an

¥y
The values of y used are not the ratios of heat

capacities at room temperature, but the ratios at
operating temperatures of the heat ergines com-
cerned.

1:

3

Q)
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7-8. Exact calculation of flame temperatore and
product composition. The calculation of the flame
temperature and product gas composition is done
by trial, starting usually with an assumed tempera-
ture. This is an iterative process and is profitably
done with a machine calculator, particularly when
gas equilibria other than the water gas equilibrium
must be considered. Programs!?'* have bcen
worked out for such calculations, assuming essen-
tially only adiabatic conditions and chemical and
thermodynantiic equilibria, to give results of accu-
racy limited only by the thermodynamic data of
the individual species considered. These programs
also are used for calculated specific impulse on the
basis of either frozen composition flow or equilib-
rium flow through the nozzle. A JANAF Thermo-
chemical Pane] exists for the coordinaton of
thermochemical data and calculating procedures.

The exact calculation, even with a sophisticated
machine calculator, is time consuming. Couse-
quently nearly every propellant development facil-
ity has for intermal use a short-cut calculation
yielding approximate results useful for screeming
and program guidance. Many of the datz reported
in the literature, including some SPIA/M2 data
sheets, are the results of such approximate calcu-
lations and should be confirmed by exact calcula-
tions before important decisions are based on them.

Two approximate calculations that have been
used by more than one facility are described in
Paragraphs 7-6 and 7-8,

7-6. Hirschfelder-Sherman celculation.’® It i
possible!? to calculat: Q from additive constant:
Q. which are defined as the contributions of ingre-
dients I to the heats of explosion of propellants
containing them. The Hirschfelder-Sherman calcu-
lation takes as the reference temperature 2500°K,
The heat of explosion, Q, of the propellant differs
from the heat required to bring the combustion
products to 2500°K by an amount £, which can

also be calculated from additive constants E,

which are properties of the ingredients . Finally,
the heat capacity of the product gas at 2500°K is
estimated from additive constants C,, which are
properties of the ingredients 1. These heat capaci-
tics are assumed constant for the interval from
2000°K to 3000°K, The burning temperature at
comstant volume, T, is ther given by the equation

T,=2500 + £ (18)

The gas volume, A—ll-" is calculated by Equation 8,
and the force, F, by Equation 2.

If T, is above 3000°K, a better approximation
of T, is given by the relationship

T, = 3000 + 6046{— (C. + 0.01185) +

19)

[(C. + 001185)2 + 1
3.308(10- 4)(E — 500€,))2

In crder to calculate charac’eristic velocity
from Equation 3 or specific impulse £ 5m Equa-
tion 4 (see aiso Reference 17) we need tha flame
temperature at constant pressure, T, and the ratio
of specific heats, y, at the working temperature.
The value of y is given by the relatiouship®®

987
"2”159,%“ 203

from wlich T, is calculated by the equation
T,==—= 21)
Additive constants for a number of prooellant
ingredients aze given in Table 2. Constants for

other organic ingredients can be estimated from
the relationships'*

(%)¢ = C + VN, + Yo H, (8)

C.; = 1.620C; + 3.265H, + 5.1930 + 3.384N,
(22)

Gy = (—aE) ~ 67421[2C, + B H,— O] 23)

E; = (—AE) — 132771C, —~
40026H, + 518190, — 6724N,

where (—AE), is the heat of combustion of ingre-

‘dient 1.

Within the range 2000° to 4000°K for T, this
method gives results within a few percent of the
exact method. ‘The method should not be used
for propeliants with T, over 4000°K as it does
not allow for dissociation to free radicals, such as
H, OH, and Cl. It should also not be ussd for
propellants yielding a subsiantial amount 5" con-
densed exhaust.
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TABLE 1. THERMOCHEMICAL CONSTANTS FOR
HIRSCHFELDER-SHERMAN CALCULATION'
)

2 G, X M),
Acstone —~1938 05104 -2842. 0.10331
Ammonium dichromate 190 02700 610 0.0200
Ammonium nitrate 1450 04424 405.1 0.03748
Amnonium perchlorate 1603 03167 2002 02128
Ammonium picrate 559 03213 -117 0.04450
Asphalt , -8B02  0AM ~230% 0.09450
et 0% buiadiene, 10% Dbyl Svinylpyidion— _xm o -us ouisd
Butyl carbitol adipate ~1836 0.4 ~2629 0.09899
Butyl carbitol formal -1002 05229 -2682 0.10403
Cartion black —-330 01349 —31875 0.08336
Oalinlose acetate -1263 0.1953 -19m 0.06929
Zikaliyl maleate —-1358 0872 -19%7 0.00195
Di-»-butyl phthalate -2001 04258 -2636 0.09701
Dibutyl sebacate ~295 05108 -39 01113
Dé-Q-cthythexy]) azclate ~2612 0572 -zn 0.11876
Disthyl pitaalate ~1766  0.3866 —2348.7 €.08550
Diglycol dinitrate 1013 03887 %24 0.04589
Dinitropheasxyethanol -5 03369 -6334 00562
Dioctyl pathalate -2312 0.46% -+3020 0.11026
Dipheaylamine ~2684 0341 ~3010 0.10637
Diphenylguanidine -2 0347 ~2626 0.09941
Ether —2007 0590 -2958 0.12143
Ethy! alcohol ~1716  0.6083 ~2788 0.16854
Bthy! centratite ~2412 03903 2166 0.10434
Graphite -3370 01309 ~3234 0.08326
GR-I rubber —3257  05TR ~4006 0.14238
HMX, Cyclotetramethylenstetranitramine 121 03414 575 0.0403
Lead stearate ~2000 03976 —~2440 0.09190
M&V -1827  2397% —~2440 0,091%0
N-Methyl-p-nitcoaniline —1095 03508  —1€25 0.07887
Metrio! trinitrate ¥ 0052 m 0.04313
Minerat jelly -332 05811 -475 0.1426
Nitrocellulose, 12.2% N %00  0.3478 1377 2.04127

Nitrocallulose, 12.6% N
Nitzoosltulose, 13.15% N

1033

0.3454
0.342)

C.04040
0.0

()
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5 - TABLE 2. THERMOCHEM.CAL CONSTANTS FOR
R ) HIRSCHFELDZR-SHERMAN CALCULATION® (Contimued) .
i AN
i : i ‘
i & Gy . M .
! ?
! 2-Nitrodiphsnyiamine ~1813 03226 -om 0.08411 :
Nitrogtycerin 175 03438 931.9 0.0%082 ;
, Nitroguanidine 713 03710 —686 004808
i PETN, Peatserythritol tetranitrate 1531 0.342 ™= 00348
} Fetrin 1202 03703 374 0.04105
i Polyeste: ~2184 03552 ~2620 009123
. Polyisobutens -3228  05M8 -3 014289
Poly (methyl acrylete) ~1404 04231 -211 0.06140 !
olystyrece 2983 031 -39 0.11523
: Polyuretzane ~32%6  0M0T3 ~3TM 0.10796 1
? Poly(viayl chioride) ~1614  0.2080 —1881 0.05600
Potassium nitrate 434 02188 69 2.00909
! Potassium perchlorate 1667 0.2000 00 0.00722
{ Potassium salfate 300 0125 —800 0.00574
RDX, Cyclotrimethylenetrinitramine 1360 0.3416 615 6.0008
Sucrose octascetute —121 03941 —~1825 00522
; Triacetin 1284 0.4191 - 1973 0.07333
K -_ Triethylene giycol dinitrate 750 0.40430 -2924 00812
- ) Trinktrotoluene s 03037 -110 0.04343
)| _
!
' 7-7. Exsmple calculation of F, c?, 1 by the Isochoric flame temperature.:
T Tiirschicider-Sherman method, Consider a propel- . ] 538.3 _
. tant of composition: T, by Equaticn 18: 2500 + g7y = 4060°K
% Nitrocellulose, 12.6% N 0.50 Since this is higher than 3000°K, we must calcu-
H Nitroglycerin 0.49 late by Equation 19
. Eihyl centralite 0.1 T, = 3000 + 6046i— (0.3451 + 0.01185) +
! From the composition and Table 2, we have [(0.3451 + 0.01185)* + 3.308 X 10~4 x
¥

R e R T A TN T I T LTI T

lagediont  frechn

s x£C, ' xE, x, /M,

Nitrocellnloes 0.5 478 01727 995 0.02020
Nitroglyceria 049 873 01605 4664 001510
Bthyl centralits 0.0t ~24 00039 -276 0.00104
Sumsasiions 100 1329 03451 S1M3 0Mm6M

A g g ALk PR RS et - - N

L
(538.3 — 500 x 0.3451)]’}
= 3855°K or 6940°R

Force:

F =5% = 1543 X 694 X 0.03634
= 389,000 ft-Ib/Tb
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L UV — el
Specific heat ratio:
- 1.987 x 0.03634 _
=1+ = 12092
Isobaric flame temperature:
= 3855 o e
T, 1.209_3188 K or 5738°R

Characteristic velocity, ¢3: From Table 1, the
reduced characteristic velocity corresponding to
v = 1209 is 1.540. The characteristic velocity,
c?, is then

¢t = 1.540 \/IZZ X 1543 X 3738 x 0.03634
= 4950 ft/sec

Specific impulse, 13 From Figure 1, the reduced

- specific impulse corresponding to y = 1.209 and

L. 0.015 is 2,445, The specific impulse, 13, is
A ,

13 = 2445, X
= 245 Ib-sec/ib .

7-8. ABL short caiculation fer specific im-
pulke.®! In order to shorten the time and com-
plexity of the exact calcuintion for specific impulse
of propellants with condensible exhaust, the ABL
method makes a number of simplifying assump-
tions. Chief among them are:

(a) No product dissocistion is considered.

(b) A priority system applies to the forma-
tion of the products. Thus, oxygen ficst oxidizes
all Light metal, then converts C to CO, then

H, to HyO, and any oxygen still not used up

coaverts CO to CO,.

