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

av (subscript) = average
A, = area of burning surface = §
A, = areaof nozzle exit

A, = port area
A; = nozzle throat ares
b = a constant

4 = g constant

¥ = aconstant

< (subscript) = cliamber

c¢* = characteristic velocity

¢! = calculated thermodynamic characteristic
velocity

C = 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

g = 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 /

xi

CARA  amwwrrme = maeam

1 = ingredient in propellant composition

I = total impulss

Ivy = zpeeiﬁc impulse

13 = calculated thermodynamic specific im-

pulse

1,5 (del) = measured specific impulse at nonstand-
' ard conditions

j (subscript) = partial value contributed by product

J = product gas constituent
k = eroszion constant
K = a constant
K = Kelvin (temperature) ‘
K = ratio of initial propellant burning surface
tonozzlethroatma:%-:—
Kl =em|ivi(yeomhnt
1 (subscript) = liquid state
L = distance downstream from the stagna-
tion point
L = grain length
M = molecular weight of combustion gases
T
Mg, = average molecular weight of combustion
gases at isobaric adiabatic flame tem-
perature
My, = average molecular weight of combustion

gases at isochoric adiabatic fiame tem-

perature
n = exponent in de Saint Robert burning rate

equation, » = bP"

] =gnvolumeinmolesproduced_tromunit
weight of propeliant = -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)

= heat of explosion = H,,
= linear burning rate
= Rankine (temperature)

x

o

™ AR

= 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
¢ (subscript) = throat condition

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 = 1:—
]

= 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

_{2
constant K value = (-%f)x
= density
= gpecific volume

= temperature coefficient of burning rate at
coastant pressure = —a—ab")
T r
= 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 Universily, 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,
F——M— @)

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
e
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

TABLE 1. REDUCED CHARACTERISTIC

VELOCITY
—"'—L 1 xt1
VB () )
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. Speciic impulss. Specific impulse, I,,, i
defined as the impulse (force X time) delivered

by buming a unit weight of propellant in a socket
chamber. From rocket ballistic theory'* can 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, 'P}i’ 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-
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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 CONSYTANTS FOR
1] ) HIRSCHFELDER-SHERMAN CALCULATION® (Contimued) .
i AN
i : 1 ‘
i & Gy . M .
! ?
! 2-Nitrodiphsayiamine ~1813 0322 -2m 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 acrylets) ~1404 04231 -2 0.06140 |
olystyrece 2983 031 -39 0.11523
5 Polyuretisane -3 0407 —~31M3 0.10796 1
? Poly(vieyl chloride) ~1614 02060 —1881 0.05600
Potassium nitrate 434 02iss 49 2.00909
! Potassium perchlorste 1667 02000 200 0.00722
{ Potassium salfate 300 0125 —800 0.00574
RDX, Cyclotrimethylenetrinitramios 1360 03416 613 6.0405
Sucrose octaacette —1121 03941 ~1825 o002
; Triacetin -1284  0.4191 -1973 0.0m333
K -~ Triothykene giycol dinitrate 70 0.40430 -2924 00812
¢ ) Trinitrotolune » 03037 -110 0.04343
' »
]
' 7-7. Exsmple calculation of F, c?, 1 by the Isochoric flame temperature.:
T Hirschfelder-Sherman method. Consider 2 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
. Ethyl centralite 001 T, = 3000 + 6046i— (0.3451 + 0.01185) +
! From the composition and Table 2, we have [(0.3451 + 0.01185)2 + 3.308 x 10~4 x
v

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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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 dt

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)
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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
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If the log P — log r reiation for a propellant
is plotted we gm 2 family of curves reszmbling
Figure 3 from propellsnts behaving sccovdiog to
Eguation 31a, from which the values of b and n
can be evaluated. The constant » is the slope of
the log rate versus log pressure live. At gen pres-
sures, 10,000 to 50,000 psi, ncarly all propellanis
follow Equation 31s, with » = approximately
0.9.% At rocket pressures, below 2000 psi, n for
the same propeliant is generally lower then at gun

13
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LoS PRESSURE
Figue 3. Reto-Prossure Relstionship of Propelionts
T e Wi = e

pressures. In this region will be found propelionts
pressure relationship, but also many propellants
deviating widely from it. Two types of curves are
wortty of special mention.

Propeliants showing & region of markedly re-
duced n, a3 shown in Figure 4, are known as
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Figue 4. Role-Pressure Relotionship of Plutecy
Propeliants
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. sensitivity of the cperating
- ‘changes in b (a function of propellant

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,

- ERIREE D I
is the “port area” or the exit srea of the tube
sud A, is the nozzie throat ares, so Equaticn 35
becomes

15

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
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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-
; j face inhibited and burning only on the perforation
; : surface, also grains with multiple perforations. A

grain whose burning surface decreases as buming
1 : progresses has degressive geometry. Such geom-
.o etries include spoheres, cubes, also cylinders and
cords of any cross section, The burning surface is
plotted against fraction of web burned for several

; i geometries in Figures 8-14. The portions of the . = '
; i . P at bum—lhmush, Sm M in FOATIY O FTANT VA
Figure 10. Star-Perforatad Grain
! A
H 1.0 < ;
. ——=
: 2 ;
L : :
H
g
3
3
, $
S
: E " Sl
FAACTRY OF SUTARST OURRES 7
( N Figure 11. Slotted-Tube Grain ‘
: “ 1.0
Z FRACTION OF WES SURNEO 3.0 F
A LOWS TUSE, END~INMIBITED TUBE, SHEET, :
END~BURNER /
8 SHORT TUBE, WEN = 0.1 LENGTH, STRIP
WES + 0.1 WIOTH /

C. 0ISK, WEB » 0.08 DIAMERTER

Figure 8. Neuiral Geomeiry

»
(J
ML

BURNING SURFPACE

ORISINAL SURPACE

: . 1.0
----- LIy K Y10 o )

PFRACTION OF DISTANCE BUMNED

* - A, INTEANAL DURNING TUBE, PERFORATION 'I’ OiAM

Figure 9. Rod and Shell Grain Figure 12. Progressive Geometry

18 (

o e e emevr——A s ST T N et = 1 1
3
s’




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 is 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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~ 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 » 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

1. J. Cosner, Theory of the Interior Ballistics of Gans,
“lilohmy&b-.luc New York, New

Ballistics
University, Rocket Fi ADI.-SR‘.“RD
3992, 1944 (SPLA Abstract Mo, 0576B).
I M Barmu.A.humnm.B F. DeVeubeke and J.
Vandenkerckhove, Rocket Propulsion, Elssvier Pub-
Iidlh;&mny.m.,lln’{uk."w?wk. 1960,

E
HE
’i
!

ale-ary.lnc..Nchwk,NuYut.l”l

Q. P. Sutton, Rocket Propulsion Elements, An Intro-
duction to the of Rockets, lad edition,
John Wiley & Soms, Inc., New York, New York, 1956,
8. R. N. Wimipress, Interssl Ballistics of Solid-Fuel
Rockets, Military Rockets Using Dry-Processed
Double-Base Fuel, McGraw-Hill Book

Fropelian: as
Company, Inc., New York, New York, 1950,
9. M. Barrere, 2 al., loc. ck., p. 98.
10, allhtbhhonm Georgs Washington
am,mmu
1. Rossind, D. D. Wagman, W, H. Evans, 8. Levine
hﬁ.m Values of Chemical Thermo-
namic Properties, Circular of the National Bureau
of Standards 500, U. 8. Government Printing Office,
Washingtoa, D. C., 1952,

&E"’

13. 7. 0.
’ Some Protoiyge

Propellans Compovitions, WADC TR-59-757 (Proj-
oct 3148), Wright Air ent Center, Dayton,
©Ohio, December 1959,

14. Joint Army-Navy-Air Forcr A4 Hoe Panei on Per-
formance Calkulstion Method: and Thermoadynamic
Duata, Bulletin of ﬂn Second Meeting, g-”, April
1959, PCMTD2, Propeliant ‘l'ht e

Agency, Applied Phyﬁel Laboratory,
Hopkine University, Silver Spring, Maryland, CON-
FIDENTIAL.

13, 7. O, Hirschfelder and J. Sherman, Simple Calculn-
tion of Thcmachmhl?mpmtntor Use in Bal-
lissics, NDRC A-101, OSRD 935, October 1942,
CQONFIDENTIAL (8PIA Ahotna No. 0303A); ibid.,
MDRC A-101 (sddends), OSRD 933 (sddenda)
(OSRD-1300, A-67TM-A-70M), March 1943, CON-
FIDENTIAL (SPIA Abstract No. 03038).

lG.Pchm *Dis Ve des rauchicesn
Pulvem,” 2. ges, Schizss- u, Sprengmoffw., 33, 10, 36,
60(1931).

l1.A.O Dekker, “Rapid

Solldhmllm. I«fmnhbn. 72(!”6)

18. Allegany Ballistics Laboratory, George Washington
Udnnitykcct..r 274,

19. Allegany Ballistics Laborstory, Georss Washingion
uumum..v.m

tn - e———————

()

L e it et




e o e
SN T el

ey v r—

Nt . iy

e B | e it B e e e s+ o e e

e . T WP ey

20. Allggany Ballistics Laboratory, Hercules Powder

Company, uapublished data.

21. C. A, Oriick sod A. M. Jzcobs, The ABL Procedure
Jor Calculation cf the 1.; of Propeliants Which Yield
& Condensible Exhaust Produci, Allegany Ballistics
Laboratory, Hercules Powder Company, ABL/X-34,
March 1939, Contract NOrd 16640, CONFIDEN.
TIAL (SPIA Abstract No., 19064),

22 ). Comwr, lox. cit., p. 128,

23. Standard Meshods and Procedures for the Deiermi.

nation of Hw of Explosion of Rocket Propellamt

vy Department, Bureau of Ordnance,

NAVORD OD 9378, § June 1953 (SPIA Abstract
No. 13,318).

24. Army Servics Forces, Proof Directive 12, 3rd revi-
Kon, 12 February 1946,

28. Joint Army-Navy-Air Force Solid Propellant Rocket
Siatic Test Panel, Dacdpﬂon of Static Test Facilities

m!mpdhmhhtmﬂmwy Applied Physics
l-thoruoty The Johms Hogpking University, Siiver

26.? A. Warres, E. L, Anderson and P. M. l(n.Evalu~
WMMIPMI—\ASWQ

, Southwest Regearch Institute,
laport RS 287, 31 !umry 1959, CONFIDENTIAL
(SPIA Absiract No. 19181),

27. F. J. Malina, “Charscteristics of the Rocket Motor
Uit Based on the Theory of ’erfect Gases,” /. Frank-
lin Inst., 230, 433 (1940).

28. H. 8, Seifert and J. C\'llﬂl,ThruﬂCoeﬁdeulandE»
pansion Ratio Tables, Ramo Wooldridge Corpora.
tion, Guided Missile Research Division, 29 February
1956 (SPIA Abstract No, 17368).

29. H. Mursour, “Sur les lois de combustion des poudres
colloidales. 3° note,” Bull. soc. chim. France, 41,
1451 (1927); ibid., “Sur les lois de combustion des

colloldales. 4° note,” Sull. soc. chim. France,
47, 261 (1930); ibid., *Sur une théorie de la com-
bustics, ea vase clos, des poudres colicidelrs,” Compt,
rend., 1932, 227 (1931); H. Muracur and W. Schy-
macher, “Ls de combustion des poudru col-
loldales sous la pression atraosphérique,” Aém.
‘poudres, 27, 87 (1937). (Summarized in J. Comer,

loc. ¢it., pp. 43-3.)

30. B. L. Crawford, Jr., C. Huggett and J. J. McBrady,
“The Mechanism of the Burning of Double-Base Pro-
pellants,” J. Phys. Chem., $4, 854 (1950).

31 Pbbal'!, Traité d'Aﬂ"lcrk. 1839 a3 cited in J. Taylor,
Solid Propellent and Exothermic Compositions, p. 56,
Publishprs,

Inc., New York, New York,
1923,
32. ). Tayloz, Solid P
tions, p. 56,
New York, 1959. ,

33. M. Summerficld, B
Perchlorate Propel
of a Compodu
American Roc

llent and Exo'hcrmic Composi-
Publishers, Inc., New York,

Ing Machanism of Ammonium

s. Part II. Theory of Burning

Propeliant, paper presented at
ket | Soclety 13th Annual Mesting,
17-21 Nmbc 1958, New York, New York,

34, 3. Coruer, loc. cis., p. 71.

/ 25

!
;

’

35. W. H. Avery, R. E. Hunt and M. N. Doails,

Burning-
Rate Studies of Doubls-Base Powder, Allagany 3al-

Laboratory, George Washington Univanity,
ABL/P-1, OSRD 5827, Jaruary 1946, CONFIDEN-
TIAL (SPIA Abstruct No. 0514); S. Zmachinski and
R. F. Preckel, Strand-Rate Ballistic Studies of Ple-
tean-Type Propellants, Hercvles Powder Comg“’;;
ABL/¥-13, December 1948, Contract NOxd )

NFIDENTIAL.

36. Allegany Ballistics Laboratory, George 'Washington
Univenity, loc, cit., p. 45.

37. J. H. Godsey and R. F. Preckel, Strand Rare Ballistic
Srudies of Plateau-Type Propellants. Part 1V. Char-
acteristics of Various Ballistic Modifiers, Allegany
Ballistics La Hercules Powder Company,
ABL/P-28, April 1935 Contrsct NOrd 10411, OOH-
FIDENTIAL (SPIA Abstract No. 15,209).

. 38, }. Comex, loc. cit., p. 73.

39, F. T. McClure, R. W, Hart and J. F, Bird, Sokd
Propellant Rocket Motors as Acoustic Orcilletors,
Applied Physics Laboratory, The Johns Hopkins Uni-
;‘my‘.’ ;.?on TG 335-3, 5§ October 1959, Contract

40. J, Corner, “The Effect of Turbulence on Heterogene-
ous Reaction Rates,” Trans. Faraday Soc., 43, 635
(1947). (Summarized in J. Corner, Theory of the In-
terior Ballistics of Guns, p. 74, Jobhn Wiley & Sons.
Ipc., New York, New York. 1950.)

41. Rohm & Haas Company, Redstone Arsenal Research
Division, Quarterly Progress Repor: on Interior Bal-
listics, Report No. P-54-9, 15 April-13 july, 1954,
Contract W-01-021-ORD-334, CONFIDENTIAL
(SPIA Abstract No. 14391); G, Robiliard and J. M.
Lencir, The Development of a New Erodn Burning
Law, Jet Propulsion Laboratory, California Institute
of Techuology, Bulletin of the Thirtecnth Mesting of
the Joint Army-Navy-Air Force Solid mp.luz
Group, Vol. I, p. 441, CONFIDENTIAL, Solid
pellast Information Aawcy Aps Yied Physics hbou-
hr‘yryh'l:i Johns Hopkins Univ: ity Silver Spilag.

42. A.L. Antoaio, Development of Internal-Burning Solid
Propelians Rockets, Arerciet-General Corporstion,
Acrojet Report L3032/35-2, 16 November 1930,

CONFIDENTIAL (SPIA Abstract No, 10731).

43. R. P. Smith and D. F, , Developmens of
Internal-Burning Solid-Propellant Rockets. Funde-
mentel Studies of Unszable Burning of Asroplex Pro-
pellants, Asrojet Corporation, Asrcjet Report
606 (Final), 4 June 1952, CONFIDENTIAL (SPIA
Abstruct No. 12189).

44, G, E. Mbe, Investigation of Unstable Resonance
Burning, Allegany Ballistics Laborstory, Hercules
Powder Company, ABL/MPR 46 (p. 7 of Monthly
Progress Report 46), 1 August 1933, Contract NOrd
10431, CONFIDENTIAL (SPIA Abnnet No. 15552).

45. R. L. Lou and R. C. Kriger, Effect of Chemical Add-
tives on Unstable Burning, ral Corpora-
tion, Aerojet Report 1.2798-18, -19 (16 October~1$
Decomber 1957}, 10 January 1937, Contract NOrd
::.JO’J) CONFIDBNTIAL (SPIA Abstract No.

B 4l A A b A

e
cou

e e R st e o s ks ¢

reakite an i Sk o i

st i



Y i BT R P00 b A

i

AP At

L L T e e

4¢. V. Philipchak, Doubie-Base Cast Propelisnt, Amess-
ment of Fire and Explosion Hazard During Menufec-
turs, Nava] Proving Ground, Report 834, 11 August
1951, CONFIDENTIAL (SFIA Abstract No. 11162).

47. Robm & Haas Compsay, Redetone Arsesal Research
Division, Quarterly Progress Report on Insevior Bal-
Ystics (April 15, 1956 10 July 15, 1956;, Roport No.
P-56-14, 10 August 1sso,cxmwwm-ozxoan
334, CONFIDENTIAL (SPIA Abwiract No. 16442);
ibid., 5. R. Hyndman, W. W. Branioa, H. M, Shuey,
Deflagration-Detonation Studies of Solid
Bulletin of the Twaifth Mestiag of the Joint Army-
Navy-Air Force Solid Propsilant Group, Vol. 1L, p. 9%,
CONFIDENTIAL, %lid Propeliant Information

Agency, Applied Physica Laboratory, The Jobag Hop-
kins University, Silver Spriag, Maryisad.

4&A.M"l‘nahh- Dellagration 0 Detona-
a:s,: Explosives,” J. Chem, Phys.. 31, 162

49. 8. 1. Jacobs, “Recent Advasces in Condenved Media
Detonations,” ARS Journel, 38, 151 (1960).

52, Jmo Mennal Voiume 1.

350. L. E Smitk, Jr., C. S. Ingram sad T. Walsh, Bel-

¥wic Test Methods—Closed Bomb Ten Variablas. A
Review of Proof Directive 12, 3rd Revision, Febre-
ory 13, 1946, Saxfiower Ovdeance Works, Hercules
Powder Company, § July 1939.

