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'FROM THE AUTHORS

-Mare;and:more;apecialisns;are?ébnéékﬁipg themselves with rocket propulsion
technology. This is :an area.of interest mot only :for military .experts ‘but .also ifor
ﬁpecialiststin:rhe;fields_nf.metenroloéy,-communication,and:air;Lransportatipn;and
ior.armuititudeﬁof;rocket:y amateursAcnngregated;into‘various-organizqtiaqs,;pfin-
.cipally ‘LOK.

Domestic literature is currently lacking -in comprehensive publications .on the
.subject .of ihe;chemistry,and;technoiogy of solid;rocket;prqpellaqig. .Nor :are :the
publications encountered in :the world literature very exhaustive. iIhe;reagons;fo¥
mhisLare'Iheigidely,divergent.compositionsAof present—day;solidtrocket;p¥qpellants
and Ihe:féct that much data in this ‘field :are ‘bound up in military and :industrial
:secrecy. Nevertheless, certain bits of information on this subject «do :.occasionally
Find their way into publications.

This ‘work is precisely for -the purpose-of;treatingzthis:material. It ds :an at-
tempt to assemble and systematize the most interesting :and important information :ap-
pearing in monograph publications, reports and patents. The assembled materisl is
of the greatesﬁ value for specialists engaged in scientific research .work in :the dis-
.cipline of.snlid_rncket;prqpellents,,technicians;and,stpdents. ‘The .accessitility .of
the material .offered in this book also makes it invaluable to rocketry enthusiasts.

The -various portions of the book were written by the following authors: Part

I, Mgr. Eng. Michal Syczewski, except for Chapters 1, 1.1, 1.2, 1.3, 4, 4.1, 4.2 and

45,3, which were written by Mgr. Krzysztof Krowicki, 'who .also wrote Parts II .and III.

Delivering this book into ‘the 'hands of its readers, 'we 'hope that it will in-

spire increased research on solid rocket propellants in our land.

We wish to thank Prof. Dr. Dioniz Smolenski for his extraordinarily wvaluable
counsel which enabled us to avoid many .errors and inaccuracies. We also wish to ex-
press our gratitude to Zygmunt Borecki, upon whose initiative this book was written.

We extend special recognition to editor Zofia Sosnowski for her able and perceptive

work in composing this book.




LIST OF THE MORE IMPORTANT SYMBOLS AND ABBREVIATIONS

Latin Symboia
thermal equﬁvaiéut of work 1
cross section
combustion arez of the charge
work of adhesion
werk of cohesion
cross-sectional area through the channel of free flow
critical cross-sectional area of the n;zzle
cross-sectional area of the grain
cross-sectional area of the ﬁﬁamber
acceleration
coefficient in combustion law
the speed of sound
activity
total elongaiion
constant in non-Newtonian flow equation
fuel consumption coefficient
molar specific heat of gas at a constant volume
molar specific hzat of gas at constant pressure
constant in equatisnu for erosive combuation
concen.:ation
specific heat at conastant volume
specific heat at constant pressure
specific heat of sclid propellanf
constriction during elongation

diameter
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D = diameter
D = rate of flow
E = activation enefgy
E = elasticity modulus (a constant for a giv@n material)
F = thrust
G = mass fuel consumption (mass output)
. g = acceleration of gravity
H° = molal enthalpy
h = thickness of chamber walls
1 = number of chemically bound.atoms of an element

I = total impulse

Lo
[}

le = individual er specific impulse
I_,p = unit volume impulse (specific density impulse)
i = number of gram atoms of an element in 'l kg of propellant component

i = total enthalpy

J = ratio of cross-sectional area through the channel of free flow to the
critical cross-sectional area of the nozzle

i = longitudinal rocket acceleration
K = ¢constant in erosion equation

= water gas equilibrium constant

wg

KI = jnternal contraction constant

K.n = contraction constant
* KN = cost of 1 kg of rocket construction
. K = cost of 1 kg of propellant

k = adiabatic exponent

kr = permissible stretching tension (stress)
L = length
L = work expended in breaking samples by drop-testing
1 = length
7