(c) Certain latent heats are completely re-
covered during nozzle expansion.

The calculation can be performed with a desk
calcwiator, but is ususlly done with & lazger calcu-
letor if availsble.

Rzsults of this calculaiion m=y differ from exact
calcuistion resuits by as much as 3 percent.

The resuits do not represent either frozen flow
or equilibrimm fow, but agree fairly well with
exact equilibrium flow calculations.

The sssumption of no dissociztion leads to arti.
ficial vatues for 7.

10

8-1. Messwrcanent of hiat of explecica. The
heat of explosion of a propellant, Q, also known
as the caiorific value, is measwed by buming in
a bomb calorimeter under an irert atmosphere.
Two types of calorimeters bave been in common
use. In the Boas calorimeter the loading density,
or weight of propellant per unit volume, is fairly
high, leading to pressures of some thovsands of
pounds. This calorimeter need not be prepressur-
ized. In a coal calorlneter, the loading deusity is
low and am initial inert gas pressure of some 200
to 300 psi is required. Both types of calorimeter
give essentially the same values of Q.

" For thermochemical purpoees, the obeerved heat
must be corrected for the heat of condensation of
water and for shifting gas equilibrium during the
cooling of the calorimeter and its contcats, This
correction amounts to aboui 10 percent and may

production of propellants to verify that successive
jots of propellapt manufactured to the szme for-
mula actuaily duplicate each other within specified
limits. The calorimeter test can be run with much
less effort and more precision than a complete
chemical analysis. The procecure for the calorim-
eter test is given in a Navy Department Bureac
of Ordnance report.*® Calorific values encountered
in propellants scldom exceed 1500 cal/g and are
accordingly much less than for ordinary fuels. The
obvious reason for this is that ordinary fuels dvaw
on atmospheric oxygen for their combustion re-
actions, whereuas propellants must carry their oxi-
dants withio themselves in order to function in
the abscnce of air.

8.2, Measwresnent of specific force. Combining
Equations 1 and 2 we get

F_—'—‘;,-(v—mw) 25)
A direct experimentai measure of F should then
be obtained from the pressure developed under
adiabatic conditions by burning a weight, W, of
propellant in s closed chamber of volume, V. Be-
cause truly adiabatic conditions can only be ap-
proached, a related concept, that of relative force,
is used. If equal weights of two propellants with
the same buming time are fired consecutively in
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the same closed vessel at the same initial tempera- Unless the opersting and discharge pressores

ture, W and (V' — aW¥) are constant, Then

F
Fz = Fl ('F:')

F,, the force of the standard

is arbi-
trarily assigned the velue 100 percent, and the
relative force, RF, of the propellant under exami-
nation becomes
xr:_-;lxxoo% }

Relstive force is used in quality comtrol of
propeliants to assure that successive lots of
same formulation duplicate each other. In develop-
ing a new propellant to replace an existing one,

procedure and description of apparatus for the de-
termination of relative force may be found in an
Army Service Forees Directive. %

8.3, Messwement of ci-udutﬂc velody
Delivered or actual characteristic velocity, c*

defined as
_ 84
ot = WfP, dt

1t is determined experimentally by static firing of a
weight, W, of propellant in a vented vessel of
known throat area, 4, measuring the chamber
prussure as a function of time, and integrating.
The JANAF Solid Propellant Rocket Static Test
Panel has published®* s survey of existing static
test facilities and is continuing to coordinate test
procedures. Comparison of ¢* with ¢ gives a
measure of the operating efficiency of the vented
vessel. In similar heat cngines with similar pro-

pellants, -E; should remain nearly constant. The

difference between ¢ and c¢* is duc largely to
heat Josses to the motor walls, -

§-4. Messuwrement of spectic Impuke. Deliv-
ered or actusl specific impulse, 1,,, is defined as

I,,=1;,—fF de

This parameter is determined also by static firing
a vented vessel, but measuring thrust.**

N

(28)

11

are 1000 psi and 14.7 psi, respectively, the meas-
ured /,, must be corrected to these values. Cor-
rections must be applied also for the divergence
half-angle of the nozzle, since the amount of
impulse delivered decreases as nozzle angle in-
creases.’” The usual convention for half- i
15°. Part of the difference between I3 and I,
is therefore due to the divergence loss. The 15°
convention is unfortunately nct always observed.
Some measured J,, data reported in the literature
have been corrected to zero half-angle. In using
1,, data, onc must identify which half-angle cor-
rection has been used.

£5. Example calculation of I,, from measured

14 (del) ot momstandard comditiens. The following

dauwereukm!rommmalmkaﬁmg:

Expanenon ratio, ¢, = ‘A— =2779
Mean chamber pressure, P, = 218 psis
Nozzle divergence half-angle, « = 20°
Specific heat ratio, y = 1.17"
I, (del) = 201.3 lb-sec/Ib
The correction of 1,, (del) to standard condi-
tions involves the parameter thrust coefficient, Cyp,
from interior ballistics. The thrust coefficient, de-
fined as
F__gy
FP.A,
measures the contribution of the nozzle to the
rocket thrust, Since c*® is independent of dxschame

conditions, for any given rocket ﬁnng —f'- is a

constant independent of nozzle and external con-
ditions,

The thrust coefficient has its maximum value
when expansion in the nozzle is to zero pressure
(vacuum) and discharge is siso o zero pressure.
For any other exit pressure the vacuum thrusi
coefficient must be corrected by a term e(%-) It
thc ambient pressure differs from the exit pres-
sure another correction involving ¢(-;*) must be

[ 4
applied.
Valuesothmdz(P)mobtlinedhum

Thrust Coefficient and Expansion Ratio Tables**
of which the tabulated Cj is for vacuum dischary:

Cp=

(29)

s Ve i BB R

L i35 Rard e i |

g

e e e ———Ak A} s e e s s n

Lo
.m-ut e

s k. ek i el b2l

iad e

sl

i, o bt e 2"



«~—¢-———-—-...m

T ————— = e, o 0 0y

T — e e e

Downloaded from http://www.everyspec.com

and zero divergence angle. The divergence angle
correction is made by the equation

A=05+05cosa

so that the overall correction becomes
actual Cy =

A[er o~ «(E)] ++ (%) -+ ()
For the example at hand, using the table values:
Firiag conditions Standard conditions

C» 1.54358 1.75284
. ;‘.) 021405 0.13856
[ ]
A 09699
Inserting numerical values, and noting that for
staudard conditions P, = P,
. Cy(Bring)® = 0.9699(1.54358 — 0.21408) +
e 14.7
0.21405 — 2.779 X 36
= 1316
Cp(aad) = 0983(1.75824 — 0.13856)
’ = 1.587
The coerected value of 7, at standard condition
- i, therefore,
2013 X 1332 = 242.8 tb-sec/b

9. Burxing of propeliants. Heat wili be trans-
fetred by radiation, coaduction, and/or convec-
tion to the surface of a cold solid propellant
suspended in 2 bhot atmosphere. If the solid is
essentially a nonconductor-of beat, the heated sur-
face will pyrolize, giving rise to gaseous products
and exposing new surface to the hot atmosphere.
Tke gas in immediate contact with the burning sur-
face® will be the uncontaminated pyrolytic prod-
ucts of the surface, at the temperature of pyrolysis.
Moving out from the surface the gases are raised
to the temperature of the hot atmosphere and
wdergo reactions among themselves and with the

00 that the hot atmosphere continues
to exist in a state of equilibrium among the sev-
eral chemical species present. If the solid is a
monopropeliant and the hot atmogphere comprises
its combustion products at flaine temperature, the

*Since this value is a theorstica! value derived from

measured it doss not secessarily

approximate parameters,
agres with a value of C, calculstsd by Equation 29 from
measured I, and c°,

12

primary pyrolytic products are given off already
premixed and in progortions such that the final re-
action of the products among themselves will bring

Region A represents the unheated interior povtion

The linear rate of burning of the monopropel-
lant depends on the rate at which the surface
receives heat from the surrounding combustion
products. All exposed surfaces that can “sec” the

. ,“.a-'t
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various forms developed by different schools of
ballisticians.

de Ssint Robert equation®? r = bP* (31a)
Mursour equation®® r=a+bP 31
Summerfield equaticn® -:-=—:7+ ; ¥s (3ic)

behaving
Eguation 3la, from which the values of » and »
can be evaluated. The constant x is the slope of
ihe log rate versus log pressure line. At gon pres-
sures, 10,000 to 50,000 psi, vearly all propellanis
follow Equation 31a, with n = approximately
0.9.% At rocket pressures, below 2000 psi, n for
the same propellant is generaily lower than at gun

13
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Figure¢ 4). The mechenism of piatosy {Lrmation
has not been fully eh. sidated. From Equstion 31a
the pressure in a vented vexsel is of the form™

P= comtx(% - . (3

from which it is apparent that a low value of »
is desirable in rocket propellants to decrease the
ing pressure to small

ambient
‘temperature); §, the burning area; sod A, the

~ tiwoat area. In practical terms, & Jow value of n

 safety factors to take care of deviations o' b, S,

or A, from design values.

As a low value of n is desirable, a negative value
i3 even more desirable. Propellants are known
which show pegative values of n over short pres-
sure ranges, as shown in Figure 5. They are
known, from the shape of the curves, as “mesa”
propelisnts. In the region of negative slope, should
the pressure increase as a result of sudden expo-

. sure of additional buming surface or by partiul

constriction of the throat the rate would drop
immedistely to restore the balance. The close ap-
proach of the isotherms also contributes to a low
temperature coefficient of performance for vented
vessels designed to operate in this region. Cross-

‘ing of isotherms indicates a region of negative

temperature coefficient.