51. M. L. Ries, J. Holl, B. Walss sad A. C. Scurlock,

AMOIMWCMWMW
C-10 Casapuls, Atiantic Repesrch Corporation, No-
vambey 1952, Comtract NOwd 10721, CONFIDEN-
MWMNQIWHKLRMT
M.‘A.G Comparizon of Steam

oty 1934, Costract NOd
nom oou miﬂ’ ‘Abstract :

14,403).

Barly Experimental Joto
Units, Solid Propellant Information Agescy,
SMA /M1, CONFIDENTIAL; Rovket Motor Manuel.
Volme 11 (of Jeso Manwsi), "Units mm Inter-
CONFIDENTIAL,

o8, SPIA/M], Propeflaat
Tnformation Physics Laboratory, The

Sohme Hopkins Usiversky, Sitver Sycing, Moryiesd

CJ

s

m




o et e el 4= e 1 T

T T e s T s 9 .

= e e e s = P

et b e

A e D TR e

T T

)

RN

e, Lt AT T T

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
indicating 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 3.0
16 3.0 30 50
16 30 40 50
16 3.0 %0 50
20 3.0 50 30
40 3.0 100 50
43 20 340 3.0
100 50 140 150
100 30 40 50.0
100 1.0 200 0.0
32/64% 3 4 12
6 3 12 12
b 3 z 12
10 3 . 12
12 3 16 12
16 3 ¥ 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

Siove size (maximnen parcent) Siove sine (-u‘hm)
Military Grade 8
JANC 9/16 inch 0 e lach ]
JAN D 4 3 16 s
JAN A 12 3 40 s
Commarcial Grade 3
“B" Blasting
oce 40/64¢ 15 32/64¢ 73
oC 3664 75 24/64 78
C 27164 18 18/64 18
F 20/64 18 s 73
FE 4 18 8 13
FFF [ 13 16 75
“FRFF 12 7.5 « 73
‘Meal BB 16 75 — -
Msal BD 40 15 —_ —

!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 long been known and is recog-

36
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Figurs 23, Biack Powdsr Manufocturing Process ¥
rework in the wheel 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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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 weil 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 burning rate, because of its lower price.
Black powder does not detonate, even when ini-
tisted with x blasting cap. The observed propaga-
tion rates of 100 to 600 m/sec’-'! when confined
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

- s ——— 7 — —EnS

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)

S Attt
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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




=

TR,

o

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 '
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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
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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 propotion of ether and aicohoi used in
this determinanoa is representative of the gystem
involved in the manufacture of propeliants, where
the nitrocellulose imbibes all of the solvent and po
ssparaie solvent phase is present. Nevertheless, es
shown in Figure 27, under the microscope mdi-
widual fibers can be seen o have maintained their
tdentty & Lapiaslcized propellan: made from
military tlerd with ethor-gloohol solvent. Intro-
duction of plasticizer inio the formula usually
obliterates this p1 . nomenon compictely. The rea-
son for this is that nbibitioa of seivent paus plast-
cizer so softens the nirocellulose fibers that the
fibrous strwcture is destroved by *he mechanical
fom's acting Juring muung and mba:qucm opers

.y e

forir. Tiaettlll e wTTLERESTE & WUy OITID
followe generally the solubility in ether-alcohos.

Solvenis ';hen used to fabrcatle doubie-base pro-
pellants w.ually comtain acetone, in which all of
the military grades of nitroceltulose are soluble,
Determization of ether-alcohol soludility has liale
res! sigmfeance ¢iiuer o the manulachise or per-
formance of a propeliant 1t does serve to indicase
that 2 gjven lot of pitrocelulose resembies the
partcular n'-rocellulose used whern the propeZant
was originally standardized.

34-1.1.3, Hygroscopicity. The moistur: content
of npitrocellulose 1> equilibrium with a sararsted
atmosphere at 25°C has been expressed’ by the

mmtm

405.8 — 287N )
SBTIiT =N 32;

wheit N is the peroent nitrogen in the nitroceliu.
lose. Fromtm_'equnnonhncbemumwd'hc
values shown in Table 8 for the miirocellw-see
used in propeilasts.
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Courtesy of E 1 duPon, de Nervmrs & Compan, lo;

fagure 27. Cross Sechion of Groin of IMR Smokeless Pcwder for Jmall Arms,
Photogrophed in Uhiaviolet Light, 112> Mog ~ificction
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TABLE 8. HYGROSCOPICITY OF

MNTRX ELLULOSE
Niusogen in
Murocelfulos: Watr-
{pwrcest) {prercent
1Y 40 (L)
1348 i37
1260 .38
it 1%}

The oanure of this reiationship mey be explained
on the basis that « is the unnitraled —OH sroups
of the nitroreliulose that sord moistwe,

345-1.1.4. Vierselty. Viscosity in very dilute so-
fonon is a quantitotive measure of the avesage
molecular weight of & polymer, a5 shwn by the
equation®

1f 4 Y _ DP
nC 5 0 E(;;“’ RSN CE)

where 5 is the measured viscasity of the woludon,
g, is the viscosity of the solvent, C is the concon-
wation of the pitrmmlivisse in the solution, and
DP is the degree of polymerization The value 200
is empurical aad vare slightly with the degree of
substitution and with the tolveni used. The figwe
shown here is used for acetone sofution. The lof:
member of Equation 53 is known as the intrin-
sic viscosity. The ratio i is called the relative

Ay Mgher conoen raten secondary efiects, ot
compietely identified, influenoce the viscosity. For
exampie, two nittocelinlcies of different origin,
showing «he same intrinsic viscosity, may have
widely differiag measured viscosities in more con-
centrated solution. For propeliant use viscosity is
measured' by timing the fall of a & ,-inch siee!
kall through a 10 percent solution of nitrocelluiose
in sctione. Typicil values of nitroceliulose wis-
cotity for propellants are 6 to 25 secords, but
mitt oceilujoses of higher and lower viscosities are
sometimes used. Th comditions of the viscosity
determination are pot representative of ar; con-
ditions present during propeliant manufacth re
The detormination has as ity principal significance
the assurance that the nitroceliulose examined re-
wmbles that used in the standardized propellant

36-1... Other polymers. The polymier in the
propeliant peed not be nitrocelfulose. Other ener-
geic polymwers raay be used such as poly(vinyl

48

nit'ate), polyipewrin acrviaw), pelyitrinitroethy!
acrylan), amd even fuch-type polymers such an
celivlose acetale of polyimethyl methacrylate), Ir
th-s: cases the negative o deficien: contribution
on thy pant of the polymer to the forwe of the
prof <llant is overcome by the °se of oxidans plast-
wazets suth as nitroplyeerin and other nitrate esters.
Croi polymers if used must be physically com-
patitle with i hot plasticizess. This accounts for
the fact that the cool polymers cited above are M
esters.

Celiulose ac-tates, ke nitrocelivlose, are de-

rived from cellulose, are not completely esterified,
and are characierized by degree of cslerification
(e.pressed & percent combined aceiic acid) and
by viscesity. Also bke nitrocellulose, s cellulose
acetnl in 2 propeliant has its highest degree of
polymerization at the time of introduction into the
mixer.
Synithesic polymers may be polymerized in ad-
vance of introduction, in which case charac-
ter.zation is possible. Alterpatively, they can be
polymerized ir, situ after orixing.

362 Stablizer. In commen with oiher ofganic
chemicals, nitroceliulose tends to deteriorate with
age by a process known as thermal decomposition
In the case ¢ nittocellulose, therme! decomposi-
tion staris with the splitting off of NO; from the
nitraze groups ' This NO, reacts immediaiely with
Sifans madia in i propidan (mluding cibo
celiufose) and 13 evolved as NO. The secondary
reaction of the NQ, with the nitroceliulose accel-
erates the thermnal decoinposition. Hence thermal
decomposition should be minimized by adding to
the formula 2 chemical that will react ith the
NO; w0 give a stabk product and thus prevent
secondary scacaon of NO, with nitrcoellulose.
The other product resulling from the loss of the
NO, is s bound free radical which also tends to
react further to more stable products. An additive
to remove the frez radical character of (ne residue
shouid also resuil in stabiliving the propeliant.
Nitroglycerin behaves in a manner similar to that
of nitrocel'ulose and can Y stabilazed in the sapw
way The stabilizers in curren® Jse in the Unijted
Siates are dip! snylaming, 2-nirodiphenylamir.e,
and ethyl centralite These zre i weak bases,
but they function by being nitrated rather than
by forn avion of salts Onher siabilize s taat have
been propused include M-ethylaniline, carbazois,




£-ne-olin, and N-methyl-p nitroandine Minera!
jells. 2n unsaturated aliphatic. function: as th
stabilizer in some Writish progellanty

3-2.1, Diphesnyltamine, Diphenylamine,
(CoHy 3 NH, i« prepared by subjecting aniline U
high tempersture in an autnclave,

2C1“5NH2 = (C@H",)’NH + N.Hs (54)

1t history in the aging of propeliants has bran
traced ' The first reaction product is dipbenyl-
ritrosoamjne, (CgH;),NNO, followed b,V nng
nitratics. Diphepylamine is sufbiciently basic to
attack pitroglycerin, so that ity main use is 1n
si: gle-basc propellants.

3(-2.2, 2-Nitredighenylambee. 2-Nitrodipheny!-
amune is Jess basic then diphenylamine and is inen
toward mitrogiycei.n while stll being a good sta-
bilizer it is preferred to diphenylamine a: a stabs-
Ezzr for double-bas: propellants. It is made by
reacting 1-<chloro-2-pitrobenzens with sniline.

Cp O - Or O o

3§-1.3. Ethyi costralite, Ethy! ceniraliie, cen-
tralite-1, or centralite for short, is sym-dethyldi-
pheaylures, COIN(CaH  HCaHy)ly . 1t is made by
reacting phosgene with N-ethyl- or N N-dietnyi-
ariline. Its reaction history is considerably more
complicated then that of &obesrlamin: eading
up with nitrated anilines* The methyl analog.
centralite-2 or sym-duncthy'diphenylures, i siso
koown and is used somewha! abruad. The cea-
trali'*s a ¢ coosidered to be somewhat less effec-
tive as stabilizers than 2-nitrcdiphenylamine, but
they are alswo quite good plastcizers. When found
ia propellants they are frequsotly used at higher
fractions than the diphenylemines to take scdvan-
tage of their pdasticizing properises.

36-}, OxidamtLype plastickers. The r:quired
yroperues of an oxidant-type plasticizer arc that
it coniribute oxihzing as well -3 fuel elements 1o
the composition, tha it be physically compatible
wit; the polymer, and that its vapor pressure ovel
the composition be low enough thai the composi-
tion will not change substantially over the ife of
the propellant

Nutroglvoerin was the original caidant tyj= plas
ticizer and it is sull the most used of this type
plasticizes in the United States. 1t is usually pre-
pared on the propeilant plant site, by the nitzation
of glycerin wilh & mintur o nitric and sulfurk
acide.

Nitrate esters other thon nitogliycenn have 2's0
been used In many cases these plasticizers a¢
cooler than the miroceliviose, aeveritheless, piope -
lants in which they are contarned are stll knowr
as double-base. Diethylene glycol dinitrate, DGN,
NOOC H ), ONO,, ard uiethylene glycoi di-
nitrate, TGN, NO(OCH, ;0M0;, are the most
importamt of these nitrates. The ether bonds in
these esters are consideed advantageous in im-
proving low ternperature physical properties of
the propellant. DON har been: used more abroad
than in the United States. Other nitrates for which
feasibility is established are
metriol trinitrate

CH,C((CH,;ONO, ),
1,2.3-butanetriol trinitrate

CH, ONO,CHONO,CHONO,(H,
1,2.4-butanetniol winitrate

CH;ONO;CHORNO,CH,; (H,ONO,

[ oaapts

CH;OHC(CH,ONO;),
diethanoiniyamimn daitrate (DINA)

NON(C HONO;,

36-4. Fuzhirpe plastichrers. As i: the case with
the cuidant hype pisatiowrers, Yol Soor RlasHoeres
must be physically compatibis with the nitrocelu-
lose and should have sufficiently low apor pres-
sure to remain in the propellant during its hfe.
In contrast to the oxidant-type plasticizers, fuel-
tyre plasticizeis conminbute no oxidant or ogly &
little oxidant to the composition and thus tend
reduct th force and flame temperature of the
propeliant. It is difficult 1o draw a sharp line be-
teeen chemicals which are ozidan:-typr plasa-
cuer: and those which are fuel-typ: plasticizers,
this dusiinction is pot really very important amnd
one is perhaps betier off to consider both as nias-
ticizers. Fuel-type plasticizers are frequently the
same pl-sticizers that are found in commercial
plastics and protective coating. They are used
because they are available in quantity at reason-
able pric.s Ttey may be esters such as diethyl, di-
methy!, di-n-butyl, or di-(2-ethylhexyl)phthalate,

W
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such 2a the oonit@iies. of oven sunsra seliy as
vied in the Broesh condite, I othe propouant is
made by a prom 2ss involving & volable sohent, the
rasidual scivent behaves ac a fuei tvpe rlasunizer
ani. differs from the rest of the fucl-tpe plast
“izers only n that it has a highe: vap 1 pressure
than is desirablc Gradua! loss of resicaal sulvent
on aging of propellarts ~all change tie ballisue
characictisues. Choics among the fuel-tvpe plasy-
cizers is wsually made on the bass of zvailability
and cost plus the conmnbunon te *he physical
propertes of the propellant.

36-%, Additives. Th combustion prodacts of
plast:c monopropellants contain gases such as CO
and H; whieh arv combustble in air If the tem-
perature 8! tme of discharge to the atmosphere is
high enough, igniticn of these exhaust producis
in air may take place. This phesomenon ic kpown
as flask, or more ~vec' ficaliy secondary flash Flash
is un ieurable in gunnery because o discloses the
position of the piece and tend: to interfere with
the vision of the gunners, particularly duriag night
Bring In sockeds fiacn can likewiss aford data on
the position of the tauncher. Flash is also respon-
sidle, 2 least in pare, for the attenuaton of radar
signals 10 ard from rocket missiles. interfering
with guidance ana telemetry. 10 avor~ or dimitush
fiock, addy 2t are frequenty incladed in propel
lant comp :“uors to suppre.s this igniton. These
additives .. v take the fona of potassivm salts
which functin as negauve caml sts for the re-
actons of CO and hydrogen wath stmospherw
vrygen, Of the potassium salts available in the
Unitea States, potas. v sulfate is the most fre-
quently used, though potassium nitrate has been
used in some propellanis Potusium cryolite has
beer used abroad in propelisnis mixed ir water
slurry since it is insatuble in water.

Potassium niate and banum nitza’e have been
used in some prope:lants 1o make the propellani
more readily ignitible. Metz'lic un and metallic
fead are examplec of additives in gun propeiianis
to reduce metal foulimg They funation by lower-
ing the nelurz posnt ot copper which is deposited
in the bairei by the projectile during wavel throcgh
the hore

Cerizlr ead and copper salts have been found
effective in loweniog the pressure coefficient of

burmning rare i doubis base wocket propelian
Cartior biach and other pigments have been used
mnosone propeiiants o provide opacity and thus
pioved! mallvwnon due 1o jgniton belov the gur
face at the site of minut imperfection: Mrwl nine
gither an chopped form or surung costinuously
paraite! 10 the vis of end-burning grains increases
the flective buming rate of grains 10 which they
v ancorporated by increasing the burning surfece
Other additives of claimed virtue are found m
some propeiiarts,

Solid products i the propellant gas resulting
from thr incorporaton of adiitives conifibuie to
smoke, which is objectionable fo. reasons similar
to those for flash. The amount of edditive used
for a given purpose, ¢ ¢, flash suppression, must
bte conadered in the light of the contribution to
smoke As discussed i the next sectivg, carbon
may also appear in smoke,

37. Baflistic characteristics. The calonfic values,
fame temperatures, and gas wojumes of plastic
monopropeliants may be estimaizd from the date
of Table 2 (pag. 7). from which can be derived
the force, characteristic velocity, and specific im-
pulse as outhned in Paragraph 8 Calorific values
range dcwrward fiom & maximua of shout | 3
calones per gram o guit* Y% 07 even Degans+
values. It i, surprisirg perhap. thet a propelian:
with a negative calrrific value will bumn o pro-
duce & usetu! working fluid. That it does su is due
1o the fact that thermodynamic equilibrium is oot
anained at low flame temperature and endothermic
specits appears in the gaseous product

Fleme trmaeratures 7. 21 SShalant voluire
may be somewhat over 7000°R tor sporung or
pistol propeliants and may be below 2000°R for
g7 generalor propellanis.

The composition of the gaseous products may
he determined as outlined in Paragraph 7. In gen-
eral, only minor quantites of solid products will
be found from the combustion of plastic mono-
propellant:. The solid products are Jerived from
the additives except that some cool-bumning gas
generawr propeliants tend to be smoky. The amoke
is cabon denved from the propellant somposi-
ton Choice of fuel-type plasticizers hag a con-
siderable effect on smok=, It is claimed that long
carbon chains and particularly benzene rings in
the luci-type plasticizers are inore prone 1o smoke
than are short aliphatic chains '
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Figure 28 Plsical Properties Yersus Polyme: Concemiration

348, Physicsl sooperties. Flastic wonopropellants
are thermoplastic, translucent uniess pigmented,
aivd resemble generally the inen thermoplastics of
commerce. Mary of the physical properties are
wirrmused by the polymer contznt, probably best
expressed in terms of codbotoiuration (weigh' frac-
tion multiplied by speaific gravity) of polymer in
the propellant Figure 28 presents gata om the

$i

ulimawe <trength, deformauon at rupture, cnu
hygroscopicity typica! of these propeliants

33-1. Utimate stremgth. Unplasticized aivo-
cellulose hes au ulimate wnsils or compressive
strength pear 10,000 pai. As plasticizers of any de-
wription are add' d the strensth decreases rapidly
10 values in tht order 3f 2000 psi at a nitrocellu-




lose concentration of % gfce and continaes o
dexresse (o 500 pai at 4.7 groo.