Tt

m*

u

Pr

L)

molacular weight

Mach number

gy hmrm

wave anumber of tangential waves

g£4s8 mass

mass velocity in erosivity equation 4
rass velocity when ﬁ'u'l

powér exponent in combustion law

wave number of radiation waves

power exponent for non-Newtonian fiow

coefficient of light refréction

Prandtl number

pressure

mags velocity of diffusing gas in a combuscion equation
wave number of axial vibrations

surface area of liquid

plasticity limit

Reynolds number

gas constant

radius

elasticity 1imit

tensile strength

burning rate &
erosive burning rate &
burning rate without erosion -
diffusion coefficient

absolute gas temparature

flame temperature

surface temperature of tha burning propellant

initial propellant temperature
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T = tempersture of isobsric primer combustion
t = duration time of accelerstion
U = impact strength
U = rste of fsll of a solid body in a liquid
U = linear gas flow rate as defined gy Reynolds numbers
u = temperature coefficient of burning rate |
. v = volume
v = rate of flowing gases in erosion studies
Wl .= final velocity of expelléd gases

W = initial gas velocity

Wﬁ = weight of the propellant
W = starting welght of entire rocket witheut payload
W = mags of primer g

% z = summary power exponent in erosive combustion laws

Greek symbols
o = summary constant in erosive combustion equation
a = constant in vibration frequency equation
% B = constant in erosive combustion equation
F’ r = gurface concentration (concentretion of solute at surface)
Y = deformation due to tangentisl stress

Y = gpecific gravity vy = p*g

i ¢ Aic = enthalpy drop
; ) € = relative elongation

€ = fraction of condenged portions in primer combustion products

€ = porosity

A = limiting angle

A = coefficient of resistance in the fglling of a solid body in a liquid
[ M = Poisson number




- = coeziicient of adhesiveness

v = element numb-r -- atoﬁic number

v = vibration frequeucy

£ = fuel coefficient

T = temperature coefficient. of pressure

e = density.

a = surface tension

o = permissible =tress on chamber material
:1’2 = interphase tension

g = liquid-golid body interphase tension

= cutoff pressure

g = volume fraction of dispersed phase in suspension

o = oxidizer -- combustible component mixture ratio i
: ‘ : , i

¢, = oxidizer -- cumbustible component:stoichiometric mixture ratio

= sphericity -- ratio of surface area of sphere with s
area of particle

Abbreviations
c. W, = density
c. cz, = molecular weight
cz. wag., = weight fracticn
Be = temperature
tow. = boiling temperature (point)
t.t, = melting point

Translation Editor's Note:

The Polish word "Katalizator" may be translated as either “catalyst" or cata-

lyzer." These two words are used interchangeably in the text,rand should not be

interpreted to represent two different entities.

10
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' INTRODUCTION

Recent years have seen a considerably increased interest in solid rocket pro-
pellants. Many rocket experts believe that by ‘1970 most if not all rockets used for .
earth-bound purposes, even irtercontinental ballistic'niksilés,'will'bg powered b!.
solid propellants. In order to achieve this, it'will'bé'nééeqiary'to o%ercoud‘g
number of difficulties because in some respects solid propellants do:noi, nor_wiil
they ever, equal 1liquid fuels. Nevertheless; the differences between them /aust be
reduced to a minimum. -

One of the fundamental shortcomings of solid propellants is the impossibility
of stopping the engine when it is operating and of regulating the fuel consumption
during flight (that is, of varying the amount of propellant burmed pef'unit of
time).

With respect to the specific impulse and the chemical stability, liquid pro-
pellants will always be superior to solid fuels. Solid propellants can never attain
specific impulses such as those obtained with Frij 07H; and Og-ﬁj'mixtures'ﬁut
they can equal other 1iquid compositions such as, e.g.,-oxygén—alcohdl._ The chemi-
cal stability of liquid propellants is theoretically unlimited. The oxidizer and
the combustible component are prepared and stored separately, which permits them to
be preserved for a very long time. On the other hand, in the case of solid prépel—
lants, the oxidizer and th; combustible component are in direct contact with each
other and this leads to decomposition during storage, slowly in some propellants
and more rapidly in others. The imstability of solid propellants is frequéﬁtly
caused by the instability of the chemical compounds (nitroglycerin, nitroéellulose,
etc.) which enter into the composition of these fuels. However, because it is not
intended to store these fuels indefinitely, the stability of solid propellants can
be increased with certain additives so that they will still be suitable for use af-
ter a definite period of time, with only slight changes in their properties with

respect to those of a freshly prepared propellant.