9.2. Efioct of hmaperatucs. As can be seen from
the isotherms of Figures 3, 4, and 5, the initial
temperature of the propellant has a significant
effect on the linear burning rate. If all of the heat
transferred to the propeliant surface from the com-
bustion products were used to raisc that sutface

wamr.uwuehvwndonor
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Propeliants

reaction becomi.s appreciable, oncwonldexpect
the temperature-rate rzlanonsh:ptomumetbe
form

S 4
_(T' )

where I is a constant and 7, is any initial tem-
perature. By measuring the linear burning rates
at the same pressure for the same propcllant at
two initial temperatures one could calculate T,
Another frequently used relationship is

r=YPeT —~T.) (34)

where 4” and u are constants and T, is a refer-
ence initial temperature. A linear relationship has
ahobeennoted"‘l‘heemteweofreponsolnega—
tive temperature coeficient described above is not
consistent with either of these relationships, so
theeﬂectotptopellantwmpenmreonhneubum
ing rte remains largely an empirical relationship.
In the SPIA/M2 data sheets four temperature
coefficients may be found, Of these tho tesmpers-
ture coefficient of burning rate at constant pressure,

_{%inr
c,..(-a—.)’, is estimated from the rate-pressure

curves (Figures 3, 4 or S) using the inters: :tions
of the curves for the different temperatures with
a vertical line at the constant pressure of interest.

33
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Since for a real rocke’. motor the working pressure
is not the same o different grain temperatures,
this parameter does not have real significance.
The toaiperature cocfiicient of burning rate at con-

stant K value, ..=(%f'i-)‘umm-

. pisially by static-firing rocket motors &t different

grain temperatures and dividing the known web
dimensions by the buming times t0 get the rates.
Since neither the burning surface nor the nozzie
throat ares changes appwecisbly with ambient
tempersture, the assumption of constaut K value
between rocket motors of the same design at dif-

-ferent temperatures is good. The temperature co-

denmEqu=

(%."Pf);ismm&m

curves, using the intersections of the curves for
the diffevrent temperaturss with 45° lines which

mhudmmg.lnndmekamﬁe
m&ndmg'mwu,m

ture is better than the assumption of constant pres-
sure, but this paramzter still has only qualitative
value. The more significant temperature coefficient

dmumxnlm,:.=(%)‘,u

again determined empirically by static firing at dif-
fovent temperatures. All Tour of these parameters
are expressed in units of percent per degree, usually
Fahrenheit. Low values of these coefficients are
desirable.

5.3, Efiect of gas velecity. Eresive burning.
When burning occurs inside tubes of propellant
such as the perforations of gun propellant and the
interior surfaces of rocket propellant, it is found
that the linear burning rate at and near the exit
of the tube exceeds the normal rate. The shape of
the “eroded” region sugsests a velocity effect, and
indeed the erosion iaw may be written

r= bRt + Ky ) @5

where V is the local gas velocity in the tube and
C is the velocity of sound in the combustion prod-

ucts. Ia the case of a single internal-burning rocket
gruin in & rocket® motor, VA, = CA, where A,

~ ~Downloaded from Rttp:/www.everyspec.com ©
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is the “port area” or the exit area of the tube
sud A, is the nozzie throat ares, so Equaticn 35
becomes

r= b1 + KygY (358)
t J
which is in a more convenieat form for use by
rocket designers. The constant K, is called the
“erosivity constant” and is a mcasure of the sus-
ceptibility of & propellent to erosion, Its- value is
of the order of 0.5 to 1.0. Equotion 35 will bhe
recognized as a linesr applicable
over the range of gas velocities for which the con-
stant K; has been developed. A theoretical treat-
ment of erosion*® has been based on the transition

for the burning of propellant is the temperature of
the combustion products, all theories agree that
hot propellants should have a higher linear burm-
ing rate than cool ones. This is found quite gen-
enally true at gun pressures and also at rocket
pressures where the rate-pressure relationship is
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mined by experiment. Temperature coefficients
and erosivity constants are alsc properties of the
compositions.

9-5. Burning rate of compesite propeliamis. A
composite propellant has been defined as a solid
propellant system comprising two or more solid
phases intimately mixed. In all important cases,
with the possible exception of black powder, cne
of thesc phases is continuous and forms the matrix
or binder in which the other phase or phases is
disperted, When a composite propellant Lurns, the

- disturbed by a change in bumning pressure. In gen-

eral the filler surface will recede faster or slower
than the binder, giving rise to an irregular and

projeciion on a piane paraiie] to the original burn-
ing surface. By increasing the actual burning area,
Weamina;tuterappuenthmrm,ntened

As the linear burtiing rate of the composite tends
%0 follow the bursing rate of the faster-burning

phase, it is to be expected that the temperuture

16

_ Figure 6. Burning of Composite Propeliant—
Filler Rate Faster Than Binder

sinoen RS
Figure 7. Burning of Composite Propellunt—
Filler Rote Siower Than Binder

ficLer SN

coeflicient and pressure index should also tend to
follow the corresponding figures for the faster-
burning phase.

i a two-phase filler-binder composite various
combinations of monopropellants, fuels, and oxi-
dizers are possible. If both binder and filler are
monopropellants, region D is all combustible mix-
ture, although of a mixture of compositions. If the
binder is a monopropellant and the filler is either
oxidant or fuel, region D is a continuum of com-
bustible mixture containing pockets of fuel gag oz
oxidizer gas, and a diffusion process as well as
heating must occur in region E before the com-
bustion reactions can be completed. If the binder
is fuel or oxidant and the filler is monopropellant,
region D becomes a continuum of fuel gas or oxi-
dizer gas containing pocksts of combustible mix-

‘ture. If the binder is fuel and the filler oxidant

or vice versa, region D contains no combustible
A diffusion step is required to mix the fuel-rich

e s TP
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gas with oxidizer-rich gas before the reactions to
produce the flame temperature can be completed.
With larser filler particle size the distance either
gas must move to accomplish diffusion is longer
and, therefore, the distance between region D and
region F should be greater than with smaller filler
particle size. This may explain qualitatively the
observed slower burning rates of fuel binder com-
posites with large filler particle size.

The requirement of a diffusion step before a
combustible continuum is achieved is no essential
handicap in a burning regime. It is interesting to
note, however, that propellants with this require-
ment propagate detonation in the solid less readily
than do monopropellants,

The preceding discussion of the buming rela-
tionships applies to steady state burning und
assumes no pores, cracks, or fissures with com-
ponents perpendicular to the burning surface. Two
important problems are recognized in connection
with buming,

9-5. Problem of wastable burning. For as long
as modem rockets have been under investigation
in the United States and undoubtedly earlier else-
where, some rockets have exhibited a tendency to
develop irregular pressure peaks at some time
during their burning cycles. In severe cases this
has led to rupture of the motor chamber. With
pressure-time instrumentation of sufficiently low
time constants these pressure irregularities have
been shown to exhibit frequencies identified with
axial, adial, and/or tamgential vibration modes
of the burning cavity. In separate instances the
phenomenon has been overcome by *‘resonance
rods”*? placed inside the grain perforation, radial
holes* through the web, slots'* or baffles*® ¢
within the grain, and most recently by addiug
small quantities of finely-divided aluminum*® to
the composition. In cach case a “quick-fix” has
been accomplished but no real explanation hes been
given for the phenomenon, Considerable light has
been shed very recently on this question by the
appreciation that the propellant grain does not
bebave as a rigid body but has acoustic propertics
similar to those of the gas in the burning cavity.’*

9-7. Tramsition from defisgration to detonstion,
With the advent of very Iarge, high performance

* rocket engines the question has been raised whether

and under what circumstances a rocket motor can
proceed spontaneously from a burning regime to

17
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detonation, This question has been and is being
investigated intensively.

It is presumed that burning can give rise to
shock and that the shock thus produced can occa-
sion detonation in the propellant. That continuous
monopropellants can be detoneted by shock has
been well documented.***" The necessary condi-
tions are that the shock intensity be sufficiently
great and that the propellant be present in cross
section greater than its critical diametcr. That
buring of a properly consolidated rocket grain
can give rise to shock has not been demonstrated.
A theoretical study*® indicates that only when the
pressure rises exponentially in a few microseconds
to several thousand atmospheres can coalescence
of pressurc waves give rise to shock as a result of
burning. In an improperly consolidated propei-
lant, on the other hand, with regions of inter-
connected porosity it is comparatively easy to
attain a condition of shock which will result in
detonation. Unfortunately much of the literature
which purports to study the transition from def-
lagration to detonation actuslly reports studies of
the transition from shock to detonation,*

10. Propelamt grain. A single piece of propel-
lant is known as a grain. The exposed portion of
the grain surface at any time during burning is the
burning surface. Any portion of the surface which
is covered by adhered nonburning material is in-
hibited. The shortest distance, normal to a bum-
ing surface, that the grain burns undl it loses its
structural integrity is the burning distance., The
thickness of the propellant wall so consumed is
the web. If a grain burns on only one side, as
is the case with case-bonded or otherwise inhibited
grains, the web is equal to the burning distance.
If two parallel surfaces burn toward each other,
as in uginhibited single- or multiple-perforated
grains, the web is twice the burning distance. The
relationship between web and burning distance is
thus not singie vaiued. The dimensions of the grain
taken collectively are known as the gramulation
when referred to multiple-grain or bulk charges, or
as configuration when referred to a single grain.

A grain that maintains its burning surface con-
stant, or approximately constant, during burning
has ncutral geometry. Simple neutral geometries
include sheets, squares, or disks with webs smali
compared with surface dimensions or with edges
inhibited, long tubes, or tubes with ends inhibited.
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A grain whose burning surface increases during
the burning has. progressive geometry. Examples
of progressive geometry are tubes with outer sur-
face inhibited and burning only on the perforation
surface, also grains with multiple perforations. A
grain whose burning surface decreases as buming
progresses has degressive geometry. Such geom-
etries incinde sohercs, cubes, also cylinders and
cords of any cross section, The burning surface is
plotted against fraction of web burned for several
geometries in Figures 8-14. The portions of the . = =

. . e ‘t b“m‘m Smwn M in BTN O WLIANT VNS
8 I vgh, Figure 10. Siar-Perforated Grain
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Figure 9. Rod and Shell Grain Figure 12. Progressive Geometry
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Figure 13. Muliiple-Perforated Cylinder

‘Figures 10 and 13 are known as slivers.