382 Drbormadios s wptwre. ani.!:iciwd

% ammaamth
nitroceiiuloes i3 hard wxd somcwhet Wik, mup-

turing in eithet tension o csnpression &7 ks than
10 percent delormation. Flasticlien improve this
projerty, 10 about S0 percent at a concentatiou
of 0.9 g.'cc snd o 10U percent at 0.7 g "o

384, Lol Bow, Ir common with cther therme-
plasses, plastic monopropeliants bave a teodepcy
wward cold o thet becomes more proncunced
23 the polymer concentatict: i decresscd. This
tender<y can be counteracted by cross-hnking the
poiymer. Bifunctionai OH-reactive chemicals such
&s dusocysnates and enrhydrides have boen used
successfully

38.4. Hygrescopicits. The bygroscopicity of
anplecticzed nitrocellniose prooelant is rouglly
the same as that of the ritroceliulose from whick
it is made Uipon addition of plasticizers the hygro-
wopicity of propellaots drope off a litte more
rapidly that, can be accounted for bv simple dily-
toa of the mucceliulose, indicating that as a mie
plasticiters tend o ioieifere somewhat with the
scrption of water by the unpitrated OH groups of
the nitroceliuiose,

38-3. Deneity. The assumplion seems to b geo-
erlly good that no volume charges ocovr during
the mitng of nivc:elivluse propeliants. Theo
rencal densitics are computed eccording to the
formuula
X

L. (e,
F #

where 2, is the weight fraction snd p, the density

of ingredi~at /. Measured densit:~s of propeliany

& o jut cose tu it vumpuled valuos,

38-4. vapor premymre. Nitrocellubae itself is
poovolatile. Piasticizers in geoeral do have mes~
urshl  but low vapotr pressured. Propellants in
which these plasticizers ars used should and
actu .y do bave vapor pressvres which are the
tum of e patal vapor pressares of the plasy-
ceeny ane volntles, including hygroscopic mos-
tare wnd residus! solveoun The vspor pressure
of nitoglyorii: over propelisnts has been exten-
sively investigated, 't 't withoul, however, substan.
tial agreement &8 to it value.

387, Conllis it of thermy expoattion. Avall
whie daia indicate & thermal apansion coeffx st
for propolants comprising lagely niroceliafos
of shour 10-¢ n/in *C. This 5 consihorably
oreater thao tw expansico coefficient of ehamber
macrials ssually used Celiulose actiate plastc
ha: sbout the 1ame exf spsiot coxflicient as nitre
ccllulose propellant, end this explains th: cse of
cellulose mcetate a5 periphers! inhibitor for mary
large grains 1f the propelient is (0 be zese-bonded
the existence of a cotimiderabie diffetential in e
expanrion coufficieuts reguires that the propeiian.
b deformable, have low modulus and isrge defor-
matioc {e.g., BUU, SPLA,/M2).

358, Fiaoiiciy. Beloa a nitrocellubose coucen-
teation ¢F ebout 09 gla, propelisnts can be
foemed under pressure at temperatures considered
sale for meovfmtuiag operations. I the polvmer
concent ation is much higoer thao this brait, vola-
tile solvent must be used in the marulacluring
process. Whea volatih solvenls are so usd, they
are ¢ stomarily sdded in yufficicnt amoun! ¢ pet-
mi1 guxing and granulating st ambica! tempr.s
ture This requires adding enourh sodvent to kower
the pAymer concepiration W about 0.6 g/oc.

39. Thermai proporties. The theimal devcom-
positou of nirocsdiulose propellanis has beep
introduced in Paragiwph 36-2 under the subject of
stabilizer. Thermal stability of piastic monopropel-
lants iy messured by the 134.5°C ceat test' for
singlz-base propellants, by the 120°C heat test!
for double-base propelients, and by the Tabani
test' for the larger graine used in rckets and
gAs pnemm In sddition s surveillance test't gt
1307°F (65.5°0) is used 10 Indicate the useful hie
of propellants. Theie tests are all ruu at elevated
temperatires in oruc. o get an eod point, ad are
subject 0 the objectior tha i itfupcrature o
efficicats of the deconf usition reactions aic 1ot
previstly known. In the 134.5°0 beat tes! a life of
45 minutes is requured The 65.5°C surveilllance
lite ranges from about 1 yesr for a propeliant con-
taining 40 peroent nivoglycerin to abeut 3 yca:s

for a nlacticizad rine's.haza peopeilant A samp

of 40 percen: nitroglycerin sporing propeliaat
stored under waler since 1899 is sull stable and

reproduces its onginal ballistics.!’

The development of supersonic aircraft carry-
ing munitons and piopeliani-sctuated devices hag
focused anenton on ke life of plasuc monopro

52
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Figwre 2% Re'shumpips umong T, F, and Q for Gun Fropeiianis

p<lants at rlevated temperitures T tesd for thas,
known as the autoignition tes”,' 15 compzaiat vely
new, and not many datp are available Values of
280°F for | hour and 239°F for § houss are
wpiz of propcllants contziung 4U percent rulro-

miae A

B e Tin,

40. Lses. Flastc monupropeilanis have been
used in all i¥pes of engnes, inctuding guns, rinhet
moiors, and gas gencratof

40-1, Gan propellsnts. Wit the exception of
antigies, and some signalling yuns a3 well as mov
ing picture and wlevision weapons where the
smoke puff is at least ar impo-want as any other
=i, ali guns use prop-liasts besed on pitrocalice
leso. Figure 29 shows ww relatonships among
fiame tempssature, 4, force, ., ana heat of ex
ploion, Q. of selected gur propeiiants from
SE1A M2 date sheets From these dara 1t ap-
parent that there i3 no systemats Dativtiie ¢ Ter
ence between single. an. double hase propelianie
2. the same force level and indeed the force and

53

fiamc iemperature sa: by prediied reasonsbis
from the calonf value “he acturacy of such
predicnon approaches tha! of the Hirshfslder-
Sherran cakculanen (Paragraph 763 Y mor: pre-
cision is needed, thw exac! calculay~n (Farspraph
755 should W pifeiiad
ety bevomes unrchiable ol values of J semewhat
helow 800 cai o due 1o faluie to attarn cnemical
equilibnum at the jew resulng ‘cmperature in
the calorimetsic bort.

Ther - 3s a difierence i phvsaical properucs b
wnees sigle- and deuM'e base propeiants at U
san.z forve kovel, doubiy-baze being sofier becadse
of lower polymer content. in the United States
mtrocellutos: concenuenon, of gun ropellante
have been held (o a murimur: of abkat 1% g o
excepr [0 thin-webbed gmtion 90 Wweach mocar
propeilants This nas recessanly led teo res dua’
s teent, parucularly o opropeiians o) large weh
That thee lgh polymer comem w20t really e
qaired “or functonmg in prns s watrcssed by o
fuct that gun propeliants w:th polvmer conconire

T - T s b M Ly
(4",\‘UIIC!'|,N - N1 0
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Figrre X! Specifc impuise of Double-Base Rocke! Propeliants as ¢ Funclion of T,

tion below 0.8 g-oc have long been used in guns
sbroad Bridsh Cordite 8.\ and S.C., s an ex-
amp?e of such & pmpellmx Residual solvent can

.

b\. u.nuu at uz mbn '-n.u yluycun.u\a nun ;uﬂu.u:t
corczntration as hgh ao 1.1 g/ec,' sl propel-
lants with polymer concentretion below 0.9 g/cc
car be manufectured without volatile solvent.

46-1.1. Propeliants for common. Barre! life and
secondary flash wre factors 1o the sedection of
propeilants for cannou. Probably the toost widely
used! cannon propellant in the United States eibi-
tary services is M6. Hotter propellants are useu
wler higher murrle energy i renuired than i
ubw’ad by M4 Cooler p-rvpeumu are used for
guns in which M6 exhibiuy muctie Sah o wi-
scoepiable barrel erosion.

40-12 Propelieaks for small arwe. For many
years IMR prope’ant was the siandard propel-
leni for small aras. Limited besrel tife in bigh

firing rate machine guns has now shown that the
flame (emperature, 2835°K, of IMR is too high.
Cooler propeliants such s M8, T, = 2577°K,
arc now prefared A recent srdy’t fas shoem
that other propellants of the same T, &3 M18 will
yield comparabie barrel life.

48-1.3. Prepelisnis for mortars. High force has
been the design. goal of moriar propeliants. Barrel
erosion RIPCArs to be unimportant and flash can
be toleraiod Flash can be climinuted by using a
cooter propellant, but at the cost of increased
charge weight *'

431 Rockal sad o gemarster prepellwats.
Propellants for rockets und gas generstors bave
wsually considerebly gresier web than gan propel-
lunta bave Fox this reason the polymer coacentes-
ton st be kept low in order to permit removsl
of voladile solvent or manufacture without volsiile
solvent. Lo Figure 30 are sthown the measured ape-

o




BURNING RATE,r, AT 1000 psi, 70 F {in/sec)
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citw impulses of & number of double-base rocket
propellants es & function of flame temperati e,
T,. uaken from selected SPIA/M2 data sheets.
The significance of the line shown is merely that
ihe points shove the line are all high because they
werr either measured at bigher than standard pres-
sufe or calculated, while those below the Line were
messured at lower than standard pressure or with
insufficient expansion and should be corrected
upreard. These data, representing for the most pan
propellants in service use, were reporied before
the acCoption of the standard practice of correcting
messured specific mmpalses to the staevdard condi-
tions described in Paragraph 8-4.

Burning rates of double-base rocket snd gas
generator pmpeumnn 1000 psi, 70°F as a func-

burmng be complete before the rocket leaves the
laanching tube.

JPN was widely used during World War 11,
ootably in the §.0-iach HVAR.

X-# iz 5 more recest high-rate propeliass loss
atcsitive then JPN 10 baliietics changes with chang-
iag wmpersture and pressurs.

AC10 & weed i & booster for launching smci
tacget drone aircealt.

N-$ it weed in the 2.73-isch FFAR “Maghty
Mowss.”

OI0 is used in the Homnst Jobn rocket and in
the booster (fir.t stage) motors fox the Nike Ajax
and Hercules, Ternier, snd Telos missi' s

OGK i waed in the Tervier sustminer motor.
T16 is vaed in a kine charge projecios.

46-3.1. Pregefianis for g geucrobers. As con-
trasted with rocket motors, gas generaiors vsually
require smaller mass fiow of propeflant gas for
Jong ¢ tmes, therefore lower buiniag rates. The
difference is quabitative, and for specialized appli-
cations a rocket motor may be best fitted with 2
g2 peaerioe-type propeliant 20d vice verza. Other
requirements for gas generator use miy be cool
dame tempersture o high performance, depend-
ing on the appiicatioe. Typical of double-base g
gencrator propebant compositions i X-13, used
in the Sidewisder gas generator.
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CHAFTER 7

COMPOSITES COMPRISING CRYSTALLINE MONOPROPELLANTS
IN PLASTIC MONOPROPELLANT BINDERS

41, Gemtral. As was shown in Chapter §, crys-
wdlite monopropellants have limited feasibility as
peopellants, the limitations being due o the diffi-
culty in getting cryvials of the size and shape re-
quired for many spplicaiom, sad o the fect that
pure chemicals do not yield & coniinuons spectrum
of thermochesnical properties. The force or char-
acweristic velocity of a given crystalline monopro-
Mvhkmﬂmmermpdmm
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TABLE 9. NONFLASHING PROPELLANTS

MisAl
Deasity, » TTies
Force, F, ft-1b/1b 312.000
Flame tervperature. 7., °K 2546
Gas molecular weight, M 21)

lant M6 and correspondingly greater force. The
reduction in flash compared with M6 is therefore
due iargely 1o the reduction of the combustibke
fraction of the product gas. The coresponding
German nitroguanidine propeliant* is considerably
cooler, employing dicthykene glycol diitrzie in-
stead of nitrogiycerin o5 the plasticizer Since
MI5SA1 has grester force than M6, a somewhat
cooler propellent could still be used effectively in
gum chambered for M6 propeliamt Thres son-
fiashing nitroguanidine are shows in
comparison with Mo in Table 9.

Two avenucs arc cpen for forrulating cooler
sitroguanidine propefiants. O is (G increase U
fraction of nitroguanidine ip the propeiant a¢
the cost of & decreased binder fraction. This may
be Limited by a corresponding sdverse effect on
phrysical properties. The other course is ¥ de-
crease the calorific value of the binder phawe by
substitutiig a cooler plastcizer for that presenty
used. Such a cooler plasticizer may be dicthyicne
giycol dinitrate & in the German formulation or
2 cooler mixture of nitrogiycerin and fuel-type

43.1. High ierce sitogu .~ lme propelusts.
For cenain fiedd uses it is desired to give & pro-
jectile the highest possible murzie velokity. To a
fire approximation the murzie velocity shonid be
goportional to the force of the propeliani. The
Emitation oo stteirment of murde wvelocity by

incressing propeliant force is thai gun erosion is &

T34 Cordite N M8
T ass T 160
315,000 319,900 117,000
2608 2441 2870
217 212 22.¢

function of combustion temperature and increases
ropudly sbove some tempersture level An eco-
nomic belance between muzzke velocity snd gun
wexm for weapons of l-inch or larger bore indi-
cates that the cost in barre] life is too high o pay
for added muzde velonity if the gun chamber gas
teenperstwre s higher than about 3000°K. Fot
rapad-fire weapons the economic chamber gas tom-
peratare is connderably lower than 3000°K

As shown in Tabke 10, propellants containing
mtroguanidine are considerably better than pro-
pellants withowmt mitroguanidine in the sttsirenent
of torce within a permitied mazimum gas tempera-
ture The propellans M17 aad 736 conisin nitro-
gusthixhne, M10 and M2 do not cootxin it.

High forcz mitroguanidine propellants were ap-
pareaty originally developed in the Unifed States *
Further development of this type propellant de-
pends on the abiiity to increasc the fracuon of
nitroguanidine in the propelient, presently limited
by physal properties.

44. Physical prapesties. The physical proper-
ties of these composiizs difler conuderably froma
those of the plestic monopropeliants They are
opaque, chalky white in color unless glazed, snd
exhibit generally Jower physical strength. As may
be scen by comparison with the fue! bind~r com-
positez, Chapter 9, the decrease in pliysical prop-
erties is Bot necessarily due to the volume percent
of iller 1t is more probably due tc the shape of
the njmoguatidine crystals, which are oecdies.

TABLE 16 WIGH FORCK PROPELLANTS

w1
Dusely, 4 157
Force, 7, BB/ 1S 354,000
Phami empersture, 7., ‘K »n?
Oas melocuinr weight, 3 231

™ M0 M2
T ise 147 16
364,300 392.000 30800
300 308¢ 3N
13 244 296
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Figuwe 32. Crom Sectie~ of Triple-Boese Gun Mrepeliont Gioir. Crev1ad Nicok., 31 x Magnification
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With an spumum arysial shape, a volume frac
vor of /0 percent or a weight fisction of 2 httle
mot. than 79 percent should be feasible without
seious degradation of physical properties or manu-
facrurabiiity  As the nitroguanidine-filled propel-
iunts are cusiomanly manufaciured 0y solvent
extrusion, nonparailel oncntation of needles may
B expected to cause bridging and « iterfere wath
aorm ! gshrinkage Juning drying The resulting
resiual strosses in the binder phase may explain
the piysical property deficiencies of these propel-
lants. Nitroguanidine has bean prepared* with a
mor. favorable ciystal habit which improved the
oanifacurabiliny of eusting formulations. It s
interesung to note that in the early Amerkan
studies, experimental propellasts containin? up W
RO percent nitroguanidme were fired in actllery
oeces 8t Aberdeen Proving Giound

45, Thermsl properties. The crystatiine mono-
propelian. wr generaliy more stabde than plastc
monopropeilants, becorning castabl. only near
their metting points. The aging of composies con-
taining them ic therefore duc mainly 1o the bind:;,
which 15 2 plestit monapsopellant Stablily tesls
dependent on measuring the evolution of oxides
+f nitrogen from a fixed weigit of propetlant -
dicaic bener stabiby for dhewe composiles than
for oedinar; rivcoo:lluloss momoprapwiisnee, ¢ his
indicated increased s aciiiy weay 64% e real Auto-
ignition temperatures for varsous kengths of expo-
sure may be expected wo be higher than for the
binder: asone, due to this same binder ailution,
provided that the melting points of the cry .talline
monoprupeflants st not oo closely approached
n the a1

46. Manuinctaring process. The manufaciuring
process used for the nitroguaridine propellants in
the United States has been uniformly solvent ex-
trusior. The nittorellulose concentration in the
binder phasc is low coOUgh to sugges: that a sol-
wentless procedure rouid be used The amount of
solveat uacd it quite Jow and the propellant duning
AXTWEOn is very s0ft 50 thit if is sometime: neces-

P oY

sary W wy iht exteacd sownd purisily Defore

1 2]

cutting. 17 order not te defoita the cross section at
the cut Removal of solvent from the composites
1s much more rapid, due posutly to diffuston of
solvent within the grain along the ¢ ystal-plastic
interfaces This does not mean that Jdrying tres
should be reduced In order to make & good
quality grain it is necessary to use low et drying
temperanures and times comparable to thow for
conventional smokekss powders in order to avoid
steep solvent gradionts and resulting asstortion and
crackng.

A photostucrograph of a cioss sevtion of a nitru-
guanidine propellant grain' is shown in Figure 31
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CHAPTER §
MANUFACTURING PROCESSES FOR SMOXELESS POWDER

47, Geo~ral. No cne manufsciunng process
wiil produes the 2 noie specuum of piasuc mono-
propeilants A tive case » th commercial inert
thermoplastics, 8 wide vanty of manufactunng
processes has been devetoped to make different
propeliant graias Nearly every fabrication proc-
ess used by the commercial plastics industry has
been used for propelianty in fact some processes
used for propeliants have nat yet been used by the
piastics industry For any given process the dif-
ference between use for propelianis and use for
inert plastics it that the conseyuences of 2 Fre
during processing propellants are severe and ex-
traordinary pizcautions mus! be taken to prevent
fires and to control them if they do occur Aside
from details in the design of equipment, the most
striking feature of propeliant manufsctunng proc-
esses has been the requirement to handie the me-
terial in process in baiches of faite size, separated
from other operations by dutance: such that the
}oss of a charge and its containing equipment will
not entail propagation to neighbonng operations
This requireinent has, until recently, discouraged
th- development of conunuous processes, and is
still a problem to people currentdy working on
contizuous processes

Importart processes used ior nitrocellulose sys-
tem propellants are solvent eairusion, solfvent
emulsion, rolling of sheets, sciventiess exuwusion,
the cast double-base process, and slurry casting.
Since nitrocellwose is commonly manulactured
alsc a2 the propeiiant iacility, its manufacture too
is described bere.