The terms neutrality, progressivity, und degres-
sivity are also applied to the weight burning rate,
W. Since W is proportional to beth linear rate
and burning surface, factors affecting the rate can
affect the progressivity just as well as can geo-
metric factors, In this sense a dual-composition
grain in which the first cumpozition exposed burns
more slowly than the second can be progressive in
spite of a degressive, geometry. Such grains are
used for small arms chacges. The slow-burning
outer composition is created by coating or apply-
ing a plasticizer to the outside of the grain and
causing it to penetrate only part way through the
web, leaving the interior of the web unchanged.
Dusl-composition grains may saisc be used in
rockets to creute a boost-sustain situation. In this
case the fast-burning composition is first exposed
and the slow-burning one later. Erosive burning is
sometimes used to speed up the early burning of a
normally progressive geometry and attain essen-
tially neutral burning. Finally, pressure changes
that affect the rate comtribute to progressivity. In
this sense all closed bomb burning is at least
initially progressive, regszdless of geometry, and
burning of a progressive or degressive geometry in
a vented vessel is more progressive or degressive
than is indicated by the geometry.

11, Scheduling of mancs rate. Let us now con-
sider some of the opersting cycles for engines in
which propellants acs used.

11.1. Gan. The pressure-time relationship in a
gua ie shown in Figure 15, The propellant on
ignition starts to burn essentially in a ciosed cham-
ber. When the pressure has built up to a sufficient
level, known 3s shot-start pressure, the frictional
and other forces tending to hold the projectile in
place are overcome and the projectile starts to
move. As the projeciile moves the volume of the
burning chember increases, requiring generation of
more gas to meintain the pressure level. During
the early portior of the projectile travel the quasi-
constant velame of the burmning chamber permits
continued pressure build-up. By the time the pro-
jectile has traveled only a few calibers (distance
equal to the diameter of the gun tube), the rate of
addition of volume has caught up with the raie
of generation of gas, und the pressure has attained
its maximum value, The remaining portion of the
propellant is consumed at decreasing pressure,
after which the gases expand adiabatically until the
projectile leaves the muzzle. The entire cycle is
accomplished in a matter of milliseconds.

The gun cycle can be fairly precisely analyzed,
but the analysis is complicated and requires ma-
chine calculation. It is obvious that the mass rate
of burning is very high and that the propellant
must have either a very high linear burning rate or
a very large burning surface (Equation 30). Be-
cause propellants do not have very high linear
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Figure 15. Gun Cycle

burning rates, even at gun pressures, we are left
with the requircment of a very large surface. The
geometric problem of accommodating a charge of
very la:3e surface in the gun chamber or cartridge
case is very much easier t~ wlve by breaking up
the charge into a number ot grains than by keep-
ing it in one piece, and we find gun propellan:
charges are indeed multiple-grain charges, In
Europe where charges are hai.. loaded, gun pro-
pellant charges are often made up of long strips
or cords approaching the full Jength of the car-
tridge case. In the United State: where charges are
muachine-loaded, the shorter single- and multiple-
perforated cylinder form is preferred. Geometric
progressivity is not vital, guns have been quite
successfully fired using degressive cord charges.
There are, however, merging! advantages to pro-
gressive or neu‘ral burning geometries whick tend
to shift the position of the peak pressure to a later
time and, therefore, to a larger burning volumc
than when a cord-form charge { used.

The practice in the United States in designing
& propellant charge for a new gun or in designing a
new propeliant charge for an existing gun is to
select a propellant composition on the basis of its
force, F, and flame temperature, T,, and estab-
lish the optimum granulation empirically. Having
established a given lot of prorellant as the stand-
ard, additional lots that are manufactured must
match the standard by actual comparison firing in

the;un.quutlityoontrolpmpouu,ﬁﬁnginthe
closed bomb (Figures 16 and 17) can yield a rela-
tive quickness, RQ, along with the relative force
RF (see Paragraph R-2). In this determination
the bomb iz instrumented to record dmly%‘:;
versus pressure. The test propellant is fired in
compariwnwithtlumndardpmpellmt,andRQ

is determined®® as the ratio of — fortlletﬁt

ptopeﬂmtm%forthemndsdaoneorm

picssire levels.
11.2. Catapult. The function of the catapult is

' to accelerate a load attached to a piston to a final

20

velocity without exceeding a maximum accelera-
tion. The ideal catapult should operate at constant
pressure to afford constant acceleration. 1he ideal
truvel-time curve for the catapult is shown in

Figure 18. The same curve may be.used to show

the volume of the burning cavity and the required
progreesivity of the charge. It may be observed
not onjy that an extremely high progressivity is
required, but that the required progressivity is not
linear. For personnel catapults there is an added
requirement that the rate of acceleration, &, (jerk)
not exceed a specified value. This sets an upper
limit on the slope of the rising portion of the
pressure-time curve, Figure 18. Catapult grains
may be designed in the form of multiple-perforated
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Figure 18. Catapult Cycle

~ cylinders inhibited extetnally, or rhomboid prisms

burning from the corner edges. A fulier treatment
of the ballistics of the catapuit is given in reports
by the Atlantic Research Corporation *!

11.3. Rocket motor. The detign requirements
for a rocket motor propeliant charge ususily
call for burming at a constant mass rate equal to
the mass rate of discharge required to impart the
design thrust, and for the design duration which
may be from tens of milliseconds to tens of sec-
onds, The bumning pressure should at least approal-
mate 8 constant Jevel. The pressure versus time
record of the burning of a rocket grain usually
resembles Figure 19,

11-4. Calcuiation of & rocke: propeliant charge.
A rocket motor is required to maintain an avetage
sea level thrust of 2000 Ib for 20 sec at a design

operating tsmperature of 70°F. The total impulse,
1, required fs 20 % 2000 or 40000 1b-sec.

expansion
Cp = 000741
vy=125 ‘
r= 027 at 1000 psia and 70°F
p = 0.0557 Ib/in®

_ 1 __40000 _
W= = —'—-—212(0.95) =19851b
The weight flow rate is
. W _ 1985 _
W= =20 =9.93 Ib/sec
At & chamber pressurc of 1000 psia
A= ——CZ’Pc = O OTATHIO00) 9.93 = 140 in?
or D= 1.34 in
&
a
b
£
TIME

Figure 19. Rocket Motor Cycle
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Theopdmwnuptnﬁmnﬁoo( £ obtsined

nwntheTMCoeﬁdatde:mulonRaﬂo
Tabies* is found to be 8.4:1,

Therefore
A, = 8.4(1.40) = 11.75 in?
‘ D, =387 in
The average propelhm surface during buming is

s..=-—— 9.93
s ©O27X0.0357)

I a nearly neutral thrust is desired, then the sur-
face during burning should be as constant as pos-

sible, i.e., S: =8, = So. The propellant burning
distanice is equal to

= (0.27)(20) = 5.4 in

At this point some type of grain design, such
as & star-type, slotted cylinder, cruciform, rod and
tube, etc., should be initially chosen. The design
requirements can be met with a slotted cylinder.

An important parameter in grain design is the
nhootlhepatmainminmnﬂbnmmggmin
to the nozzle throat area. For this illustration the
port-to-throat ratio is set at the minimum of 1.5:1
to prevent erosive burning of the grain,*

Therefore the port arca
Ay =154, = 1.5(1.40) = 2.10 in?

The use of a miniraum port area will result in the
snisllest poseibie space envelope for the rocket
motor. With a port diameter of 1.64 in and a
burning distance of 5.40 in, the outer diameter of
the propellant is 12.44 in. The volume of propel-
lant required is

V,=!=-olg%'§s7=3560m'
The required grain length is approximately

3560
L= pasiize —1eam = P8

= 659 in*

23

Continuing with this design, the surface area with-
out slots and with the ends of the grain uninhibited,
is

§=2 (-} )(om — ID%) + +(IDYL)

= 2(0.785)(12.442 — 1.64%) + 3.14(1.64)(29.8)
= 393 in*

The surface of the slots is therefore
Sunte = 659 — 393 = 266 in?

Using four slots at 90°, 5.40 in high, acd 0.10 in
wide, the slot length becomes

_266
Lo = Frx 3 85.40) — 6.15 in

Disregarding the void volume of the slots for the
moment

) = 3.14(12.44)(29.8 — 6.15 — 5.4)
= 714 in2

Within the accuracy of the calculations this design

appears slightly progressive. The volume of the
slots is

i Vaets = 6.15(5.40)(0.1(4) = 13.3 in®

and the actual propellant length is
_ 133 oo
L =298 + Ggsyiz.aet — 1645 = 229 1n

In an actual probiem the design should be
cheeked for undesirable veriations of burning sur-
face by plotting the calculated burning surface &
a function of burning time. Final verification of
the design would be accomplished by fabrication
and static test of the grain,

While it is comparatively easy to design a rocket
grain to fit the performance requirements of a
design problem, it is often quite another thing to
fit the grain into the required envelope. Where
a gun charge designer cun select a propellant com-
position and determine the proper granulation, a
rocket charge designer is often forced by envelope
requirements to start with a grain geometry snd
develop & propellart composition to give the re-
quired burning rate, For this reason there are
pearly as many active rocket propellant composi-
tions as there are rockets, The propellant geom-
ctries and significant performance parameters of
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most solid propellant rocket motors used by the
United States military services are summarized in
the SPIA Jsto Manual.®*

11.5. Ges geoerséor. Gas generators are re-
quired to provide for a certain duration (s) & spe-
cific volutaetric fiow rate, or (b) a specific mass
flow 1ate, or (¢) a specific gas horsepower. In addi-
tion, & maximum gas temperature is usually speci-
fied, and the sxhaust gases from the propellant
must be clean.

11.6. Calcuigtion of a gac gemerater prepaliant
chargs. Assume a gas generator must be designed
to provide 20 gas horsepower for 30 seconds.
The maximum allowable Same temperature, T, is
1900°K. OGK propellant (sec SPIA/M2), which
meets the temperature requirement, has the fol-
lowing characteristics:

=125
T, = 1888°K = 3398°R

oL = 0.04576 moles

M
r = 0.28 in/sec at 1000 psia
s = 0055 Ib/in?

I the nozzle exit pressure is 50 psis, substituting
in Equation

20 = %0 x T35 X 1543 X 33688 x
238
0.04576[1 -(3% ""]
W = 0.0254 1b/sec
Using a single-end burning grain design
s=%= E%= 1.65 in

The propellant diameter is 1.45 in. The propellant
length is

L=rty=(028 x 30) = 84 in
If & cortain mass rate of flow is required, the
design proceeds as above, If a volumetric flow

rate is defined, this can be converted t0 a mass
flow rate by using a variation of the perfect gas law

PM
" =RT @n
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PHYSICAL PROPEIRTIES REQUIREMEMTS

12, Gemersl. Just as propellants have different
ballistic requirements depending on the uses to
which they are put, the physicil properties re-
quirements of propellants will be different depend-

ing on use.

13. Denelly. Since in a solid propellant heat
engine the propellant is always contained within
the engine, the propellant must havc a density high
enough that the charge can be 30 contained. Two
factors enter into the determination that the charge
will fit into the chember: the density of the pro-
pellant itself, and the volumetric efficiency of the
charge gecmetry or the fraction of the propellant
envelope occupied by propellant.

The density of s propellant is calculated .from
the densities of its ingredients, assuming no volume
change ¢1 & result of mixing.

1 X

‘F=2; {38)
In the case of a propellant undergoing chemical
resction during the mixing operation, as is the case
of many fuel binder composites, the ingredients
include the reaction products (e.g., polymers) and
not the reagents actually charged (monomer). In
the case of a propeliant manufactured with in-
clusion of a volatile solvent later substsatially
removed, thst portion (residual solveat) of the
solvent remaining in thbe finished propellant must
be considered an irgredient.

Density can be measured with a mercury dis-
placament volutneter' or with a pycncmeter* or,
more roughly, from the weight and dimensions
of the grain. Comparison of the meagured density
with the calculated value gives a measure of poros-
ity, cracks, and fissures in the propeliant. Micro-
scopic individual pores, as around crystals in
composite structures, have no spparent effect on
the burning of the propeilant, but cracks and fis-
sures comstitte undesirable burning surface that
cause excess prezsure and interfere with the sy -
uled mass burning rate, and irterconnected gentr..
porodity can lead to detonation. In monoprope;-
lants measured density is usually very close to
calculated denasity. In componites & difference of
more than 2 perceut indicates trouble.

27

14. Gravimetric dsasily. Gravimetric
measurcd on bulk gun propellants as the
of propellant required to fill a speciﬁed
tainer when charged at a specific rate
hopperatupeciﬁedhdﬁlt.’(‘lhdemityotpm—
pellant as loaded into cartridge cases can also be
determined.')

This datum is influenced not only by density
and dimensions but by the smoothness of the sur-
face and the presence or absence of tailings from
the cutting operation. It is used as an indication

il

15. Hygroscopicity. Most propellants coatain
constituents that are hygroscopic and this property
is passed along in some degree.to the propellznts.
The mechanism -of sorption and desorption of
hygroscopic moisture probably invoives a rapid
attsinment of the equilibrium, dependent on rela-
tive humidity, at the surfuce of the grain, followed
by slow diftusion within tae grain, The cffect of
hygroscopic moisture is the ssme as if the formula
contained the same fraction [ water,

Hygroscopicity of propeliants for cannon is de-
fined as the equilibrium moistur: content at 90
percent relative humidity and 30°C temperature.
For small arms propellanis hygroscopicity is de-
fined as the difference between the cquilibrium
moisture contents at 90 percent relative humidity,
30°C temperature 2nd at 20 percent relative hu-
midity, 30°C temperature. The procedure for small
arms propellants® involves successive exposure of
the same sample to contrelled humidity atmos-
pheres, whereas for cannon propellants® & single
exposure and a chemical analysis for niisture are
required,

Hygroscopicity of propellant charges loaded in
engiacs bas been conirviled by hermetic scaling
of the engine or its shipping and storage container,
or by loading a desiccant either into the engine or
the shipping container. Hygroscopicity of indi-
vidual grains has been minimized by formulating
to a minimum content of hygroscopic material and
in the case of coated grains by building a layer of
material of low permeability into the surface of the
grain,
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16 Cooficient of thaomal expamsien. At the
level of about 10— 4 per degree C, the thermal ex-
puasion coeflicient is of little moment to multiple-
gruin charges. Fur singie-grain changes losded into
chamwhers at small clearancss, care must be taken
to verify that the clescances between grain and
wail do not disappesr in the upper range of stor-
age ot firing temperaturcs because of the different
axpansior. coefficients of propellant and chamber
material. In ¢this event the chamber wall would
exert sivess on the grain ceus'ng it to deform of
sven fracture. If the grain is enclosed in a rigid
inhibitor, the coefficients of the grain and inhibitor
should match as closely as possible for the same
reason. If the geain is to be case-bonded to the
chamber, uknotudimrilyfusiblctomh

eriy is a useful cee for ballistic design, as it can
be safely sysumed that the unburned portion of a
.grain will remain at jtx initial temperature through-
ont the combustion process. On the other hand,

ing. The rates of loading in actual rocket motors
vary from iow rates during storage due to tem-
perature changes to very high rates during firing.
JANAF mechanical properties test daia are sig-
nificant to the extent that they compare propeliants
under test conditions and imply that the same com-
parison will bs valid under operating conditions.

18-1. Uliimats tensile stvength. Tensile strength
is important for rocket grains supported at the
head end during acceleration. For other applics-
tions it is of scademic interest, or perhaps useful

Tmﬂzmmhmﬁmaboutloooom

per square inch for straight polymer monopropel-
lants to below 50 pounds per square inch for some
case-bonded propellants,

18-2. Elengation in temsion. Casc-bonded

18-2. Modulns in texsion. A low value of modu-
lus is required of case-bonded graing in order to
avoi¢ disiortion of the case or rupture of the
adhesive bond when the rmotor is cooled. A typical
value for modulus of a case-bonded propeliant is
SWmMponndspa:qminchperinchpet

inotallation is shown in Figure 20 and a test record
icdicating the derivation of data in Figure 21.

18-4. Stress relaxation. It is advintageous in a
cast-bonded propellant for the stresses produced
by distoction to be relaxed as the grain becomer
accommodaied to s new environment so that
residusl stresscs will not lead to cracking in areas
of stress concentration. The property of relaxation
under wnsion may be measurad by measuring the
tensile stress at fixed clongation as a function of
time.*
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8-5. Creep. A lower limit on tensile modulus
of case-bonded propeliants is set by the require-
{ ) ment that under its own weight the propellant not
e deform so s to decrease port areas or substen-
tially change shape and dimensions. Whether such
deformation is elastic due to toc low modulus or
inclastic due to cold flow it is known as creep.
Creep has been responsible also for departures
from design ballistics of cartridge-loaded rocket
grains, The best criterion for assessing the tend-
. ency to crezp siill appears to be experience.

18.6. Compressive stremgth. Cariridge-type
rocket grains supported on traps or otherwise at
. the nozzle end are subjected to compressive stresses
during firing. The magnitude of such stresses and,
therefore, the compressive strength to withstand
them can be compuied for any instance from the
designed acceleration of the rocket. Compressive
strengths of propellants arc usually of the same
order of magnitude as ultimate tensile strength,
and for design purposes the tensile strength of the
propellant is frequently used with suitable safety
factors. Compressive strength can be readily meas-
ured on equipment shown in Figure 20,

18-7. Deformation at rupture in compression.

The most severe stresses on a gun propellant occur

: during ignition when the grains impsact on the

) cartridge case or chamber wull and on the base

of the projectile as a result of having been accel-

erated by the igniter gases. If the grains shatter in

such impact, the added burning surface leads to

excess pressures in the gun, Redesign of the igniter

is the usual remedy, but the propeliant is required

not to be brittle. The test specified for brittleness

is deformation in compression at rupture. Unless

7 otherwise specified the required minimum value is
30 percent.!*

18-8. Modulus in compression. For cartcidge-
loaded rocket grains the deformation due to com-
pression during acceleration must not be great
enough to cause significant departures from desxgn
geometry. This fixes a lower limit on the permis-
sible value of compressive modulus. The value of
this limit has oot been precisely evaluated as high
values of compressive modulus usually accompany
the required compressive strength.

18-9, Shear properties, Case-bonded grains are
stressed in shear during acceleration. The weight
of the propeliant must be supported by the shear

-

- 3
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strength at the bond betwecn the prepellant and
the case. Per unit of propellant lengt’, neglect-
ing the perforation, the weight of the propellant
under acceleration and therefore the total shear
force is%dzpa where d is the grain diameter in
inches, p the propellant density in pounds per
cubic inch, and g is the acceleration in g's. The
total shear force is appiied over an area of »d.
The required minimum shear strength, in pounds
per square inch, is

nd%a _ dpa

dzd T 4
Procedures for measuring shear . have been re-
ported.”

18-10. Brittie tempersiure, For many plastics
the second-order transition temperatuie!® sig-
nals the onset of brittleness. This appears to be
the case with case-bonded propellants, It has not
been cstablished that ihe same significance of the
second-order transition temperature holds for car-
tridge-loaded propellants which perform well at
temperatures considerably below that of a second-
order transition,

The second-order transition temperature may
be measured'! by noting a break in the curve of
specific volume versus temperature or an abrupt
decrease in mechanical properties such as impact
strength at that temperature.
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BLACK POWDIER

19. Gemersd. Black powder is our oldest pro-
pellant. It is older then any of the heat ergines
(guns, rockets) in which propellants are used, and
has been used as a pyrotechnic and as a bursting
charge for centuries. It is an intimate mixtvre of
saltpeter, charcoal, and sulfur. There are two types
of black powder, one made with potassivm nitrate
and the other with sodium nitrate.