48. Nirocellwiose, The process instalied 1n the
ordnance works, ad alw widely used commer-
aialty, 15 the Du Font mechanical dippeng process
Continuous processes have been installed by one
or more commerial producers but the details have
not been published 1t is believed that these proc-
esses are enginecring agapiations of the mechani-
~al dipmng process. The flowsheet of the Du Pont
process is shown in Figure 33

Cellulose in the form of cotion linters is dried on
a m- ing belt in a wnpel drier to a moisture con-
tent well below 1 peroent. Alternatively, sheeted
wood colinlose’ may be dried in the drier and then
shredded. The dried celiulose and mixed nitrating
acid are inwoduced concurtently into the nitralor
(Figure 3¢; where the cellulote s converted to
nicrocellulose At the end of the nitration cycle,
about 25 to 3 minntes, e nitrato? is discharged
by grevity to tw centrifugal wnnge: (Figure 35;
where the spent acid is reiroved. Part of the spent
acid is sent back to the process for reuse after
butting 1p with fresh acsd The remainder s re-
worked to remove from the system the water
picked up from the nitation The wrung mtro-
cellutose, wet with spenat acid, is quickly drowived
and uansferred to the boiling tubs (Figure 36)
There, for a period of several hours’ depending
on the degree of nitration of the nitrocelivlose, it is
builed in the weak aid resultng from the diluton
of the spent acid not removed in the wringing
operation. This boiling treztment serves to hydre-
lyze an: sulfate ester forned dunng the nitration
The nivoceluloie is next puliped, €.g . IR one oF
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Figere 3i. Collvigm Niveter




Figure 35. Nitrocollutow Wringer:




LS A-m. Photagrapn Hofa~d A

Figure 38 H.riocellviose 8oriing Tuks
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papermaxking incustry, and finalhy “poached” o
boiled in a slightly alkalbine solution w0 ncutiahze
and remove any residual acid. Thorough wathing
completes the punfication cyvcle. In order to accy-
mulate iots of sufficient size, or tr produce a mixed
nitraton grade swch as military blzad, peache:
baiches are bleaded in blending tubs. The Grished
niroceliulose is centrifugally wruig to a water
content of about 25 to 30 percent for Uensfe;
propeliani operations

43-1. Nitrogex cosient. The degroe of nitration
1s controfled by the equilibrium between the mire-
cellulose and the spent acid ' As the acid pene-
wates the cellulose paiticle the surface is first
nitrated 10 equilibnun. with the Lesh acid The

aurd, Devorming dutize by the resijual moisiure o
the cellulose and al.o by the by-produst waler
of the nivrahou reacnion penetates on tarough the
particle, leaving behund mtrocelluose of shghty
Gacreasany degrer of substnution Tne first mitra
UO™ Tealuorn s quite fapid, but subsequint equr-
hbrazion o adid of dfferent compasiion 15 much
slower and 18 nol comiplers hy ihe end of the
nitfaton op<relon For thus reazon, coreful frac
tonanon of anrogellulose revealy @ spocorun of
nitrogen coatents ia the miror2iwoss.

Cotgn hnters fioers shich have thin cgll walls
and enough twist 1o keep them essennally apart i
the niti ator produce & mitroccllulosw of a parrowsy
substituuon spectium tan wood celivlose <hreds
where regioias of compacuon are found The celivs-
Yosc-acid (auo for woud cellulose is highut than




s 3

that for cotton, resulting w2 greater change of
acid strength dwing the nitration operation. This
adds to the wdth of the nuration spectrum for the
wo0u mitroccilulose banaily, while cuiton eeliulose
15 almost pure polymerized deatran, wood cellu-
lose usually contains an admature of ather sugass
such as xylan and mannar. Thewe become nitrated
and their nitrates burp hike nitrated dextran but
they have sccondary cfiects or. the physicai
strength of the prlymer and its solutian propertics.
For most purposes wood mitroceliulose is a com-
pete substituie for cottor nitrocellulose

Transpiration of moist air in the wnng:r can
cause a lowenng of the nitrogen level by denitra-
tion. A alight hydrolysis oczurs alw in the boiling
operation. Both of these cffects &r- mincr in a
well-conducied operation

48-1 Solubilty. At 12.6 percent nitrogen or
12 2 percent nitvogen nitro~ziivlose is miscible in
all proportions with ether-akcohol Since the ninto-
gen conlent measured is the average across a spec-
trwin, a poorly nitated ccliviose with average
nitrogen content in the solvble range may contain
fractions either morc or less highly substitutec
than are completely miscible. In such cases this
woald be detecicd by a residuc in the solubility
deermination.! Guneotton contains a small frac-
tion that is soluble, either by rezson of low sub-
stitution o7 low degree of polymerization.

48-3. Viscosity. The viscosity of nitrocellulose
is determined by the viscosity (degree of polymen:-
2zuor) of the onginal cellulose and by the wduc-
tion of the degree of polyvmenization incident o
the mitrocellviose manufactunng operations. Most
o ity reduechion ovcurs duriy tiwe niirabon siep,
where it is dependent on the nitration tempera-
wire. Higher nitrating temperatures result in lower
viscoity nitrocelluloses.

48-4. Siguificance of mitrocellgiose properties.
Of the three properties discussed above only the
degree of nit:ation has ball stic significance, affect-
ing the molecular weight and temperature of the
combustion products In order to manufacture a
propeliant of a specificd force, 7, {(7r specific -
pulse) one must either have the proper nitration
of the nitrocellulose or compensaie for the difer-
ence between the prescribed nitroceliulose and the
atrocelluloze at hand by adjusting the proportion
of oxidant plasticizer and fuel plasticizer. In »

voiume production operstion it is preferable to
maintain the nitration degree of the nitrocetlvlose
constant, by control of the nitration operation and
by bicnding. rather than to adjust the foimula
The viscosity and solubility have secondan eflccis
@ the m inufactunng operations in thet they aflect
tir amount of solvent (and plasticizes) required
1o work the propeilant. This is particular’s fruc
durning the solvent extrusion operation wi e
apphied presture is constant and requires approxi-
mately constan: plasticity of the green (solvent-
we:d propellant. The finished dinensions of the
prupiiant are desermined by the solvent coutent
and the die dimensions, so that if the plasticity is
controllcd by varying solvent coitent the dimen-
sional control is forfeited. Similarly for solventhess
extrusions the finished dunrensions arc controlled
by extrusion temperature and die size, 2nd if tem-
peratures are changed to control plasticity duvring
extrusion, control of dimensions is less good For
these reasons nitrocellulose specifications cell for
contror of solubility and viscosity as well as con-
trol of degres of nitration.

49, Solvest extrasisn. In Figure 26 (page 45),
the line 35 divides the polygoe PABC into two
regions. Below SS the physical properties of dhe
system are such that the composition can be
worked and formed at seoable temperatures.
Above the line 55 they cannot be 0 worked. A
composition X in the upper region can be made
only by & process using a volatile sofvent which
is subsequently remaved. A propellant made by
a volatile solvent process always contains some
residua’ wlvent, and residual solvent is onc form
of fuel lacirizer One chould first cetablich »
composiuon X’ such tha: the addition of the re-
sidual solvent o X7 will produce X' To the com-
posibon X7 is added enough volatile solvent to
enable the propeilant to be processed. This results
in the composition X in the mixer which it well
below the line 35, Composition X is frequently
se far 10 the left of line PH that the mix will not
burmn without air, and the hazard situation is
thereby somewhat diminished. Solvent evaporates
during processing and the composiuon oi the ms-
tenal in process creeps back toward X It must
not ctoss the line 5SS until after the last forming
operat:on has been completed. Fina! drying ,aves
the material ar coimposition X. Note that X°, X,
X, aad F are collinear
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figwe 37. Scivent Exirvsion Process

For nitrocelluloses ased for propelisnty in the
United Swates the position of the linc $S corre-
spords roughly to a nitrocellulosr coacentration
{weight fraction multiplied by propeliant density)
in the fimshed propellaot of about 1.0 g/cc. A
volutile solvent proress must be ased for all pro-
peiiants with a greaier nitrocellulose concentration
then this. The solvent eatrusion process is sotne-
times uscd for propellants with jower nitroceliu-
use concentration in ordes to reduce the calorific
value of the mix. Beciuze the residual sofvent con-
ent increases with polymer content angd with the
web, the ;olvent estiusion process can be used
only on grams with fairly thin wabs. It is widely
used for propeliants for guns, including small arms
{12 sporung pieces.

The flor. sheet of the solvent extrusion process
is shown in Figure 37.

The esscntial operatons of the solvent cxtru-
su0 process are mixing, forming, removal of sol-
vent, and finishing. To these operations have been
added 2 number of amiary operaticor decian. d
to save operation time and improve the quality of
the preduct. As indicated by ihe dntted lines, these
auxiliary operations are not invasicbly uved.

49-1. Mixing. The heast of the mixing opera-
tion is the sigma blade mixer, shown in discharpe
positon in Figure 38. To this muxer are 2dded ali

uf the ingredients end solvents used in the par-
ticular propeliant, and it is the function of the
mixer to mix them thoroughly into & singie homo-
geneous plastic phase. The sigma blsde mines v
capable of 2 good mixing job but it has certain
disedvaniages. The shafts of the sigma blades pags
through the end walls of the rixer below the upper
suriace of the materia! being mized. The treat-
ment of the glands through which the shafts pass
is different for diffcrent types of propellant being
processed. For double-base propeiiant it is cus-
tomary to remove the packing. leaving a clearance
between rhe shaft and the wall aperture. A small
amount of the mix leaks out through this clear-
ance and must be collected and destroyed. It is
recogrized that a muner without submerged glands
would be preferable.

49-1.1. Premixing opermtions. The ingredients
may be added singly or in combinstions. if a

comuined add is made, a premuxing operation is
required. Thus nitrocellulow is premized with
alcobol by displacing the water, present in the
mitrocellulose as received, in a hydraulic press
equipped (o pass alcohol through the block under
pressure. The dehy press has two rams. The basket
is first filled with loose, water-wet nitroceilulose.
The press is then clowed snd the nitroceliulose
compressed to a “block™ tu express a portion of

4 4
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Figurs 38. Sigmo biode Miie

the water. Alcobol i then pumped throngh the
block, displucing the remainder of the water. The
deivydrated block is broken, sometimes in 2 “biock
breaker” or picking roll, setoeticwes by haod dur-
ing the charging of the sigma biade mixer, some-
times by the cigma blade itself during the mixing

operstion.

Addition of nit-oglycerin or cther oxadant plas-
ticizer to the dehydrated nitrocellulose is usually,
dat ot always, accomptished in' the Schraeder
bow! shovn o Figure 39. The purpose of this is
to svoid the preacnce of 2 frec vitroglycerin phase
in the sigma biade mixer at any time. Nitogellu-
fose and pitrogiycerin are sometimes mixed in
water slarry, followed by drying and re-wetting
with solvert before mining in the sigma blade
oReT.

tives may be dissolved in the solvent before adding
to0 the sigma blak mixer

The solvenic used m the Unnted States for
solvent-extrusion process propellants are usually
3 ether: 1 alcobol by weight for single-base pro-
pellants and about 1 acctone : | alcobol for double-
base. Othur solvent systems, including esters, are
feasible.

4%1.2. Post-sigma Blace mising epevniiens.
Post-sipms bisde mixing operstions are also some-
time* cmipioyed to shorten the sigma blade mixer
cyck ind ic roprove the quality of the mix. The
macerakon, vown 1o Figure 40, works the mix on
toothed rolls, subjects it 10 8 vigorous tearing
action, and reduses the bulk density of the finished
sigms blade charge, particulwrly if the fiber struc-
ture has not been compietely destroysd st that
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4% 2. Forming The cylindn sl swiaces of the
grain are formed by extrusion through s dic, weing
cither hovisoetal or vertical hydrmulic presses. The
dic dimesniorn mmct be wach @ to yield a green
(solveat-wet) strand of such cross section thet on

varies with the gruin leagth. A cuiting machine
weed for gon propeilant is shown in Figure 42.
The cetting knives asv mousted oo & rotsting Mk,

raie, the smface of the grain being normslly doy.

chenges, they are biended inio lots contalning wp o
500,000 pounds. This blenrding may be done & 2
wwer, i which case the ealire Iot is L.Xea 0 the

Prodects of the salvect extresion procws lecihede
sporting powder in G form of disks snfl short
wabes; single-dese propeliants for small ssmp smch
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Mi, M10, M12,

$3-1. Forming epurstinms. The process stwrts
=itk vw formenon of sphericsi perdoics of aro-
celluiose. The equipment for this operation com-
prises & closed, siesar-jackcted vessel or “still”
shown in Figure 46, equipped with paddic-baflle
or double mrbine agitation and an auxiliory sol-
vent recovery system. Nitrocellulose is dispersed
in a nousolvent (water) and a solvent (cthyl ace-
tate), a stubilizer (dipheoylamine) sod perhaps
othe: additives are added. Additives introduced at
this point muet be insoluble in water and if crystal-
line they must have a particle size that is wnall com-
pared o the sizre of the Snished propellant spheres.
When mixed and hested the ingredients form seps-
rate water and !=CGuer phases. Stabilization of
recinimwed nitrocelluloee’ or even of iocompletely
stabilised new nitrocellulos: ofifl cotsining smali
amounts of morganic acid can be accomplished in
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this low viscosity lacquer phase, using chalk as an
additive to nrutrslize the acid. When a smooth
Iacquer has formed, a prote-tive colloid is added
to form an ensulsioo. The size and size distribution
of the iscguer particles in this emulsion are con-
trolled by the kind and degree of sgitation. A sals
is then added to draw dissolved and emulsifiea
waier by osmosis from the iscquer droplets. Omis-
sicn of the salt vesilts ir 2 lower density product.
The solvent is distilied off by raising the tempera-
tore ard is recovered for reuse. When solvent re-
moval is completz, the slurry is cooled, dewaiered,
and washed to remove the salt and protective coi-
loid. The washed product is reslumied and pumped
to the screening operation.

Screening iy done wet on a series of vibrating
or rotary screens. yielding one or more sizes for
further processing (¢ diffefent end products. The
gruin size range of any cut is within about 10 o0
15 percen: of the average of the cut.

Larger sprheres and more uniform sizes may be
produced by a modification® * of the above proc-
€53 0 which the lacquer is made up in the sbsence
of sonsolvent, extruded via & metering pump and
orifice plate as strands inlo « proprtionate stream
& aonwcdvent contsining the proteciive cobOId,
snd cut w square cylinders. The cylinders assume
a spherical shape during irensfer to the still where
density adjustment (salt) and solvesit removal are
sccomplished as described sbove.

Spheres 50 to 75 microms in diameter suitable
for slurty casting, dexTibed below, sre made'* !

by emuisifying at high shesr, heating the emulsion
10 2 temperature well above the atmospheric boil-
ing point, and fash evaporating the solvent. These
spheres may then be plasticized as  described
below. They are usually costed with a smal
amount of casting plasticizer prior to drying to
minimize accumulstion of a static charge when
dry

50-1. incorperation of plasticizers. Screened
cuts, still in water slurry, are weighed pycoometn-
caliy and pumped int2 a second stili The slurry 1s
again .eated and plasticizers (fue) and /or oxidant)
are added . '* }t nitroglycerir is used it is added
in the form of solvent sc'ution. The plasticizer, or
plasticizer solution, is emulsified before addition
1o the sturry Penetration of the solvent into the
nitrocettulose spheres is » time-temperature Tunc-
udon and may be controlled to Jeave a plasticizer
gradient within the granuk. When the impregns-
tion has been completed the solvent is removed,
l:aving a conirolled amount of solvent in the
granules tc facilitate the coaung op:ratinn,

56-5. Fimishing operations. Coating agents are
again added as cmulsions and the opzration of

coating is periormed at controiied ume and tem-
perature.

In order to get more closely coatrolied web, the
coated propellant may next be passed through
sining rolls whach Aatien the larger balls. The prod-
uct is then dried and finished in the same way
as the corresponding solvent-extuded propeliants.
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Weuter-soluble additives imooseible o add during
the slurry operatsons, may be applice W the sur-
imx of the grains driring the glazing operaaon

51. Relled sheet process. If the propelant 1s to
b used in the form of sheots, sinps, cubes, o
some other form of sectangular geometry, it may
be swirbiy made by 2 rolled sheet proecss. Thus is
basically the process originally vied by Nobel, and
is _0ore extensively used abroad rhar in the United
Swaies. The Bowshex: for this prowess is sbowm in

Figure 47.

$i-1. Miximg. A great deai of Pexibility is pos-
sible wadhin this process Mixing may be accom-
plished either with or without the use of volaule
solvent in a S' racder mixer of in a sigma blade
miker, or it may take place in warer shury If
siurry muxing 1 used, the sull fibrous mix, o1 paste,

77

may be dr Ferred by o ocontrifoze, or draine s of
thryush a filer o1 a nutwch. Further eumination
of water may be accomphshed by wr-drying Final
chiminauon of water or volaule solvent is gsuaby
accomplisheg durin~ the 1olling operation at the
time that the sropellant is consolidated to a sheel,
although dryv.g operatons may be uwed between
passes over the rol's or after the conclusion of the
roli'ng operation.