The potassium nitrate type is the older, and for
ordnance uses is still the more commonly used.
In oxdnance circles black powder is the potas-
sium nitrate type ualess otherwise designated. The
name black powder is a translation ¢f the German
“Schwarzpulver,” named after Berthold Schwarz
who experimented with it in the fourteenth cen-
tury.! In the English language the material was
known as “gunpowder” until the use of staokeless
powder in guns made it necessary to differentiate
between the black and th smokeleas varicties of
gun prozellant. Gunpoved, wicladed Musk=t Pow-
der and Cannon Powder, later Riflc Powder snd
Sporting Gunpowder. When uszd for biasting, gun-
powder was called Blasting Powder. The present
United States ierminology is “A" Blasting Powder.!

The sodium nitrate type of black powder was
develgped in the United States in the middle of the
niactespth century® anc is known commercially as
“B"” Blasting Powder. When used for ordnasce it
is called sodium nitrate black powder.

20. Appearaace. The appesrance of black pow-
der is shown in Figure 22, The grains are irregu-
larly shaped solids, resulting from the fracture
of larger picces on the rolks of the corning miili, of
roughly uniform size as a result of screening. Black
powder may alternatively be pelleted into grains
of uniform size and shape,

21. Compcsition. 'The nominal composition of
black powder as available in the United States is
shown in Table 3. The same compositions are
used for both military and commercial grades.
Selection of the charcoal has an important bearing
on the quality and peiformance of biack powder,
The charconl is not pure carbon, but contains 13
10 20 pexcent vouatile matter and 2 to 5 pervent
moisture.

‘33

22. Granalation, The standard granulations of
potassium nitrzte and sodium nitrate powders are
shown in Tables 4 and S, respectively. . -

23. Thermochemisiry. Lacking knowledge of
the nature of the volatils matter in thé charcoal,
and considering that manufacturing tolerances per-
mit 1 percent variation in the fracticn of each

TABLE 3. NOMINAL COMPOSITIONS OF
BLACK POWDER .VAILABLE IN
THE UNITED STATES

KNO; type ¢ NaNO, type ¢
KNO,, % 740 —_
NaNO,, % — 720 =2
Sulfur, 7, 10.4 120 %2
Charcos!, % 15.6 160 = 2
Ash, enximus, % 0.80 L5
Moisture, maximum, % 0.50 0.0
Specific gravity 1.72-1.17 1.74-1.82

ingredient, it is practically impossible to calculate
the gas composition or volume of black powder.
A rough approximation may be got by assum-
ing that the volatile matter is largely carbon, that
the potassitum appears in the product as K,CQg, the
nitrogzn as N,, the carbon as CO + €03, and
that the sulfur and such hydrogen as is in the vola-
tile mitter do nct make an important contribution
to the gas volume. Under these assumptions the gas
volume would be given by [C] + V4[N] - KB[K].
Since the [N} and [K] are present in equal num-
bers, the gas volume of black powder is deter-
mined roughly by the fir -« tion of charcoal in the
formula, In the United States grade of potassium
nitrate type of black powder, one gram contgins
6.G130 gram atoms of carbon which when burned
should give 0.0130 moles or 290 cc (STP) of gas.
An experimental value of the gas volume from
three samples of British black powder recently
examined in the Imperial Cnemical Industries
laboratories has been reported at 280 cc (STP).*
The same author reports a heat of explosion, Q,

, of 720 cal/g and & - ‘culated flame temperature,
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TABLE 4, GRANULATIONS OF POTASSIUM NITRATE BLACK POWDERS

A-S, Puze
FFFFO
A6

A-7

Meal

Spbero-hexagonal: 128 = 2 grains per pound, 0.6-inch grain dismater

Commercial grade 2
Sporting ©

Whaling

Life Saving Service
Cannon -
Saluting

Fg

FFg

FFFg

FFFFg

“A™ Blasting

FA

2FA
3FA
AFA
IFA
6FA
TFA
Meal D
Meal F
Meal XF

* Diamaeter of circular parforations in plate.

Sieve size (umlﬁn'n'l:.m!m"l peroent) Sieve size (w@%
-4 30 s S0
4 3.0 12 50
6 3.0 12 30
12 3.0 16 50
12 30 20 50
14 3.0 25 30
16 3.0 30 50
16 30 40 50
16 3.0 %0 50
20 3.0 50 50
40 3.0 100 50
43 3.0 140 3.0
100 50 140 150
100 30 40 0.0
100 3.0 200 0.0
32/64% 3 4 12
6 3 12 12
b 3 z 12
10 3 . 12
12 3 16 12
16 3 k) 12
20 3 0 12
40 3 100 12
20/64* 3 s 12
4 3 12 12
10 3 16 12
12 3 20 12
20 3 S0 12
0 3 50 12
40 3 100 12
40 3 - -
100 3 - -
140 3 - —
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TABLE 5. GRANULATIONS OF SODIUM NITRATE RBLACK POWDERS

Sewsise  (masmapecw)  Sewsin  (mesman givosst)
Military Grade 5
JANC 9/16 jmch 0 372 tach 0
JAND 4 3 16 s
JAN A 12 3 “© s
Commarcial Grade 3
“B" Blaating
occ 40064+ 78 /640 X
¢ /64 X Mj6h 78
c 77/64 7.3 18/64 X
F 20/64 13 s 78
P 4 78 s X
F¥F 6 75 16 X
FFFF 12 X © 78
Ml BB 16 2.5 - -
Maal BD % 2.5 - -

!Mddmﬂnnﬁr“hph\u

T,, of 2800°C. Products identified in the com-
‘bustion products include mainly K3CQq, ¥, 30,
xlsﬂo Coﬂi N’v ome Hl» H!s) m‘o NHE; lllop
XCNS, and some unreacted KNO,, C, and S.!
As the fraction of charcos! increases and the frac-
‘don of saltpeter decreases, the gas volume should
increase and T, should decrease. The force, F,
data, is 110,000 ft-Ib/Ib.

The initial condensed phase reaction in the
burning of black powder has been identified as

" the reaction of moiten sulfur with occluded hydro-

gen?® or oxy hydrocarbons in the charcoal, or with
the potassium nitrate.® A sulfurless grade of black
powder is manufactured in Great Britain, This has
a congiderably higher iguition temperature than
normal black powder because molten saltpeter is
reyuired to initlate its combustion.!®

The concept of linesr burning raie as presented
ir. Pavagraph 9 has little significance when applied
to the irrsgular shapes of biack powder. The term
linear burning 1ate, when speaking of black pow-
der, is applizd to the rate of propegation along a
sobumn z4 the granular maierial, i.e., a fuse.

24. Hygrescopicity. The hygroscopic nature of
black powder has Jong been known and is recog-

36
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Figues 23, Black Powder Manufocturing Process ¥
rework in the whecl mill, shown in Figure 24, volnmofsmokcandwaeo:maivebmelr*e
along with a small quantity of water. The indi-  requiring thorough cleaning of the gun dafiser
vidusl wheels of the wheel mil' may weigh 10 tons  after each use. When propeliants known as st}
.and stand 7 feet high. The functions of the whee!  less powders with higher force and i
mill include in sddition to grinding and mixing  without solid products became available, Y
the achicvement of a siatc of “incorporation.”  powder became obsolete for gun use. The chipge
Although incorporation is littie understood, it is  was not made overnight becausc a gun desipded

operation is carried out at elevated temperature
in order, simultaneously, to evaporate water down
to the specified level. If fusc powder is being made,
two or more grades of different burning rate are
produced by varying the ratio of sulfur to char-
coal in the formula and these are blended to meet

27. Uses. With a force, F, of 110,000 f-1b/1b,
black powder was an effective gun propellant, The
presence of solid reaction products led to Inrge

37

for biack powder was not ideal for use with saike-
less powder and vice versa. There are still a fow
antique sporting picces in the hands of hobbyists
who fire them, but the use of biack powder as the
propelling charge for guns no loager is significant.
During World War II a need arose for a flash
suppressant for use with ceriain guns, particularly
the 155-mm gun. It was known that potassium
salts are effective in suppression of fash. As black
powder is roughly three-quarters potassium ajtrate
and a propellant in its own right, the use at night
of an auxiliary charge of black powder was under-
taken with considerable success. This use of black
powder is not expected to oullive the preseat in-
ventories of smokeless powder, however, since new
propellants containing largely nitroguanidine have
been developed which have at the same level of
force lower burning temperature than those of the
World War II smokeless powders, These nitvo-
guanidine propellants exhibit much less tendency
to flagh, and the incorporation of small fractions
of potassium salts in them generally inhibits flash
completely. .
Black powder was also the original rocket pro-
peliant. In the decades before World Wer 11, ex-
cept for Goddard’s experiments, rocketry in the
United States was confined to fireworks and ~mall
signal rockets of modest range and velocity Jad
smajl payloads. For such rockets, black powder
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Figure 25. Black Powder Press
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has been quite satisfactory. The smoke and sparks
of the exhaust were desirable and there was no
disadvantage connected with residue in the spent
motor chamber. When military rockets were de-
veloped during World War II, first abroad and
later in the United States, it was recognizd that
the low calorific value of black powder took it out
of competition with the more energetic propel-
lants that were available. Manafacturing processes
moreover were not available to form black
performance rockets, and it is doubtful that the
physical properties of black powder would be com-
patible with the thermal and acceleration forces of
such rockets.

As a bursting charge, black powder has been

_may be an important means of transfer of heat

from the primer oz the igniter to the surface of the
main propellant charge.
As the first civil as well as military explosive,

.andtoralm;ﬁmetheoulylnﬂabieemh-

sive, black powder has been extensively used for
blasting. For. this use the sodium nitrate black

. powder has been preferred ever since its introduc-

tion, in spite of somewhat greater hygroscopicity
and slower bumning rate, because of its lower price.
Black powder does not detonate, even when ini-
tisted with = blasting cap. The observed propags-
tion rates of 100 to 600 m/sec™'* when coofined
in steel pipes and initiated with @ detonator are
accounted for by shattering of the black powder
by the initiator and burning at the attained pres-
sure. Black blasting powder was first supplanted

- by commercial high explosives for blasting in rock

because the detonation of the high explosives was
very much more effective than the burning of black
powder. For blasting in earth, black powder with-
stood the competition of high explosives for a

T Bownloaded from http://www.everyspec.com

TARBLE 6. CONSUMPTION OF BLACK
BLASTING POWDER (ALL TYPES)
IN THE UNITED STATES"

Pounds
Year {thousands)
915 9,
1920 254,830
1923 156,964
1930 99,873
1935 68,388
194 59,754
1945 36,948
1930 20,655
1958 6,624
1936 5,598
1957 3,684
1958 - 2492

whereas the slower burning black powder main-
tained pressure longer and gave more “heaving” ot
cause it breaks the coal into higher priced lump
coal and produces less fines than even the low
rate permissible high explosives. Unfortunately the
reaction time of black powder lasts longer than
the inital fracture of the coal, resulting in occa-
sional ignition of methane (fire damp) and dust in
the atmosphere of gassy minez and even of the
coal itself. Use of black powder for blasting in coal
mines engaged in intersiate commerce is now for-

 bidden by federal law.

The largest current use of black powder is for

+ safety fuse. This is 2 column of black powder en-

closed in a fabric tube. The rate of burning is
carefully standardized so that the shooter can pre-
dict the length of time between lighting his fuse
and the shot. Black powder hss also been used
as the timing element in some military fuzes. It
has the disadvantage of producing a considerable
volumeolwwhnchathetmuubeventedoﬂt
increases the pressurc on the powder train and
hence its burning rate. It has the further disadvan-
tage that it is difficult to ignite st reduced pres-
sures and impossible to ignite ay pressures below
10C mm. For uge at high altitudes it is necessary
10 asgure that any device relying on the buming of
black powder be pressurized.

The decline of the black powder industry in the
United States j= shown in Teble 6.

Recognizing the obsolescence of black powder,
the military forcee have sponsored research on
substitutes for black powder in all applications.
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CHAPTER 3
CRYSTALLINE MONOPROPELLANTS

28. Gesenal. The shape of black powder grains
suggests crystalline material. A crystalline chemi-
cal with better thermodynamic properties than
black powder should bave advantages over black
powder not only in ballistics but also in uniformity
of composition and ease of manufacture. Such
chemicals exist. They have not been exploited as
propellants because they became available at a
later date than niirocellulose and smokeless pow-
der, and the backgrourd Irnow!edgr that would
have led them to be appreciated is of still more
recent ozigin,

The list of possible monopropellants includes
many chemicals used as military high explosives,
as the thermyochemistiy of propellants is essentially
the same as that for high explosives. The difference
betweer combustion and detonation of a crystal-
line monopropellant is merely a difference in re-
action rate.! Except for primary explosives, which
can detonate from burning and are therefore ex-
cluded by definition from possible monopropel-
larits, thesc chemicals will burn quietly when
ignited. They will detonate only under the influ-
ence of a mechanical shock of severity far greater
then can be found in a gun or rocket chamber.
The thermal stability as well as the sensitivity of

these matedials have been extensively investigated
in connection with their use as high ¢xplosives. In
general, they exhibit long shelf life and are very
stable at temperatures up to nearly their melting
points.

In common with black powder grains, single
crystals of monopropellants are not' subject to
being shaped to accurately controlled dimensions
and large sizes. Again like black powder, however,
they can sometimes be pelleted under sufficiently
high pressure to moderately well consolidated
large grains of controlied ditnensions.

The densitics, melting points, and ballistic pa-
rameters of several possible crystalline monopro-
pellants are tabulated in Table 7.

29. Nitrogusuidine, Nitroguanidine may, as an
approximation, be considered 'to react sccording
to the equation
CH‘O’N‘ =C0+ Hg + Hzo + 2N= (39)
The gas~volume, o, of nitroguanidine is quite,
high, and the fraction of nitrogen in the gas is un-
usually high for propellant gas. The burning tem-
perature of nitroguanidine i scme 150°K lower
than that of a smokeless powder of the same force
level (see M1 in SPIA/M2), indicating that nitro-

TABLE 7. PHYSICAL AND BALLISTIC PARAMETERS
OF CRYSTALLINE MONOPROPELLANTS

T et odp

i/M T, T, Force Ly
(molea)  (K) (k) (b))  abescmw)

Nitroguanidine* 721

itroguaridinet 1718 246
RD

:)ﬁommeth‘yleno-

trinitramine 192 202 1350
HMX,

zlno-
tetranitramine 192 216 1324
taceythritol

Nm:nimu' L7 140 1531

Ammoenium nitratet 1.72 170 354

Ammonium perchioratet 192 Decomposes 335
¢ Hirschfelder-Sieman calculation (seo Paragraph 7-6).
1 Exact calculation (sse Paragraph 7-5).
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0.0481 2268 303,000
2405 1819 321,000 199

0.0403 4020 3250 452,000 258

0.0403 3540 3190 430,000 253

0.0348 4220 3s10 40,900 230
0.0437 162 1245 197,000 15
0.0362 1849 1408 186,000 15
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gusnidine should cause less gun barrel erosion
than a comparable service gun propellant. The
highe. content of nitrogen in the gas should result
in Jess tendency to flash than a service gun propel-
lant at the same flame temperature and an even
more pronounced advantage at the same level of
force.

The usual crystal form of mitroguanidine is
needles, resulting in quite low gravimetric density
and smell web. No successful work has been re-
ported on growing crystals of size and shape that
would permit using nitroguanidine as a gun pro-
pellant. The linear buming rate has apparently
not been measured,

Although uitroguanidine has not found use as
a monopropellant, the disadvantages of its crystal
form have been overcome at the cost of some
compromise of ballistic parameters by formulating
nitroguanidine as filler with plastic monopropeiiant
binders into composite propellants, Devélopment
of such composites has also permitted a continu-
ous spectrum of force and flame temperatures in
the triple-base system described in Chapter 7.

Nitroguanidine is synthesized by the fusion of
calcium cyanamide or dicyandiamide with ammo-
nium nitrate under high pressure gnd temperature
to yield guanidine nitrate, followed by dehydration
with mixed sulfuric ard nitric acids? .
CaNCN + NH,NO; + 2H,0
= Ca(OH), + NH: C(NH3)NH, - HNO,
NH : C(NH,)NHCN + 2NH,/NO,

= 2NH : C(NH;)NH; * HNO,
NH : C(NH,)NH3* HNOy — H,O
’ ' = NH : C(NH,)NHNOQ, (40c)

Other syntheses are known. The thiocyanate
process® depends on the series of reactions
2NH,CNS

= NH : C(NH;)NH3CNS + HzS (41a)
NH : C(NH,)NH,CNS + NH/NO,; .
= NH: C(NH3)NH, - HNO, + NH,CNS (41b)

The Roberts process® procesds through ethyl
pscudourea and guanidine sulfate
COO(NHy)y + (CaHp)2SO,

= NH :C(NH.m,H; + C,HgHSO,
H,SO. + NH: C(N}lgmgﬂg + NH,

= NH : C(NHy,); * H;80, + C,H,,OH
NH : C(NH.)g *Hy50, + HNO, - H,O

=NH LC(N]‘I,)NHNO; + H’SO4

(40a)

(40b)

(422)
(42b)

(42c)

43

~—Downloaded from http://www.everyspec.com ™ o e e o

30, RDX. RDX (cyclotrimethylenetrinitramine,
cyclonite, hexogen) may be considered to icuct
sccording to Equation 43
(CH3N,04); = 3CO + 3Hg0 + 3Ng

The force and specific impulse, from Table 7, are
quite attractive, although the flame temperatures
are higher than desirable for gun applications.
RDX has been fired in sporting and small arms
successfully! with balilistics comparing favorably
with those of smokeless powder. As axpected, the
quickness was found to depend on the crystal size,
finer crystals being quicker than coarser. The high
burning temperatures may be tempeted by formu-
Iating to a composite with a binder of lower burn-
ing temperature,

RDX is manufactured by the Woolwich proc-
ess* by the nitration of hexamcthyienetetramine

(CH;)gN; + HNO,
= (CH,N;0,); + gaseous products (44)

or by the Bachmann process® by reacting ammo-
nium nitrate and nitric acid with hexamethylene-
tetramine under dehydrating conditions

(CH2z)¢N; + 4HNO, + 2NHNQ; —6H,;0

= 2(CH;N;0;); (45)

31. HMX. HMX (cyclotetramethylenetetrani-

tramine) is homologous with RDX and may be
assumed to react

(CH;N,02), = 4CO + 4H,0 + 4N, (46)

The ballistic parameters are similar to those of
RDX. It is somewhat more dense than RDX and
has a somewhat higher melting point (Table 7).

Like RDX, HMX can be compounded into
composites such as PPL 949 (sce SPIA/M2).

HMX* appears as a by-product to the extent
of aboyt 10% in Bachmann-process RDX, No
attempt is ordinerily shade to scparafe it from the
RDX, because for most uses it is the full equive-
ient of RDX. By changing the corditions of opera-
tion of thc Bachmann process, the fraction of
HMX can be increased substantially to where iso-
lation of the HMX iz practical.