%1.2. Rollimg. "he 10il mills may be even-speed
(both rolls rotating at the same penipheral speed;
or differential (oi.c roll fasier than the otherj, or
a combination of difierential and cven speed mulls
may e used Outude ihe United States most
rolling operauons are conducted on even-speed
roils b this aperaton the first pass forms a <hest,
whsch 1 folded and or rotated for cach sucozed
ing pass. In the United States differental rddling i

qer
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properly dertidd by time sad roll tsmpersiure
instead of by namber of pasees. A typical roli mill
is shown in Figure 48.

$1.3. Pinishing. Strip powder is made by siit-
ting the shect weivg cquipment sisiler o thet
showa iz, Figure 49 in which rotating knives bess
on the siatet 2 # pesses over & feed radler. Cubes
mey be Aymed by catting packages of cirips with
a guiliotiss. or by feeding shoet stock through a
dicer in which slitting aad chopping are dowe in
axc operstion. individea! shapes such as disks
may be poached from the shoets with a rule die.
During World War 11 treach mcortar incremssats as
illastratd in Figere S0 were mode from shest
powder by the scqueace of opesaticms: sewing
s package of sheots together longitedinally wsing a
sowing machine, siittisg paralial to the oams, sut-

with a mitroceiiuiose coaceatration belov 1 g/cc,
pasticuiarly at webs over O.4-imch, sad in ciom
sictions wp w0 sbowt 7 inches diamwter mmy be
made by the solvoaties: extrwsion process, shows
in Figare 51. The cxismnce of installed capecity
and wealth of ¢apericnce on the solvemt extiu-
sca process hae discouraged Uslted Staies woe
of the solventices extrusion process for webs less
thas O 4-inch, akkhough slwosd webs considerably
Saame have bebe ciiiwbied withoel soivewi. The
upper sise nmit s been set by the ability of a die
in a 15-inch press %0 form 3 pesrfectly consolideted
grav. finoe World War I1 work both is the United
States snd abvond hes indicsted the pomibility of
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0 grain blasks between pressing cyches. The por-
ton of the strand remaiaing in the dic betwesn
extragion cycies i kaowe s the seck and is cssce-
tially comgressios-molded. It has different disnce-
shois from the extraded strand due %0 amnsaling
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weed with solvestiess extruded grains. The sol-
weatr sre subsequently removed by diffusion aec
oo

$2.3. Flows. Any imperiections in the propel-
Last temd 0 be ciougated in the axial direction as
2 result of the extrusion ;meration. Thiz iz el
m0t serious when buming of the grain ‘<« m the
radial direction becaus: ro £ a1 amount of us-
planned additional surface is caposed whes the
tuming surface mects the fiav . Inspection oo a s~
tistical baiis coupl-d with quality cootro! through-
out the operativn i+ adequate @ mmintain such
flews at an acceplabic minimumm. When the grain
produced is an end-burncr, however, no axial
flaws may be permiticd. Great care must be taken
0 reject amy grains containing such Gaws. Flaw
detection may be done with X-rays or supersosics.

U 8 Army Fhstagraph Snnflen Grdasnce Werke
Figure 34. Solvention Exgresien Prom

53. Casl dashie-hene grocem. The cast donbie-
bese process s uwsed w0 form propeliants in sy
geometry mod in sizes from abowt 1 inch in dissn-
eter up 10 unlimited size, It uses as imtermediates
casting powder, which may be made cither by
solvent excresion (short cylinders about O N3-inch
m giamewr by 0.03-inch long) or by the Ball
Powder process (tpheres of similar dimension),
and casting solvent, which is a mixtare of plasti-
mmhﬁm’dhmm‘m
abowi | g/cc, awd e fimied propeiiant ooCapacs
the same voluame s its casting powde: This re-
sults in 2 maximum mitroceliulose conceatration
in the cust propetiant of sbout 1 g/cc. Cast double-
base propellants erv therefore possibie in the same
range of compositions as solventiess exLudied
propeliants.
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Figure 55. Cost Dovble-Base Process

The fiowsheet of the process iz shown in Fig-
-re 53.

nl.(*‘l'hempommuﬁm

propeliant has become really homogrocous.
The circumferental inhibitor required of car-

wridge-fype internal buming grains is asually
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predabricaitd siod kown as Wk beaker. s wsd
a8 pant of the motd. If & cawe-bonded gruin is called
for, the case is first lined with any required insuls-
tios and with & surface to which the propetia
will bood. The case ther becomis pant of the mold.
Typical ;wold parts are shown in Sigure 56.

The assembiod mnld =nd acoesvones are shown
i2 Figure £7. The Gow o casting solvent miay be
upward, downward, or radial through the mnid.

As ¢ resuli of blending giant “ots of casting pow-
der sod carefully cootrolling the composition of
casting solvent, Jarge Jots of cast grains can be pre-
pared with an excellent withain-lot rcproc.cibility.

83-2. Cwring. The curing operstion, duricg
which coslesorace is compieted, is done ar ele-
vated temperatures (about 140°F) and requires
stomt 3 days afeer the grain has come %0 curing
sempersture. After the completion of the cure the
mold is disassembled and cleaned for reuse. The
grain is finished by sawing to length and machining
any designed surfaces not produced by the moid.

A fmished gruin is shown in Figure 58.

$3-4. Uses o propsliants made by cast duable-
base precess. Examples of propellants produced
by casting are OGK, 010, snd BPY foc cartridge

applications and BUU, a case-boaded propellsnt.
Note that these compoditions must be brokca down

$4. Siwry cnsting precems. When the total voi-
wae of the guid ingredients eaceeds sbout 30
percent of the volume of the composition it be-
comes possible 1o suspend the solicds, including the
polymer, in the naixed liquids and pour the resuli-
ing slurry directly inwo th: m_)d. in this instance

ﬁ%%lﬁtu'hﬂuvw%&-ﬁ?&
components & tie temperatures of mixing and
casting and yet readily soluble mi curing tem-

pgerature. At least three such processes have boen
described . 1v1

1. J. R. Du Post, “Mansfacture of Cellutoss Nizate for
Prroxylis Pisstace,™ Chems. Met. Eny.. 36, 11 (1512}

2. Kk L Ser (o tHorceles Powder Corpeny), U. S,
Patent 2,028,000 (1936).

Y. JAN-R.244, Nitrocelluiose (For U in Krplosves;
(31 July 1945) with Arwndmens-! {27 1
1945)

4. E. Berl, K. X. Anoress and E Escales, Beitrige car
Kenminis de; Mischsdure, p. 32, ). F. Lehmana,
Munich, Germany, 1937, (Summantad in J. Barsha,
Derivanives of Celislose. Section ¥ Inorpanic Esters,
i E. Ou, e al. IM-LCM-#CMD:
rivatives, 20d editics, Pant 'L, p. 720,

Publishers, Inc., NewYost.Nn‘nﬂt.l’S‘)

5. F. Oleen, G. L. Tibbutts and E. B. W. Xeron: (W
Western Cartridge Company), U. & Patest 2,027,114
(1936},

6. H F. Schacfer {io Westers Castridge Compaay), U. S.
Patent 2,160,626 (1939).

7. MIL-P-3%84, Propeliants, for Small Arms Ammuni-
tion, Calibers 30 to 30 MM Inxlusive. Excepi Blank
and Caliber 45 (30 November 1936).

T 3. ! OMell, Jr. and G. R. Cox (w0 COtim Mathie
ssa Coemical Carporstica), 1. S. Peteat 2,740,708
(1956).

2 13 ). ONeill, Jr. and G. R Cox (10 Otin Mathie-
son Chemical Corporation), U. S. Paleot 2,230,886
(193%),

0. . L. Cook amd E. A. Andrew {0 Ofin Mathicwon
Chemical Corporation), U. S. Patent 2,888,713 {19359).

11. E. A. Andrew (o Olin Mathieson Chemical Corpors-
tios), U. §. Patent 2,929,107 (1960). .

1. G. A McBridc (1o Western Cartridge Compeny),
U. S. Palent 1955927 (1934).

12, W_E. Wagetr (50 Western Cartridge Compuny), U. 8.
Patcst 2,008,889 (1915).

14. C. E Sidk (to Western Cartridpge Company), U. S.
Pateal 2,135,804 (194)).

1. F J. OHaill, Jr. %0 Olin Maibissoe Chemical Cor-
poration), U. S. Patemt 2.9!6 775 (1939). E. A Andrew
(o Ol Mathieaon Chemical Corporstoos), U. 3.
Patent 2.919,1¢:7 (1960).

. A W. Soar and D. }. Mann {to AUantic Rezearch
prarub.m ), U. S. Paieats 2,931,800 and 2.931,801
(1960).

17. ). Reinkart, W. E Stumy, M. L. Bovee, P O. Sl
aad A, T. Camp, Nitraso! Propellents—Composite
Propellan: Formulatzions Besed on e Plastizol Nigro-
cellnlore-Pratscrythritol Trinitrate Binder, Navy}
Ordnance Test Staticn, Bulletin of The Fourteenth
Maetting of The Joist Arwy-Navy-Air Force Solid
Propeliss: Qroup, Vo 1V, p. 9,
memw Applied riyim
Laboratory, The Johms Hoplins University, Silver
sprag. Marylasd.
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CHAPTRR ¢
FURL BINDER COMPOSITES

58. Genernl The fust fuel binder composites
in the United States were develiped during Workd
¥ u 11 in response to 8 need for graine for we in
mircraft jatos. Smokeless powden Mad been widely
used for gun propellants and Kwd been made
abroad by solventess caxtrusion into grant
artiflery rockets, and solventiess extrusion was
being dkveloped in tiis country. It was not imme-
diately apparent thst smokeless powder could be
fabricated into grain cross sections of the size
required for such jato use, swch cross sectious
being beyord the capecity of existing or conlem-
plated presses The black powder art had demon-

-strated that a solid propeliant nexd not be a

monopropeliant

Lxisting black powder manulacturing tech-
niqu s would po: produce large grains. The exist-
ng black powder formela was Jess energetic than
degired. Substitution of s hydrocarbon for the
sulfur aod charcou of black powder put all of
the focl into the binder p*as. increasing the vol-
ume fraction of binder to a puint where a casting
operation became feasibde. At the xame time oxi-
dation of the hydrocarbon led to products (includ-
ing H; axd H;O) of lower average molecular
weight then those Aerived from black powder. Sub-
stitutior of potassium perchlorate for pcaassium
uitrate increased oxygen coalent per anit volume
of filler and decreased the weight of solid residuc
per unit weight of propel'ant. The asphalt-potas-
sum perchiorate interim propellant successfully
established the position of fue! binder composites
i ibe propeiizni Beid and encouwraged furthes
development.

The first major itnprovement was the substitu-
tion of a polymer sysiem for the asphalt. The filler
wm mixed with binder in monomeric or partially
polyr awed form and cast in that condition. Poly-
men. tion was completed in the curing operation
o the mold, resulung in a grain that would not
cold flow under moderately warm ambient condi-
tiots as “~ouid the asphait.

The second rasjor improvement was the sub-
stiution of ammonium perchiorate for the potas-
mum seit, eliminating inorganic residues and dease
ever, now contained HCl which is somewhat cor-

rosive under conditions of high humscinn. This
ocondition has proven entirely scceplable for condi-
tvons in rocketry where the engines are eapendsed
in a single firing. It is less acceptable for some gas
genersioe uses where the combustion gases remain
in COuiwacCt with metal parts that will be reused.

When considerations other than maximum per-
formarnce, su%.t 2 freedom from corrosive exhiust
o cheapness and availability of raw materials, take
procedence s nmonium nitrate may be used in
place of the ammonium pezchlueate.

The thind mejor development was the subsutu-
tion of an elastomeric binder for the hard polymer
bander. This permiticd cawe bonding of the pro-
pllany and cliination of t' inkibitor from in-
ternal buming grains. Replacement of the inhibitos
by additional propellant increases the mass frac.
tict, or ratio of propellait weighs to Yoad~d motor
weight, and thereby the performance of a rocket.
Continuing need for thermal insulation negates
this advantage of casc boading for end-buming
grains.

$6. Cholee of oxidizer. The differcnces among
the threz oxudizers that have been widely used
in fue! binder composites, potassium perchlorate,
armmotium perchlorate, and ammonium aitrate
are shown mn Table 11 As a matter of interesi,

TABLE 11. OXIDIZFRS FOR FUEL
BINDER COMPOSITES
KCiC, WHeloy BHw KNGy
Molecular wesghi 13855 117.50 8905 10110
Specific gravity. ¢ 2.52 1.95 N2 A

45 Cla. 0.003¢  0.0042 — ~

WH., — 00170 6.0250 —

“mN., — Cog43 00125 G004y
O, 00288 00340 00 008

. i
Specific volums, . 0397 ¢313 0.580 0474

figures arc inciuded for KNO,;. Following tbe
somwndature of Chaprer 2, te items Gl &
the number of gram atoms of Q1 in one gram ¢!
oxidizer, H,., the number of gram atoms of hydro-
gen. el In the case of potassium perchlorat: pant
of the KCY re<ubting from pyrolysis of the oxidizer
is found 10 be vaporuzed, and par remains in the

i

| 113

e

il




T VTR R TaNE

condensed phase. For L purpose o the present
arguimcint i 19 assumed that hall of u is in the gas
phase. In the cees of smmonium percliorste all
of the chlorine is in th gas phase, and its contri-
bution to the gas volume is W Cl,,. Any hydiogen
will be in the form of cither Hy or H,0, 17 the
ecutribution of the hydrogen of the oxidizer
the combustion prcduct volume is YaH,,. The
oxyger of the oxidizer will appear as OO, CO,,
of H,O and makes no separate coutribution to
the gee volune. In the case of potessium nitrate
it is mssuzied that a sold rewduc of K,C will
exist under operating conditions This removes
one-half atom of oxygen from the quantity svail-
able for nxidining fuel, and the value of G, under
ENQ, it correcied for this.

A meae migaificant comparison of the oxadizens
sppears when they are fosmmulated with a fuel. A
a0 exmple, consider a sexics of propeliants formu-
Iated a1 75 weight percent oxidizers with a bypo-
thetical fuel of composition CH, , sad specific
gravity 1.2, Date conces iing such 2 fuel are shown
it Toble 12 apd for the propellunts in Table 13

TASLE 12. HYPOTHETICAL FF™L

BINDEK CH,
Molecular weigh' 13.%
% H, 0.0556
C 0.0740
Specific volurae, i W.B32

FABLE 13, HYPOTHETICAL
PROPLEILLANTS

K90, NHOO, NHNO, KNGOy
Oxidizer weight 0.75 075 075 0.73

Rinder weigit 025 0325 25 0.2¢
zC 0.0185 0.0I8S 00185 00189
uN —_ 0.0032  0.005 067
¥ H. — 00128 00188 -
¥ H, 00139 0013 GCIIS G019
Y22 el GOOIZ — —_
.‘l‘. 00351  0.05i6 00606 ©.0341
z0 0.0216 8.0255 0.0282 0.018¢
0 - 2. 00031 000 00057 -

(ndNagy volume 0298 0.38% 0.433 0.355
Birdas volume 0.206 0.20¢ 6.208 0.208

Yinal volam» ©.506 0.553 0.643 B.563
Spxlcpgn oy AW 1465 1.56 L
Bind:r volume, ® 41 33 k2] 37

The potassium nittate member of this series of
propellanis is capsile of procucing s much gas

(%) &5 the potassium perchliorate member but

the 1owal svailable oxygen is oaly encugh to oxi-
dizx the carbon 0 CO. This propeilant is bacly
underoxidized, 8.4 potassium nitraie has properly
been ignored in the development of fuel binder

$¢-1. Potamium peschicrate. Potassiun: per-
ciioraic has the comuiderable disadvantagr that
z major part of the KCi formed in its pysolyss
remains condiased under opsraling conditions, re-
sulting in a low gas volurae (;‘i) The rest of the
KTl coacenses in the exhaust, and an)y propellant
formulated with potassiemn perchlorate burns with
a dense white amok:. Linear burning rates of
potassiumn perchloraie propellants wend to be high,
0.8 10 0.9 in/so¢ & 1600 psi. Propellant densities
also are high, 1.8 10 2.0 g/ex, reflecting the high
specific gravity of potassium perchlorate. Specific
impulses are gencrslly below 200 ib-sec/ib, -

i

flecting the low gas volume, (ﬁ) The ptessuze

exporcnt, n (Equaton 31a), tends alse to be high.
Due « the low specibic impulse and smoky ex-
baust, potassium perchiorate propellanis are no
wonger in general use.

36-2. Ammeniem perchlorate. Aminonium
percldoraie avoids most of the dissdvaniages !
poinssivi prrciioaic. Propeiianis Glalinig aiir
moniurn perchloraie burn  substantially  witnoat
rasidue or smoxe, and the oxidizer makes & sub-
satial coatribution to the gas volume, As & rew.gt
of this, specific impulses have been calcuiated w0
ebout 250 and measured to abou! 240 Ib-sec/sec.
The {measured) specific impulses and the flame
temperatures of selected amroonium perchlorate
propeliznts taken from SPIA/M2 dsta sheets are
shown in Figure $9.

As thegs propellints were made up with a vani-
ety of binders, it is apparcnt that specific impulse
and fame temperature arc lazgely determined by
tue weight Joading of the oxidizer. Oser the rangs
55 10 ) weignt percen! oxidizer, the flame tem-
peratures seem o be linear and oearly propor-
tional @ the weigh fraction of oxidizesr. The
specific impuise elso rises with kroasing weigin

[
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fraction of oxidizer but appears  gpproach &
maximum of about 240 Ib-sec/To.

Comparing the two exumples of potassium per-
ralorate propellanis (ALT-161 and AK-i4; with
Ygure 59, it appears that the potsssium perchio-
vale propeliants at about 75 perceat oxadizer are
SGUIvAkED! in specific impulse and fame temper: -
teee to ammonium perchiorate propellanc ai
about 60 percent oxidirer

Burning raies of amunoniw perchlomic pro-
peliants at 1000 psi and rooen lemperature are
plotted in Figure 60. They also seem w tremd
wpwaud with increpsing weight sercent of oxidizer
but are subject to other influences. It is recngmized
the! oxidizer grist has xn effect on the burning
rate, coarwe oakdizer leading o low burning rates

91

in & given composition. Buning raies of ammo-
nium perchlovaie propeliants have aiso been in-
creased by substitunon of poiassium perchlorate
for part of the smmonium perchiorate, but ot the
cost of & smoky exhaust. Burming s . may aso
be mnfluenced by catalysis.