32. PETN. PETN (pentaerythrito] tetranitrate,
penthrite) may be assumed 0 react

C(CH3NO,)
= 2C0 4 300, + 2N, + 4H,0 (47)

43
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Witk ugher buming temperatuie amd lomer gae
vodarne, twe foice and speciic impulss of PLT™
252 comparehle w those of RDX and HMX
(Table 7). St-ox PET™ has lower dengity and
boxqr melung no.ot than RDX andd HMX | thewe
laxer matenal: dwould be prelerted to PETN
eithes a8 monopropetiants or as filler for composite
swopellants

PETN is manufactured’ by the nitration of
pentasrythritol

CfCH,OH}, + $HNO,
= C((.H;!s())), + “H:O (48}

33. Ammonlews mifrute. Ammoniam nitcale
may be d3sumed to rract

NH,NO, = Ny + 24,0 + 140, (49)

As & monopropellant, ammonivm aitrate produces
& working gus contsining free axygen For this
reasoc, although its for,. &nd apec.dic impulse are
somewhat modest, when compounded into comn
posites with any incompletely oxidizad bindcry
aTamOCi W nitrate behsves in par. & an oxi
dant Such composites are discussed further in
Chapter 9.

Ammoaium divsir is bygroscopic &. relative
munidites aboir 40 percent Any propedlant
charges comprising ammonium nitrate must be
protecied from humidity. Ammonium nitrate also
undergoes 8 series of phass changes & different
tempe ratures including one at 32.1°C!' afi of
which are accompanied by changss iu dendity.
This it destructive 10 the integrity of singie crys-

tals When onmpumindsd ints 2 composite with

dgiitad AL S sy agen p o

bydropnobic or nonh}growopic binder, ai of th
ammonium wtrale crystals within the bicder poe
projected from moisture pickup. The ptase changes
can also be contained, as the crystal size of the
smmoniLm pitrate is preferably very imall and
the stresses produced by the volume change of the
individua! particies can be absorbed by the binder.

When formed inio large grains by comp ession
moiding, hygrosopec effects are likewise confined
v ibr maierial near the suriace. Fhase changes in
such prow!hnu csuse them to swell somewhat
on aginy, but do not appesr 1o interfere with their
nornial bummg processes. Such grain have been
studied! but Fave 1 foand servioe use.

Ammonium nitiat: i & article of ~ommerce,
being widely used a5 & fertiizes ingrediont and as
1 constituen: of commercial high expiosives.

3. Asssosirs perchlorae. Ammonium pei-
chlorair may b assumed Lo resct

NY,C10,
= LN, + HQ « %H;0 » 8,0, (30

As ¢ rrocopropelian, ammor.am perchlorate is
eves more oxidizing than ammonium nitrate. Like
AnuUbDonium nitrste, ammonium perchiorste is hy-
Foscopic. The prescose of hydrogen chlonide in
the sroducts of oot ustion mskes amm onium per-
chiorate unatiract’e for use in eagines used repeti-
tiv ly, such &3 guns. For these reasons ammonit @
peahiorate has pot been wsed 25 2 mosopvopell wt
charge. It is widely used a5 an oxidizing files
in composite propellants for rocketr, as duscussed
furthes in Chapter 9, and in ORDP 20176,

Ammwn um perchiorate is prepared by clectro-
Iytic exidation of sodium chloride,

N2l + 4H:0 = Nal0, + $H, e
foliowed by metathests with an smmoaium salt
NzQI0, + NH, - = NH,O10, + Na* (1Y)
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CHAPTER &
PLASTIC AMOMNOPROPELLANTE

M, Gemernl Piasic monojropellants, com-
mooly known as amokcless powdeis,® have wa
in uwe for abot! 75 yrars. The first such propedlant
va. made by Vieilke in France in 18841 Vieille'x
product was ewmsentially nitreceliulose, changed
from ity originslly Bibrous form to a dense plastic
by colloiding with ether and alcoho!, forming into
gruny, and subsequenty removing most of the
sobvent A few vea.s later Alfred Nobe! introduced
o diflcrent veriety of smokeless powder in which
nitrogiyoenn 6 used as a colloiding plasticizer for
ihe pitrocelivlose.! Propellants containing nirs-
ghycerin are knownp as dou™e-base because they
coatain twoe explosive ingredients i contrast o
singic-base propelianyy which cottain nitrocgiu-
lose as the omly explosive ingredient. Addition of
fuel-type or “deterren'™ plasticirers to the formau-
Iation gnes the necesgary fi-xibility for calorific
vatuz and sirocetiulose content to be varied inde-
pendeniiy, an important consideration whea both
ballistic qualities and physical properties may bhe
specified. Ballistic qualities sre largely determined
by the calorific valus, and phyacal properies by
the polymer content. A srmokeless powder, looked
ar in this Light, is a single-phase of moncpropeliant
comprising three ingredien’ . a polymier, ue aly
nitrocellulose; an oxidant piasticizer, usually nitro-
glycerin; and & fuel plasticizer, for ezample,
di-n-butyl phthalatz. Tle terms :ingic-haac anvd

Aruble hasa oo Joer aboio Lo . luute

base being just a special cuse in rvhich um oridant
plasticizer contzn: happens to be zero

36. Formnlstion. The reiationships within the
family of pitroceliulose monopropeiants are shown
qualitatively i the triangular diagram of Figure
26. Fo: baliistic purpeses the scale of Figure 26
should be considered about hinear in weight fra-
ticas “or physical properties it is about linear »
volume fractions. In this Beurs the Lne PR mp-
resents all possible componucm with the same
calosifhc value &3 pure polymer, P. Lines parnllel
to PH arc lines of coastan! calorific value. Com-
positions to the keft o PH are “cooler,” ba .t lower
ca. mific value (ower dame tempersture’ than that

* Although the term “smoketess powder” 4 still currin!
atvosd and in Unned Sieies commercial crcies, e De-
parimeal of Defense hay diontinged Uy vaage '

45

of pure polyier. To the nght of PH, they e
“hotter,” have higher calorifc vaiee (Righer foree
of specific impulse). The hoe BC segaresents com-
positions of e minimue pracacal Young's wods-
tus for propellant use. Below BC the progolisat
cannot be relied on 10 mamntain it geossetry, even
when supported by being bonded tu the chamber
wall. The line A B defines the lowest calorific vk
thei an end-item designer can profitably use. All
usefu! nitrocellulose monopropellants are, there-
fore, formulated within the piiygon FABC.

Since gun crosion limits *he sllowsbie flame
tzmpereture of a propelisat, gun propellans for-
muler tend o fall w0 the left of the Ere PN,
although for tome applications they may be well
to the rigiit High performsence rocket propeilanis
are founa tc th cight of the line PH. Case-booed-
sble propellsnts fafl in the neighborbood of i
line BC. Propellants o gencraic pas at maderats
temaperstures for aircrafi sarter engioes end simi-
lar spplicstions are found in the w2ighborhood of
the line AD. There exists considersble overlap
berween the formulation aress for Guferent ypes
of end use In addition W0 o dre: bagic ingre-
di=nts a2 glabilizer is upiversally used (o ncvease
the swocage life of the propillant, and sdditives
may be incorporated to reduce flash, to improve
iguitability, to reduce metal fouling in gun barreis,
w reduce the pressure cxponent, n, to provide
opraaiy, wid for varons et ressons,

36-1. Podymer. Nitroveltulose is the usual poty-
mer in plastic moinc gropelianta, but other poly mwers
can be, and have been, used

// SEt ¢ Uof 1 A
) CALDESNK TGS
/L — '\
’
P, PLAB i TES: Qi Tin’ MmAT L RLRE
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3M-1.1. Nitrocelimer. Nitroceilulose is the
prodact of perual mtration of celhuose, witich it a
ratural polymer of empirical formula (CeH,y o Dale
snd atructuesi {ormouls

n

Of the Mree —OH group:, those at tae 2 and 3
po. .tioas are secondary, while that in the 6 pou-
ton is p-imary. All of the —OH groups can be
nitrated, and when cellvlos is compierely nitated
the resulting nitroceliulose has a nitrogen conient
of 14.15 percent. mivoceliulowe as med 0 com-
merce, and as useo in propellsnts is less than
compictely nitrated. NitroceLoloses are character-
ired by aitrogen oontent and viscosity as imde-
pendent vaniables Hygroscopicity and solubility in
vasious solvenis depeind primarnily on the aitrogen
conwnr. Significani commercial grades of mitro-
celluiose are those used for lacquers at 12 poroent
nitrogen, for dynamite at 12 percent nitrogen, and
for plastics at 11 percent nitrogen The gredes of
significance to propellants in the United States are
guncotion or high grade at 13.4 percent nitrogen,
pyroceliubose at 12 6 percent nitrogen, and ooz as
yet oot officially named at 12.2 percent nitrogen *
Foreign propellants irequently contsin aitrocellu-
Yose of lower substitution than 12 percent nitrogen.
Guaoottsn s 008 used as tix vuly nilroccliuiose i
American propellants, but is commonly blended
with pyrocellulose to yisld a “military blend™ at
abuut 13.15 percent nitrogen Or a blend at 13.25
percent nitrogen. All fibrous nitrocelluioses ook
alike, and indesd look much lire the ongital o=liu-
los¢ Whiie there could be merit in separsiely for-
mulating two nitrocellulotes into a propellant, the
elimiratior. of possible coofusion between diifer-
et grades of nitrocellalome snd the opeormnity
ol adjusting the ratio of the nitroceliuloses while
in the Bbrous state to an exact Yisnded nitrogen
content argue stroagly for blending.

3¢-1.1.]. Niregen centemi. As indicsied in
Table Z, the contribution o the nitrccellulose to
the calorific value, flame tempersture, and there-

46

fore force, proific impulse, of characenste
velocity of the jropeliant ix higher the highet the
Ritrofen conteny,

34%-1.1.2. Solebfly. Nitrocclulosr & 122 px -
cent or 12.6 percest merogen is compictely solub'e.
1e., miscible it all proportions, in & mivture of 2
parts by volume ether and 1 mart sleohol, used in
the required solubility detzrniination * At 12.4 per-
cent mitrogen only a small frection of the aitro-
celiulose enters the sofvent phase. No attempt is
made to measvre the solvent content of the nitro-
celitione phase. Meitoer the high solvent fraction
nor the