Ammonium perchiorite v a mopopropellant.
Its pyrolysis stars with dissociation according to

he reaastionl
NH,Q1C, -» NH,; + HQO, 7

leading 10 2 combustible mixture of NH; and
HQXO, in the gas phase adjacent to a NH,CIO,
crysiai.’ Subtequent features of the combustion re-
aclions are a marter of some disj-ate. According
to Wic two-temperatare theory® the burming sur-
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Figore 60. Byrning Rode, 1, i 1000 psi, Ambient Temperoture of NH, IO, Fuel Binder L omposstes

face retreats in a plane, the linear burning rates
of the binder and oxidizer are the same. This
requires that the surface temperatures of bu-ning
oxidizer and binder be different. The thermal Isyer
theory, on the other hand, states that the rate-
controlling step is the redox reaction of the mono-
propellant, in this case between the NH; and
KBGO, , tha buming swisce is 0ol plane, and that
diffosion of binder pyrolytc products inwo the
thermal Ixyer where the redox reacticn is going on
may lead W perturvation depenrking on the rela-
tive rates of reaction between the oxidizer-binder
pyrolyus products and the exidizer pyrolysis prod-
uets 8hone.

92

The reaction products of ammoniwn perchio-
rate fuel binder composiies are N3, €O, CO,; H,,
H,0, and HCL. Of these products only HOY de-
scerves special mention, the others being common
1o smokeles, powders which have Joug be.n used
in vaiious heat engines. At relauve humidities
above about 85 puccini’ HOl wads W condense
to droplets of aqueous HC, giving rise io snoke
and 1o corvosion of metal surfaces. The wide use
of ammonium perchlorate fuel binder compotite
propeliants in rockets iz an indication that for
rocketry HCI in the exhaust 35 nok a seriousprob-
Jem. I other atomic specics arc present in Ux
binder, their cownpounds will, of course, appewr

(
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in the exbaust and may be sdditional sorpe:
COETOosION.

56-3. Lihivw perchiorats. Lithium perchiorsie
Bas recrived some aticotion & #o caidiaes i thesc
composite propeiiants (eg., GCR-300 in SPIA/
M2). This oxidizer should be supericr & potas-
siusn perchloraie in thet the LT should aB be
veponzed snd form part of the working fusd, with
the amount of available oxyges per umit weight of
oxidizer higher due t icwer molecular weight.
Condensation of LiCl in the cxbheust should lesd
to denee smoke as in the oase of the potassium
selt. Propellants cootaining Nthinm perchlorste
hzve higher density but are more hygroscopic than

$6-4. Amnouiua nitymie. The use of ammo-
siwn nitrate a3 oxidizer in fuel binder composites
&voids the problem of coirosive exhaust due to
HQ,, at tac cost of lowered specific impulse. As
indicaded in Table 13,&:%(—.’?)«;:&—@-
uct gas is bigher than for a coresponding ammo-
mivm: perchlxits propellant, so that the lower
specific impilte must resnlt froen a lomer Bame
swmpersture, T, This s indsed the case, st may
be seen i Figure 61, The maximuzs specific -
pulse appears to be in the neighdorbood of 200
B-gec/To, and thiz is sitained ot a flame temp...a-
ture sonxe hundrods of degrees lower than for
the same tpecific snpulic in the smmonicen pef-

chdoraie system. I maximwn performance is ok
required, quitc los fsmnc sea.perasures can be
antnimed by decreasing the ammopium nitrate load-
mg. of by incorporsting thermally ete
dilveots such »s cysnoguaniding.
Burning rates appesr & range from 003 w
0.27. The comtination of low wmperature and
fow burning reic s attractive for gas generator
uses. The higher rates are available through the
ase of casalysts such s Prussisn Blue (ferric ferro-
ide),-* Milori bluc, of o '
suich s ammonium dichromate,' cobalt com-
pounds,” or sodium barbituraie.’* The higher
buming raies o produced are useful in sustaine:
mussiy Ak even Dooster rockers
The buming mechanist of ammonium nitrate
peopeliants bas been extensively investigated. Am-
moaium nitrale is also &8 monopropellant, and it
fust pyrolytic product is a gaseous mixture of NH,
and HNQ;. The rate-convrolling reactios is pre-
sumed’ to be the redox reaction

NH, + NO; — NH,; + HNO, (58)

ol fe sl 1

and in the Uwimal layo ithoory the rea. toms of
binder pyiolytic products with the anmmonium
nraie pyrolytic products oocur so late (50 far
from the burning surface) that they do not com-
municute hent o the burning surfece. This would
mechamis: of catalysis has 0ot boen explzined,
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The combustion prodicty of smmosiem nitrale
covrposites are N, CO, CO,, Hy, and H, O, e
same ay from smokeless powders, and peesent no
new problems They are penerally ir & compars-
twvely high state of oaxdauon, so that even the
cooi formuiaiions bam without producing mach
free carbon.

Ammoninm miNak i hyEroRepic and, in add-
tion, exhibits phase caanges at several temperatures.
Precautions must be taken io ketp anmosium ni-
trate propellants below 40 percent relstive homed-
ity dunag manufacture and subsequent handirg.
Processing is preferably done at sempes atures
sbove 90°F 0 avodd cycling through the phaw
chaoge a: tha! temperature. The higher pestorm-
Aiwe ~RURODSUR NItrRic propelamts ase 50 formi-
Iated that theis volume fraction of binder is too
Jow to permit casting. Extrugion or compresstion
molding prooesses are commonly wsed 6 fSbaicate
such progeilants.

565, Mixed enifinems. Coubingtions of osi-
dizg1s &re sometsnes ussd to get busmimg rEe:
The cambination of potxsstum peschiorste'® with
amm oiuw perchiorae kads 0 higher burning
rates than the arithmetic aean of the nonmal rates
of e two oxidicers mucamued scparaely. This
combinsnon prwwoves the high pressure eaponent
(eg. TI0-E3 in SPIA/M2) of the potassiam per-
chlorate propeliants, indeed in soime proportons
of these two oxickrers value; of a spproaching or
et excreding 1 bave been observed. Ammmotiam
mitrate, mitroguamdine, of cyclodetrametirybeme-
setranitramine (HMX) may be used 21 pant of the
oxidizer to Jower the burning rale of an suamo-

mivame  mamoadionar. ovocalfome e e e e
[

comprises part of the oxidizer in the British plasic
propellanis.

§7. Velametric reiviisn of exidiver is binder.
As shown above, the ballistic properties of a fuel-
binder composite propellant are Getermined by the
weight fracicos of oxidizer. The physical proper-
wes inchting Buidity duwing mesniacture are de-
luminedbyth:vohmc&acﬁmdbmdumdm
wﬁamﬂdmmplaymgammmk
W}Mﬂmﬁsmhlﬁspzwdmhqmﬁh

volume fraction of the continuum msy be e
creascd to 40 or even 33 volume perceni before
the peeaence of the solids is strongly felt in the
Quidity of the system. Beyond that point the vis-
couity of the system incresses rapedly, and a coo-
CCDiTEizZA i3 COOL Teachad where the sysiem wnjt
rof flow. In the fuel binder composite syuem,
Cading outs My Tcambiuty when e volume frac-
ton of the tendes goes much below 30 percent.
Coacurreatly ever with elastomerc binders the
distortion &t rupture apperoaches: 2 low value whesn
the volume fracoon of the binder decreases bebow
this region. For case-bouded systems, therefore,
the fraction of binder must be mainiaimed above
MMNMMMMMM:E

fraction of binder, the preferred binder will be a
low deasity material in order that the volunse. frnc-
tion of the binder be smohtancously kept high
On toe sther hand, at low omdizer boading such
as i pufiermed for low feme-emperstere gas gen-
be naturally ligher ané one might well chooue &
dene Ginder to munimaze the caveiope. Table 14

TABLE 4. DU ER LOADING VERSUS
BINDER DENSITY PER UNIT VOLIAGE

Bumder denedly 10 12 (]
Wolitne ax 030 [ & (]
Wt &3 2.36 0.42

MRCIG, volcas 0.70 0.70 €.70
Weign 137 1 137

Prupellast dessty. o 187 1.73 1.7%

NH OO, voight peroemt 82 ™ 7

Bandes, woight pororm . 2k 24

HH MO volame oN [N, ] 0.70
Weight 121 121 1.3

Propelient demsity, » 1.51 1.87 183

NRH NG, weight peroeat 8 n 74

Bondes. weight prroent 2 22 26

ilustrates the eflect of binder density om the
weight peroent oxidizer Joading at a constam 30
volusee percent binder basis.

58. Chsice of binder. End-feem usc may re-
Quire either a cartridge-type grain, for ease of in-
spection or for repetitive use of the chamber, or
3 case-bonded grain for high performance. M 1
carindge-type grain is called for, the propeiiani
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F.gure 62. Slwry Costing Process

musi have higt modulus ard sene compressive
strength. H othe griun s 10 be casc-boaded the
st sses to which the grain will be subjected cali
for Jow modules and high clongation.

£5.1. Asphsit. Asphal, the fint binder used in
a fuei-binder composine, produced a Tise-boadable
prcpeilont. As may be seen from the data sheer
ot ALT-16]1 (see SPiA/M2), the sspdan was
scitened with a plasticuzer 1o decvesse the mndulus
g0 Iyl e propelant could b used over 8 st
®bic but restricted temperatare range A WCmpCra-
oxes bedow sbowt —~20°F i prog.:iisnt becwmne
very brittle, Jeading to fracture and capiotion on
grition. At wmperatures above about 120°F ibe
propefiant became quite soft wnd fowed away from
ts design geometsy. Avphalt bid the advaniage of
eing cheap and availale The propelian wmanu-
facture was simpic, the oxidizer was Mcorporated
into the binder a1 elevated wemperalire ming 2
sigma blade mizer snd the mixiurz wiy poaned
mio Uw mold or case and aliowed w0 codl.

£8-2. Polybhaboticae. Polyisobutene, nsed it the
Britsh “plastic progeliant,” difiers from Saplal:
chaelly in having a tcuier empersiwe coclhoent

PuYias pTOpiisds. An caampie of uxk pro-
pelant s B.D. 2312 (sec SPIA /M2 The ox-
dizer ammoaiun pcraic o readity deforaadie and
hen e permits a Jowe: than normal bindes voliswe
fraction. It also affords & Jowe: buning rate thas
ammonium perchicraic wowid give a3 the sqie
oaxkaper.

56.5. Fmoemweric bindwes. Tersile streagth
enough o cnable the propelisnt W withsiand
Randiing and firing acotlerations it wded o the
binder properties by inoorporatea of & polynas.
often crows-koked, inio the bimder. Th: polyme:
may be one of the rubbers, used with or with-
oul 8 plasticizer. or it mxy be one of the noo-
rubbery thermopiastics such as celluloee scesste or

poly(vinyl chlonidv), used with enough plastucizer
to bring the modulus of the propellant into the
Proger range

55-3.1. Polymlide rebber The fust such bivder
was formulated with potysulfide rubber'" and
poiysulfde rubbers have remained impostant con-
sttuents of case-boaded composite propcliants '
Tix polymer is introduces] as a parually polymer-
ized prepolymer (bquid polymer) and rolymenze-
God 48 compietod duning the curing ope <108 In
the case of mold i elevated tempersture and in the
presence of 2 polymenzation catalyst swh as
p-quinonedhoxim.. In order to accelerate the cure
©f ic aconmplish it at a lower temperature, a pro-
moler such zs diphenylgusniding is sometimes elso
used. Magnesiwin oxide and fernc oxide may be
wsed © modify the burning raie, and other add:-
iy 23 are occasionaily used for varkous reasons.

Polywlfide propellants ar. fairty dense, refiect-
ing the density of the polysulfide polymer. This
feature restrcts she aliow able oxidizer loading. In
e moderare performance range, on the otw.
huad, 3 grven wtal impulse can be commped within
a smalitt coveiope than with a dess dense p ypel-
e Ac wenperaturey above sbout O°F the |ngee
siwma & rugdure i ypcally 50 o 100 percent,
beung Jonoy with the bagher loading density. This
Tl 13 generally adequate for case-bonded appu-
Cak0on:

I more than 10 yeans of exisience, polysulfide
propeilasts bave pot shown serious)y deleteriows
aging efects eacepi for a change oo the exposed
surface of the grains that intzrferes with igniton.
It &> vebeved that this propenty has bees over-
oo i Lader §0. mulations, bt this cas be demon-
straied caby when the newer propellanty figve bec.
a0

The musufacturing process used for polysulfide
piopellant: 1 Un slurry casting process,’ fov
which the Bowsheei is shown in Figu.e 62




[p——"

a8

| o w1 h A wn o

Cortony of Tiawsol Chamrsl Corporctgn Rugistone [mewrese

Fpure 63. Sigmo Bloda Moxer (200 Gollon)

Reproducibitity of the oxidizr grist is onc of
the psost imaportant quality control measures in the
mar gfuctuce. The suxer may be a sigma blade
mizter, eguipped with boitsen outlet, shown e
Figure 63, or, alternatively. a vertical mixer shown
in Figure 64. The ingredients are added consecy
Uively to the mixer, stanting with the prepolys: ..
At e conclusion of the mixing the charge is de-
acrated by cvaceabion of other means and cast
mio the motor case. Curing is accomplished by
sulyjecting the koaded cuse 0 clevated temperature
#n & heaies spece (a pit is used for large charges).
mmmlsmmowdnﬁcxdu”mtddwg
“mﬁm&eﬁpnmmmm&mnmg
oy deagned sufaces Dot produced by Ui mold.
in gencral, such surfaces are chicSy the aft end of
the grain. A typical maodrel is shown in Figurs 65,
ad 2 motor with case-bonded grain in Figure 6€.

Polysulfice-ammonium perchlorate graios from
1.5 imclees %0 40 inches in diarocter, sad in weights

froiir 0.5 pound to 8700 pounds have been marnu-

faztured and flown in rockes motors. Examples of.

polysulfidé-ammonium perchlorate composizes in

v Vs e
ST U=t I

T14 used in carly expenimental work w h
large enginey;

TI17 used in RVAIQ, Sergzant (XM-12},
Xi7, reentry wohicke (XM20), and various test
vehicies in the Polaris and NASA high altitude
progranis,

124 used in the Honest John spinmer rocker
4-75;

TED wsed in vaow acrodynanuc ves!

> A -
4)..».! f'r n,x'

T-22 uwsed ir Lok,
GCR-20iC esed in Vangi aid third swage
rockel, and

T27 used in Faloon (0" M-46) two-Yevel thrust
%
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Figure é4. Vertxol Moxer (300 Galion)
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58-3.21, Pobywethuae mebber. Apan from the
polysulfides, mos! synthetic rubbers o fotmed
by vinyi-type polymerizabon, or addiion at doubie
buads. Other polymerizatiod reactions nol Larolv-
mg - woction of volatile by-progucts are known
and L iy be useful in preparaton of propehian:
bindcs Fo. example, if 2n isocyaznale is sdded
to & compound containing an —OH group, &
urcthane 4 formed according tc the reaction

RKRNUO + HOR' = RINHCOOR”  (59)

Rea ticu of 2 diisocyanale and 2 diol thus gives
a bong, chain lincar potyurethane, and the prescnce
of somx polyol or polyisocyanaie should cause
the podyimer to cross-link. In order 10 misurnize the
he i of poiymerization dunng the owe it is cus-
toiuary to wse a long chan dic! such as poly-
propylese glycol, H{O-CH.-CHL-OK, with &

CH;

e

98

Cowrscuy o Thapbowl Chamurni (orporst on. Redotony Davuon
Fipue 65, Maadrel for Mediwm Size Rockel Motor

sitnple dilsocyanawe such a3 toluene disocyanate
There are many kg chain dioli available but
only relatively few diisocysnates are on the marke!
The polymenzalion reachon musl be calalyzed, as
by ferric acetvl acrionate, and sccelerators of the
polymerizabon are known, The polymer may be
used with or without a plasticizer.

The physical properues are simnilar w thos of
polysulfide propeilants at the same binder volume
fraction. The demsity of the polyurethane propel-
lant 15 asturally dower than that of a polvsulfde
propellant at the same oxidizer weight fraction,

The menufactunng process is the same us that
for poiysulfde propellant, with cae important pre-
CHUlFOG. SiTKE tw kyanaics Feaci wiilh — O
groups, it is parucularly important that afl ingre.
dicnts be quile dry. Additon of waler to iso-
cyanates resalis in ~ NHCQOH groups which tend
to decompose. Polyurethane binders have been
more cateasively used in the aluminum-ammo-

ihtiali e odhomep rosb bbb s et
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Fgurs 68, Modawn Size Case-Bonded Gvuin With o S-Point Qm Configurotion

pium perchlorate-binder propeilants desevibed in
OKDP 20-176.

53-3.). Raindicoe-acrylic acid cepolymer rud-
ber, PBAA, When hutadicne is copolymerized
with acryix acié and cured with an epoxide, an
ciastomeric binder resuvlts with properties fairly
similar to those descnbed for the polyurethanes.
This binder system has a compzrable density o
tha! of the polyurcthane binder, tokraws sbout
the 2amc weight percent of oaidizer io 2 case-
bendable propellant, and gives performenee in the
sum range. The manufacturing process is essen-
taily that shown in Figure 62 PRAA binders
are repeiving considorabic aticnuon iH Uk newer
2 minum-ammoniun perchlosale propeliants, dis-
cuised in ORDP 20-176.

58-3.4. Poly(visy! cldevide). A nonrubbenry
polymer, if, sufficicnty plasticized, may develop 1o
2 heavily loaded plaitc aboul the same wltimate

o9

tensle su.ongih, elongation, and modulus as a
rupbery peolymer with hiude or po plasbazer. This
stuation is taken advasiage of in the poly(vinyl
chioride) propeliants such as Arcite 338 used in
th Aicod sownbing rOCke: IDOWOT. Al & cOMpara-
e denuly to that of the polyurcthane propellants,
a poly(viny! chioride) propellant permits about the
same weight fractuor of oxidizer and develops
about the same specific impulse. At s keoer plast-
cizer level a stiffer binder and therefore 2 mor:
nigid progellant resuls, with properties of com-
pressive streisgth and high modulus requireg for
a cartridge-loaded grain. Cross-hinking may be ac-
complished by forinalation with agonis Wiai reaci
dunng the cure.

A nove' fzature of ¢ ¢ poly(vinyl chloride) pio-
peliants is heir method of manufacture. The poly-
mer, alrcady compleiely polymeiized, is suspended
in the plastcizer together with the oxidant and
additives during Ux minng operstion. Al ambsent
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Fopurs &7
1. Hopper for inert propelant fecd 6. Worer trough

2. Presswrized filiing pot for Arcite propeiion: 7. Voke-of rofters

3. “Hot” propeliont feed 8. madomodic sow

4. Borred of extruda ¢. Ecrvded propeliani
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Cowitary o Asisare Roserch Corporenws

Figurs &8. Extruviorn of Wired Geain

temperature, or perhaps st & chilled miviee tem-
perature, the polyTer does 10t imbibe ihe plast-
cirzer, so that good pot Lf: ic attainable, The sull
fuid mix, called plasusol, is transferred ¢ the case
ot okl and the grain is cured and finshad. The
curing operabion Is mechanicaily the same as for
the synthetic rubbers, shown in Figure 62, but it s
chemically g.rite different. These propellanty may
also be extruded A small cxtruder is shown in
Figure 67, illustrating the essentals of this process
The 2xiruder i operawd ai a wperaniye gbove
350°F, and cunng takes piace durig the extru-
sion. (Greins coriaising vires strung paralie] o
the axis may also be extruded, xs shown in Fig-
ure 68. Since oo polymerization takes place duriug
tle cure, there is no exothrro and litde, if any,
volume vlanpe aue W cwing. On the other haad,
the high temperature of the cunng operatior en-
tails appreciabic Ukrmai shinnkage when the cured
grain is brough! o mmbicnt wmperatuge.

A8 T £ W

Praias. Ahhough the case-bondable binders do not
in general coniain so much plestcizer that they
can be stiffened by eliminating piasticicer, there
are at least three ways that ciastomer. can be
adapicd to such use. One such way is 10 bond
the grain 6 a relauvely ngd mechaneca member
scoarable Troin the case, which may also serve as
an inhibitor. Another is 10 cross-ink the polvmer
to a greater extent than js required for the readily
deformable case bonds. The third method is to
decrease the volume fracuon of the binder to below
30 peroent so tha! inlcraction of the crystallige
particks carries part of the impessd lead and
helps resst deformation. The first two alternates
vould stili permit fabration of U2 gran by cast-
ing The twwrd would require olber fabrwation
technuques, In the case of propeliant CPN-127A
(scz SPIA/M2) used in aircralt jalos, the binder
employed is & butadiene-2-mk Siyl-S-vinyl-pyvidune
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fgurs 6F. Extvweion Piocess fer Feel Bisiei Composies

copolymer prasticrized with the formal of Gethrylene
giycol monobutyl ether (Butyl Carbitol formal).
The volume frection of U Finder, calculated from
the composition and d:patcs of the crystalling
ingredients, is sbow Y9 perceri. Toe msnufse
ruring process ior thas propellant s outlined in
Figurs £9. Mixing * done i & sigroa biade mix=.
The cocmpleted mix is Wocked m 2 ydraulic press,
shown in Fig..: 70, w0 form a press charge for
extrusion. The exuuvuon piess is shown in Fig-
ur: 71, The eatruded swrand is (ut to grain blanis
which are then cured at elevatnd tempereiuse ©
complete the polymanzatics. Yhe cwed gran
blzak, are Grished by machiring v %Sual dimen-
m)' it

Stll anotber fabncation process ., wsed for pio-
peliant CBS-128K (see SPIA /ML), devatoged for
the Dart and Sky Dan missiles. This popeliant
uses GR-1 rubber plasticized with di-(Z2-ethyhex;1)
az-late, and bac z binder vclume fraciion even
Jower than CPN-127A. The flowsheet for this
process is sbown in Figure 72, Cospoundding end
sinuitancously curing is €one oo a ol mall. Disks
are cut fon, the rofled sheet, slacked, and o

mroszice sodded ae sheoon e Fiemvea 73 tn aimia
3
w‘m S8 PPy . lnu e b * sy ’—-‘0

blanis. The grain blanks ase machined, a5 shown
in Figure 74, snd then inhibiled.

804, Tisumphestic synthotic polymer banders
for emtridge-luedad gredms. Tac usc of thermo-
Plastic polymers polymerized in siiv predaks the
wie of the elastomenic polymcrs. The binder sys-
terns are selecied o give compressive strength and
high madulas, teredy permiring eowment of the
1 quired physical properies io @ gruin pradived
by the sdorry casting process of Figure 62. Tue
prepolymers or monoeacsy Xt mised wilh the oxi-
dizers and other additives in 2 g bisde o1
cquivaleal miner and cest into motas. Pol, merizs-
8O0 5 compad 8t elevaied teniperstures in tox

102

mwogexummwm The molds xre the 1
disazeembled and Sw grains Gnished by machi..-
ing and/or inhibiting Figuc: 75 sad 76 soow
compleied grains sod &eice® mow.

58-S, Celdose soutade. Celluiose aceinte i
rade from a satursl polymer axd is mot available
in a moaomeric or prepolymer state. It bas a frirdy
high scheniig temperamre which can be bowered
b, compounding with & piasicizer, sllowing the
propeiian to be mized and formed at & moderately
elevaied teamperalure. In propellant LFT-3 (sec
SFIA,/M2), uged in the GAR 3 Falcon AFPU,
the cellulcet acetwe is plasticized with acety! tri-
ethyl citraxe and dinitopbenoayethanc], and sia-
bilized wi'h to'uencdtiamine. The oxicuzer loading
is tairly lcw in order to mainiain a desired low
fiame temperature. Mixing is done in A sigma
blade mixer, and the grain is forwmed by compres-
sion mokding. Larger grains may be made by boad-
ing segments wogether vaing a polyurethane layer
between the segmeats as well as tor the penpl-
era! inhibitor. A 50-pound individual segment as
re otded is shown tu Figure 77 and & 1006-pound
segmented grain in Figure 78.

88-6. Dider Mader sysem< The above listing
is by no means 8 complets rogter of binder sys-
wins that can be used or even of sysiems thal heve
has becn expended on binders containing acstylenic
and otber endothermic groups which might add w
th. beat of eapiosion, Q. of the propelianst at 2
given oxidizer loading Tieze is still room fou
binders with anproved physical properties such 23
cocitcuenty f cZpansion Cioser 10 the expaasor
coeflicients of G mwaterirls used for rocket ok
cane manaectare, lower britte temperatures, soxt
ki emperatice dependencs of mogdulus, oo
pressive and tensile strength, and elmguler: o
rupcwe. I is expect.  thal wew bindes syremas
will coutinue 10 Appesr.
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Fgwe 72. Compression Molding Process for Fuel $-ader Composites . - : !
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CHAPYRR 16
INEKY SIMULANTS FOR PROPELANTS

9. Gemersl. Propellants are hazardous male-
rials, nccessary for functioniiy a their engings bat
undesirable for many uses such as display and
break-in of masulsctuning equpment when func-
tGoning is nol contemplated. To meel the require-
ment for materials for such nonfuncuoning uses,
inzet simwants or dummy formulaticos have been
developed to represent propeliants. The ideal inest
simulant for any propellant should dupticase the
propeliant in sl physical propertics—apipearance,
density, texture, hardoess, poysical soength, and
plasticity over 8 espershere vange—withou! being
a propellant, Considetable compromis with the
wdeal is permissble amd usual B save tire and
developmeni eaprase, deprmding oo the we W
which the dumany s o be pat.

9. Meack-wge Whers geoonetry i the only con-
sderation, as for Sustretion of the spatial rels
tooship of the propellant (o other parts of the
engine or for assurance that the cagine coOmpric
with propellan: can be assemtded, the dummy may
be buil' of wood and painted the proper color.
Coal is ac admirable mock-up for black powder.

1. Shwslants to repewdoce physical preperties.
In order to demonstrate the phiytical properucs of
2 propellan: by the use of an [pert simulant, one
meeds something move closely akin to the propel-
lani than = wood mock-up. Mus! modern pro-
pellants are plastics,. and a2 plastic dummy will
ook, fed, and bDaudic move ke i bve courter-
part. Mosz of the pliysical propestics of propeilants
are traceanis o the polywer conienl, In U case
of fuel binder composite propellants the samc
volume perces of tae same binder togeiher with
a suitable fller shoald resull in a reasonable dopndi-
caton of the physical properces. The filler shouid,
i powibe, have the same apecific gravity and
crysial spucture a5 the oxideni wsed I the ive

gﬁmﬂam Eor .v--—cdy’ i a

2o00d replacemornt for ammonium perchlorate. L
“the specific gravity of the fillcr cznnod be precisely
maiched and dens.ty of the dumumy & importaat,
as in Jocating the center of gravity of the ¢ e,
the volumwe peroent of binder s&o urually be com.-
promied sefely. Alernatively, two inert simu-
fanis for 8 propeliani may be developed, car 1o

ntaneriimm ahicads e

duplicats deasity and anotber to duplicate other
physical properties required.

The problem it comiderably more difficult when
the polymer is itself » propeiant &s is nitroceliu-
Yose 1o this case &0 incrt polymer should be found,
with deasity and other pbysical psoperties duphi-
cating the propeliant potymoer. This bag, in general,
Bt been done. Cellubose acctate is a popalar simu-
fant foi nitrocelivdose, but it is pot very good. The
Gifference is sppreciable it densily, sppearance,
and feel, even with the best availablie plasticizers.
In oeder w0 toproduce density it appears necessary
to use crysialline fillers which worsen the miatch
betwcen dumzsy and live peopellant in other

An inert simulant for 01O cast double-base
propellant (e SPLA/MY) was formulaled &
tollows.

Powdex Soltvenl
Cellulose x 2wt 057 e
‘Triscetm ©.10 0.962
Graphite 0.03 —
Red lead D36 —_
2-Nurodipheoyl aznine -_ 0.032
100 1.00
Comgparison of the imest with live OJO:
torrt Liw
Casting Powder
Deas.(y, ¢, g/6c 1.75 13
Packing demsity ¢ ‘e 102 10
Cas: Powder
Deasity. 5, g/ec 162 1.5
“sacile s engih, pei 465 w0
Eicagation, percial s 49
Volume co. fBicien: of
expaRsiia, per degres F 62 X 19 —

62. Simulants 10 reproduwce manslactoriag

prog-ries. In the development of new manulsc- !

mrmgeqmpmm, for checking owr ext uders and
Sl O pes oK p’luC‘ESiu‘;j W] A mao-
tenance or prolcaged imactivity, anc to displace
live propellant preparaiocy to disarsembly of proc-
esEing equipment, it is necessary so have s duminy
formnulation that behaves Like dve propellent in
process. In gencral this requires maichiog mechian-
ical propertiss not cnly dry sod ai smbent tew-
peratire but also ovs 3 wmpuature range and

- v —
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pcrbl.pz sdmixed with volaule solvents Since it it
the polymer which latpely delcimines manufac-
Wring propertics as well a: product physcal prop-
8700, sisiiviot of Bl B geocrally adexjuaic
in fuel binder componites. It muat be verified that
the replecement filler will not affect the reaction
otz of any cheinical changes involved in the
masuscture.

There are po good manufacturng dum ies for
pitrocelluluse-base  piopellants. Wax,” with of
withou! sawdust, or similar carboaaceous material
and cellulose aceisie compositions, respectively,
bave been used succesefully for clegr out and ©
put loads ou machioery, but they do not duplicate
the ope:zaling taechanical loads, nor do taey dupli-
manufeciuce.

€3, Somilive. In order o overcome the dis-
sdvaniages of & compleiely inest duminy i
study.ng manufscturing problems ¢f pitroceliuloss
system propeliantz, semilive simulants have been
developed, in which the nitroseliukose is retained
as the polymer bul all plastcizers used are fuc!
plastcizers. This results in compositons of kaw or
negative calonfic value, U ignivd these simulants
will burn slowly and iccomudetcly, allowing oper-
aung persoanti to escape safely bit emphabcaily
demonstraling any mechanical sitwations that
could cause destructive demsge w,th live propel-
lant. Ic formulating a semilive propeliaut, the <on-
centration of nitrocellulose should be about tne
sanme as in e live counterpart ano the viscomry
of the fuel plasticizer thould 4e ay close as pos-

sibie W e viscon, iy of Ui combings pissuazels

in the live propeliant Wih these Lital cntena
the composition of the szmilive propeliant cap te
readils dc\-nopcd cmplman)

and it semilive anslog arc umn below.

n-s Seaudiv,
Nurocedulose, 12.6% W 300 54.19
Nitrogiycerin 34 -—
Di-m-bisty. phtoaisie - 3697
Di (Z<thy! bexyl) phioalan - 10.9%
Dyl pothalite 10.50 —_
2-Niurodiohes) i oe 2.0C 2.1
Lead sadts 2.40 210
Candelilia wax 630 021
Specifc graviy, p 1.36 1.31
Forroceihvhone conkeatration, g oc .78 0.71
Tens:de mreagih, crost wine, pa: 20 2120
Tensile yirength, kngthw e, po. 4 3¢,
Elcagatioe, poreeal 47 73

The lower tensile streagth and greawer elongs-
ton of the scmilive propellant are seen 1w follow
the lower aitroceliulose concuntiaton as prediced.
Extrusion pressure with the semilive was also ooa-
sicerably lower than wilt Cive N-5. In sgite of U
fact that the semilive appears 0 be somewhss
deficient in nivrocelinlose it has bee : used sucosss-
fully 1o break in extrusion equipraent of experi-
imental design.

The messwred calonific value, 435 cal/g, is well
abiie the calculated valw, demonstraly agaic
the lack of eguibbriwn in calormeay o! coo
propeliants discussed in Chapntsr 2. The burnixg
raie, abou: 0.07 inssee 2t 70°E EF, 1000 py, is low
enough to preve:t dertction of exyuuon equip-
men! i case of are
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GLO3SARY

The teras peion, as ussd in thit RaddoOk,
aie Oronence terms or are usad in & 3ps el ized
wenes, Other e wa &7 83 dwfined i~ AR 3Z0-3,
bictioaary of nited States Aruy Terms, *** ¥ii
STD-%%n . Wamsnclatere anc Dafinitions in the
damunition Ares MWarr. ~Webeier's vnabridged
GiCLIOCAry, OF CORMC: W8 8K

ARL. fabbr,.  Aliegany Ballistics Lacorstory.
ARFA. fabbrj. Advasced Resecarch Propcts
Agency.

bisooks rochei. Shouider fired rocke:, specifi-
cally the 2.36-inch.

bladez, Comtinuous phase in which soore other
masterizl is omoodded.

beralng rate, Beemt. The rate of buming of a
propeiiant mezsured normal to the bumning
arfece.

cadiber.  The diameter of a projectike or the diam-
eici of the dove of 8 gun o launching Wwbhe.
Axia} distance equal to the cahbx.

casuk. A complele atcemhly consieting of 2
tubx a0d o bieech mechaniam, fring mech-
anism o base cap, »huch is a componeni of a
gun,. howitzer, or morta: May include munle
appendages. The term b gencrally himited io
cehibers greates than 1 inch.

eatepal.  An engine which accelerelss s Joad by
means of a piston driven by high pressure gas
such a2 may be generaled by the tumning of &
propeliant,

chasecreviotic Telacity, A fgure of merit of 2

rocket propeliant, defined as A4,
B
owmapaile propelam. A propellant system ¢on-
prising a disciete sclid phase duspusss in e
continucus sobid phase.
corodaame.  Volume occupied by 2 gas when cow-
presicd 1o its limst of compression

114

caitdesl dismeter. Diameter of an explowve coi-
umn beiow which detonat:on w1 not propegate.

defugintivn ®  Bruniag process in a sobid sysiem
comprising  ooth onidant sad fuei tn which
the rescaon front sad-ances ai kess than sonic
velocmty ang gasanus prodiucts of produced move
sway from unrei.ted matenal A defisgration
may. but need R, be an explosion.

degrossivity,  Decrease of weight rale of burning
as web is consumed.

deiarneal, A materidl ¢0ded 10 & PrOpe liaut Coiis-
posiuon of appied © the surfuce of 2 grain
decrease the flame emperature or rawe

detopation. An explosion cheractenzad by propa-
gation of the reaction front within the reacting
medium &t supersonic velity and motizn of
the reactive products in the seme direction
as the resction fromt.

donbl-base propellest. A propellant with wwo
explosive ingradients, such &s nitroceilulose and
pitrogiveern

erogive barming. Buming at & rate hugher thar
normally associaled with exisiing pressure, Sue
w velocitsy of combuthon rrodincts over the
burring surlsce

expaniion ratio.  The renio of the poazie 2xit sec-
uon area to e pozzie 104l arca

expision. A very rapid chemicsl reacton or
changt oi suate involving geoerally pixiuction
of 2 large volume of gas and resutting in rup-
ture of the container i preseat end geueration
of a shovk wave in the sunounding mediun:.

fler,* Discrete matenal dispersed i1 substanual
quantity in the coatinuous ot bindw phase of 2
con.poeite propeliant.

fow, equilibrium. Condition of continunus chem-
ical equilib-ium during expansion w the nozzle.

Bow, Fozeu. Condition of ne chemical reaction
during cxpansion in the nogzis

* iDefiers ugnifcasily from defimuon grec 0 ML
STD4d4,
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GLOSSAR

ol

forve. A fgure of ment of @ ogun propeifinl
R,T.
defined as v
fese. An igniting or explosive devive in the form

of ~ cord. consisting of a floxible fabic tube
and 8 core of low or hgh explosive Used in
blasting and demchiton work, and n vertain
ammunition

twe, A device miih sxplosive compoarats de-
signed to imtiale 2z train of &re or detonaixm
in an rem of ammumiuon by an acvion swh as
Byvdrosiatic pressure, ckoirical energy. chem
fcel action, impsct. mrechanical Ume. o &
combinaion of these. Types of fuzes are dus-
tnguished by modifying terms fouming patt of
the item nams. (In some cases the eapiosive
compoaents may be simuiated o omitied. )

g geoerator. A gdevie for producing gas. b
burning of solid propellani. 10 pressurize a tank.
drive an engine. o actusie a mechamsm.

c.ain. A single prece of solid propeiiant. regard-
Yess of size of shape. ussd in a gun of tovket

“green.”  Wet with sonvent dunng the marnufac-
turnng process.

grist.  Particle size disanpution. especialhy  that
produced by gronding

geR. A piece of vednance consising essentialhy
of 2 tube ur bartel for throwing projeciuiies by
force, usuaiiy the force of an eyplosnc but
sometimes wial of compietsed ras «pring ete

bes. of expiosios. Heat evolied in burning (ea-
ploding! a sampic in 2 com! usuca boink in an
ineii atmosphere under standardized conditions
of pressure and temperature

fguitesr. A specially arranged charge of a ready
burmning composition, usualiy black powder,
used 0 assist in the indtiation of a propeliing
charge.

paise. Produst of thrust x time
kRibilor, A malonal applicd o surfactis) of pro-

pellant grains to present burning on the costed
surface(s).

JANAF. (abbr). Joint Army-Navy-Ab Force

fsio.  Jet-ossist take off, & rocket motor vxed w
supplemen: the engines of an aircraft or aussile
at takeof!.

M & V. (abbr; Moisture and votatibes

mass ratio.  Ralo of the weight of the progeliant
to the weight of the loaded socket
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mare propellasis.  Fropeluirs which show neg:
tive walues of » over shoft prassure ranges oo
& olot of log + versw by P lee r = 4P

okepropellast.© A single physical phase com-
prising both udszing Ano fuel elemienia

mortas. A compiete  projctbe-fring  weapon,
rified or smocih bote, claractenzes by shorter
barrel, lower velocity, sheater rangs. and higher
angie of fire than a howilzes oca gun

piastisol. A flowuble suspension of 3 polywer in
2 plasticizer which ibe §~ivm: may later imbibe
to produce gelaston.

platean propellan:.  Propellant thowing a regon
* markedly reduced <ope on a plot of tog
vorsas fog £ lor r o bE

periarxa.  The area of any opening through which
gas micves Mpecitwz 'y the area of a discharge
end of a gram perloraton.

put life. Lengtk of trine a 1emporandy Swed sys-
tem can be held or worked wfore setting up to
a sxiG

pimer.  An assemtiv whaoh igrnes 3 propeiling
charge. especially gL ammomtcn.

progrossivity.  Increase of weight rate of burning
as web s consumed.

resonance red. A rod nserted into the perfo: a-
ton of a2 rocke: grain o depress the tenderm
toward unstabie buering

o

okt Wolor. A Rdiaiibicaihiig tcavinn pro
pulsion device that consists essentiaihy of a
thrust chamber znd exhaust nozzke. and that
carnes ity own sohd osidizei-fuei combnauon
fiom which hot gases are generated by com-
busiton and expanded through s nozzic.

sheli e,  The storage ume duning which an hzm
remains serviceable.

single-base propellant. Propellant compiving oaly
one eaplosive ingredient, e.g., miuocelindose

slirers.  Portions o the grain remaining at burn-
through,

small aris. A gun of small caliber Wubin the
Ordnance Corps the term i preseatls appled 0
guns of cabiber up v and including 7 wch. Such
hand and shoulder wcapons s pisicd, carbines,
rifizs, and shotguns.

‘b;ﬂen signixanily from defindos r-m @ M-
STD-444




GLOSSARY (Continved)

smokeleas powder.©  Solid monopropelant com-  thennucaembsty,  The denvation of the compo-

prising ortroceiiulose, with or without oxsdizing sitingy, temperature, and densed parameters of

and - or fuc: pigsucizers. the combasiton products from de composinon
SFIA. fabbr,  Solid Progeliant Information of the propellani. the heais of formatirn of the

Agency ingrodients and the thermody namic proportes *
SPIA. M2, Fropeilan: Miariaal Sk 1A M. sued of the products

by Soid Propeitant Information Ageacy.

fple-Ba 3 i . Pr {l ﬁh '-hil' ax-
speciBc mmpulse. A figure of ment of a rxkes Griple-base peog Lt opedan w we <

' plouve ingredseats. such &s mitrovelurose, nio-
rropellant, defined as — givtenc, and mlrogusnidine
H
¢ Differs signdicantly from definiton goco 1o M- meb.  Thic of prope P by
STD-44d, burmung
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INDEX

A
Abel sguaton See Nobie- Abel eyualan
ABL short calcuinhion for specific impuise. 10
Acceletatizn, 20, §6
Aceione 45
Alrcralt siare;, 45
Alumiwy~ 17
Anmocuun mtrete, 44, 58, 69, 93
Asamonivan perchiorate. 14, 44, 89, 90
A monium perate, v4, 95
Adnealing. §0
A;p:m"u. 89, 95
AUlOigRivon test, §3
]
Ba:hmaas- process DX, 42
Baui Pownde: 74
Bawm nitrare, 50
Barce] life. Se- Erosion
Bazooka, 56
Beaker, 88
Lnder, 16, 85, Y
fuse!, 89.111
mono; ropeiiant, $§
¥olume fracuos, 9, BS, 94, 95,101, 102, 112
Pisck pow.der, 1141, 89
Blasting powdtr, A 33
Binsnng powder, B, 32
Blending, 46, 65, 72, 8%
Block breakoy, 68
B5ling fmuveiuion), 82
Buitde wraperaiyre, 3}
Burning
Area. or surface, §, 13, 6, 17
distase, 17
of propeliants, 12-17
rue, botar, r, %, 12, §3, 1%, 3¢, 85, 30, 94, 95
rate, weight or wass, ¥ | 13, 16, 20
unstable, 17

Bursting chargs 40

[
Calonfic vale, Q, 6, 10, 45, 50, 53, 67
Calotimere, Boss, 10
codl, 10

Caionmetry, 53
Carnon propeliant, 27, S4, 74
Curoon bisck, ¢
Carpet solling, U
Case bunding. 28, 45, 52, §5, 89, 94, 95. 99
Custing, 85, §9
Cast double-base process. T4, B4
Castiog powder, 74, §2
Casting wolvent, 85
Cataiyst, rolym nizaton, 95, 95
Catalyst. burning rate, 15,95
Catspult propeliaat, 20
Cellvjoer axtate, 46, 32,95, 102, 112
Uellv'oss nitrate. See NitzoczRuioge
Cenali
cthyi, 48 15, 5§
wrxhyi, 45 '
Centnfugal wringe-. 62, €%
Characienstiz ROy
calcuiaied. of 4, 7, 80
measured, o, 31
Chacoal. 33
Chromivia, 93
Cowiing 19, 72 75
Cobalt, 53
Cold fow, 82, 8y
odiod, provctive, 75
Composiwe
fue! bindes, 27, 39, &5-111
BOLOPITPL et bindet, $8.6)
propeliaal, 13, 16-17, 27
Componiion dusy, 16
Conpvesvion woklng 44, 94, 102
fComprassive strength, 31, 94-95, 102
Coabguradon, 17
Coaservanon eyuanons, 6
Cormenz will, 33
Corrosion, 37, 93

Crucal diaineter, 17
Cross-hoking, 52, 95, 99, 101
Curing. 88, 89, 96, 99, 10}
Cutting machine, 73
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INDER (Continued)

Deflagrsuon, 17
Deformauon, 31, 82
Degresavity, 18, 19
Denit ilion, bb
Deasiiy, p. 33, 27, 52, %0, 93, S
bulk, 72
gravnumetrx, 27
de Saint Robert equaton (buraing rate), 13
Desiceans, 27
Deionaun, 17, 27, 4C
Destren, 66
Ixe, 66, 72. 80
Ductirylene glyool dinitraie, 49, 39
Tafluncn 16, 27, 61, 92
Dusocysaaie, 28
Dunstrotoluene, 54
Dhphensiamine, 45, 49, 74
Double-base propeiiast, 45, 46, 53, 67, 6%
Duosei rod machize, 80
Dunumy . Sex Ipert wmulant
D Pont mechanical dipping pricess, 62
Leart, 72

Eloagauca (easlej, 28, 95, 99

Emulgon, T3

Endowe riac grovps, 102

Eatalyy, 6

Enveiops, 23, 27, %4, 93

Equanoa of maie, 3

Erusc, 45

Exouve burping 15, 23

Erotivity coastant, 15

Esher-aleobol (solvent), 46, 66

Ezhy! sacelate, 74

Ethy! ctaushie See Centraline, ethyi

Eaipacnon rato, 11, 23

Ex;losive, high, 40

Explosive, prunary, 42

Exuuder, 101

Exmusion, sodveat, 61, 60
sojvealess, 66, 80, 94

Filies, o, 112
Fuedamp. &
Fizz goo, 12

Flame twemperature at constan! pressuee, 7, S, 6,
710,63
wmperatuse ai coastant volume, 7., 5,96, 7. 9,

20, 45, 3G, 33, 58
i, 12

Flesh, 17, 50, 54, 58

Flaw. R4 8§

Fow
equilibsiuig, T
frozeo composibon, 7
amina:, 13
turowicat, 13

Flying cuter, 80

Foam wnoe, 12

Fora
et Speciic forne
reiauve, RE, 10, 11

Free racacad, 4.

Ful, 10

Fuse, salety, 40

Fuze, 40

Gu
gepecator propeiant, 24, 50, 54, 36, 58, &,
BS, 93
horsepowes, Ghe, 4, S

dual composiuon, 19
mulupic-peiforated, 19
rod and shel, i8, 23
segrocated, 102
vouted-wbe, 18, 23
stes-perforated, 18, 23
unp, 20, 80

Granulatoa, 17

Grisi, 58, 91, 94, 96

Gun, 19

Guacotwn, 46, &L

Gunprwder, 33

Gun propellant, 37, 53, 58, 67, 80
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L
Heat
arsaty, €, 6
foss, 22

of explosion, @, 6, 10
of fonnanon, AL, 6
wiy, 52
Hurschfeider-Shermar,
Cuxulaion, 7, 9, 10, 523
constents, ?
HMX 43 94
Humidity, relauve, 2° 92
Hydrogen chionde. &9, 62
R growopwity, 27, 36, 44, 46, 45, 52, 92

i
Ignitei, 40
Tgnutniany, 45
Ig:uuom, §5
Impact sueng:h, 31
Impetus. Sec Specific focce
Impuise, woual, 22, 95
Incorporation, 37
Inert sowdan, 112-113
Inhibiwgr, 17, 25, 52, 8C, 85, 101
Interior balisacs, 3

4
JAXAY
Porucal Properies Fonel, 25
Stanc Test Paael, 11
Thermochemical Pane!, 7
Jerk, 20
Jordaa eng.ne, 85

L

Lacyues, 75
Lc.n.. 14, 50
i:hinem merc

Lithiom perchlsiaic,

i
[

Maceraio:, 68
Mandrel, §¢
Manna:;, 66
Mass

fracnon. Ses Mass rauo
rai: of duscharge, 22
mic, 89

e
=
-

Melung poing, 42, 61
e 1 propellanu, 14
Meinl fouling. «5
Mulitary blend (ritroceliulose o, 45
AMuor blue, 93
Muers! jeliy. 49
Miver
Schraeder. 6§, 77
sigma blade. 67, 77, 95 06, 102
verucel, @e
Muixiog. 7
Mock-up, 112
Moduius (Young's), 28, 31, 45, 5%, 95. 99
Modd, 8E, $6
foteculas wegh, 6, 48
Mouoopropeliant, 1, 12, 16, 17, 42, 44 3§, o3
Moriar propeliant, 54
M lupe-grain chasge, 20
Murgou: equanon (burning raie), 13
Muzzie
eoergy, S¢
veloily, 59

N

Mk, 80
Neawality, 17, 39
Migawn (sirocellulose ), 62
Mitraceltulose, 45, 58, 62, 112

bing 62

military e, 46

nitrstor, 62

Ritroges oonlent, 46, 65

poaching, 65

nxlaimed, 74

solubality, 45, 66

viscouity, 45, 48, 66

wood, 66
-Nirodipienyismne, 45
Nitzogea content tnitroceliulose), 46, 65
Niuogiycenn, 45, 46, 48, 49, 52,68, 75
Nitroguanidine, 37, 42, 58, 54
Moble-Abel equrtion, 3
Nozzle half-angle, 11

G

Opacity, S0
Oaidizer, 16, 89, 102




»

Perfect gas cquauoa, 3
PETN, 44
Phaw chang.s. 44
Phthalates, 49
Pioberts Lawn, 13
Pistol propel!~n1, 50
Plasticity, 37, 66
Piasucuer, 46, $2, 75, 95, 95, 94, 1C2, 113
fuel, 43, 50, 68
oxident, 45, 43, 49, 58, 63
Piasusol, 1€}
Pintean propelisats, 14
Poaching, niuoceliulose, 63
Polyvisobutenc, 95
Poiymer, 45, £9, 95, 112
conccnuraton, 31, 52, 34, 67, £4, 113
Folyimeihiyl s ryliate), 43
Pohum i aciylates. 45
Polypropylene gizeod, 96
Pchirinivoe iyl aonylaic), 48
Foi« vinyi chlonde) %, $9
Poly: viny) mrate), 4§
Foronity, 17
Fort to-throat rano, 23
Pot life, K3, 10!
Potrssiun:
Crate, 37
perchlarare €4 £g on
saits, §6, 5§
Premixing, 67
Prepolymer, 95
Preas
blocking, 72, 102
dehy, 67
extrusion, 8u, 102
finishing, 72
macarons, 72
wrvsning See ¢ ress, macaroni
Pressure
chamber, P, 11, 13
mavimum, 19
index, n, 13, 45, 94
Brumer, 40
Progressivity, 18, 19, 20
Prussian blue, 93
Pulveruter, 36

P S St B
{Coniinued)

*
1

b4

Pycnowseter, 27
Pyioellulose tmiroceiluh; ¢), 46
Pyrolysis, 12

<@

Quality assurance or enntrol, 11, 20, 2§, §4
Quickness, relative, RQ. 20, 43

RDX, 43 5%
Reducea
charactenistic velocity, 4
specific impulse, 4
Rerl, 36
Resonance reds, 17
Eoberts process (nitroguaniding), 43
Kocket propeliant, 22, 37, 40, 54, 56, 58. 74, by,
84,93
Roli mills, 77
Roiled shee: process, 77
Ralis
Sulting, 37
sinng. 75
Rubber, 95
butadw e —acrylic acid copolymet (PBAAS, 95
butadicn —2-imethyi-S-vin) pyridine
copolyme:, 101
GR-1, 102

et seredn 4. OC
P i, o

polyureinanc, 9L
Rule die, 80

Salpeter, 33
Screening, 72, 78
Scoond order wanuuon temperature, 3i
Semdlive, 113
Shear, 31
Sheif hife See Swability
Shock. 17
Single-base propellani, 45, 53, C8, 722
Sliverss, 19
Sturry

casting. 75, 88, 95, 102

oizing. 68, 71
Smail arms propcliant, 27, 34, 67, 72
Swmoke, 40, 50, 29, 90, 92 9
Smokeless powder, 48




INGEE (Concludad)

Sodrum nitrawe, 32
Solubilivy (riracehulose), 46, By
Soivent
removal, 72
resiiugd, 27, 50, 53, 66
volotile, 27, 82, 54
Speaatxe
force, 1, 4.7 1D 20, 37, 45, £0, 53, 4%
heat ravo, v, 6. 7, 11
impulse, 1,,. 4, 11, 22, 45, 36. 90,95, 9%
caiculeted, §8. 4.5, 7, 5¢
measdred, i
volume, §
\olume, 30
SPIA Jato Manual, 2«
Spotting propetlant, 50, 67, 72
Siabuliy, 36, 43, 52 6!
Stabizer. 45, 4§
Steli. electracity, 72
S:atic test, 23
Suli, 74
Suess relaxation, 2§
Sulfur, 33
Summerfield equation (burmag rate), 13
Supersomcs, §4
Surveillanit teot, 52
Swetuc bargel, 72

)
Taiings, 27, 72
Talian; test, 52
Temperature coetiicrents of burtung, 14, 15
Temperature, injpe), 14
Tensile sireng:h, 28, 51, 99

Thestaal
cenductivity, 238
decompusit.on, 44, 52
expansion coclicieas, 28, 52
wswanon, §9
layer theory, 92

Thermo bermistry of PYopehiang, 3, 5, 33, 42

Thermopiasuc, 95, 102

Thiocyanate process {nitroguanidine), 42

Thrust. 11}
coeflicient, 11, 23
coefbcient and expansion 13 tabies, 11

Toaceun, 50

Triethylene gicol dimurate, 49

Trigle-base propetiant, 5§, 74

Two-temperaiuse theory, 91

‘I

VYapor pressure, 49, 50, 52

Velxiy, bumed, 56

Vibrauon modes, 17

Viscosty, 94, 113
of mitrocceiiulose, 46, 48, 64

Yolumeter, 2;

Volumetric efhcicacy, 27

Y

Water gas equilibrium, 6

VWeb, 18 51 54, 87, 12

W oneci mill, 37

Wire, 50, 10}

Woolwich process (RDX;, 43

X

X-rays, 84

Xy'an, 66
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