14
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Notwicnstanding certain disadvant;ges, solid propellasts are superior to liquid
fuels in many othe£ rcspects.. Oﬁe'oﬁ‘fhehmnst'important advantages is the simpli~
city of ;onstruction_of.the:rocket motor. Ihisﬁis'cohprised of d'c;ﬁtalner, which
also serves as tune combustion-chamber, snd s nozile. :fhe=¢onbtruction_of111Quid
propellant motors must incorporate containers for the oxidihér'and:fhe‘combustible
component, a t;ansfgr arrangemert, a-distributing‘arrdngeqent,'a combuStioﬁ.chasber,
a:cooling:arranggment and 3 nozzle.. Ail this greatly increases the:cogt gf con-
structios and, what is even more.important;-disadvantagéoﬂsl} fedpﬁes the ratio of
propellant to the total weight of the missile.

The hizgh spocific gravity of solid propellants as c;nparéd with liquid_iue;s
increases the energy content per unit volume, tﬁat is, the'goééélled specific pdwer.
This permits the use of containers with smaller dimensions than thi:se of 1iquid pro-
pellants with the same energy content. Moreover, because the cost of many solid
propellants is less than that of liquid fuels, it can be stated that the economy
factor would to a great extent, if not entirely, eliminate liquid propellants from
terrestrial uses.

The literature contains a great deal of inforwation on the_construction of
motors for solid propellants and associated theoretical considerations. On-the
other hand, the chemical side of the problem is frequently mentioned but very lirtle
concrete data is offered. The quantitative composition of propellants, particularly
the nature of the additives, are frequently industrial or state secrets so that, if
they are published at all, it is frequently after several yeérs'délay: Comparative-
ty, the most comprehensive material is still offered by patents, particularly Amer-
ican patents, from which a good deal of valuable information can be obtained after

careful examination.

12




1. PHYSICO-CHEMICAL FUNDAMENTALS OF SOLID ROCKET PROPELLANTS

1. cormusripn OF SOLID ROCKET PROPELLANTS
The combustion of solid rocket propellants is based'on.highly_gxothernic inter-
molecular or intramolecular.okidafionﬂreactions.
.One of the most important characteristics of splid'rocket'pIOPéllaﬁts is their
rapidity of combustion. The burning rate is the‘linear~veloc§ty at which ;he‘sq;id
propellant is consumed and.is weasured -ir a direction rormal ;o tﬁé propellant .sur-

face; it is demoted by "r" and is expressed in cm/sec.

The burning rate depends on the composition and temperature of the propellant,

‘the (chamber) pressure, form and size of the grains of the components (especially

the oxidizer), on the degree of homogeneity of the mixture, the rate of flow of
gases in the direction tangent to the propellant surface, etc.

With respect to the burping rate, solid propellants can be divi&ed into two
groups: '

a. Propellants with a burning rate of 0.25-0.4 cm/sec, used for assisted
launches, starting turbines in turbojet planes énd'for produ;ing the compressed
gases necessary for conveying the oxidizer and fuel into liquid propellant missiles
1L

b. Propellants with a burning rate from 0.4 cva/sec to several centimeters per
second; they are used for rocket propulsion [2].

Quite frequertly the two propellant types differ by-only small amounts of a
substance ("catalyst" of cémbustion), which nften results in a radical change in
the burning rate. |

With respect to chemical composition and associated physical properties, solid

rocket propellants are divided into two groups:

a. Colloidal propellants, which principally contain two basic self-oxidizing

substances -- nitrocellulose and one of the liquid nitrates of poly~hydroxy

13
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2lcohols (nitrogly_cgrin, nitroglycol, etc.).
b. Composite prcpellants, io which the predominant portion is the oxidizer,
while secondary with respect to quantity is the organic combustible component which

sinultaceously serves as the oxidizer and binding substance.

1.1, Fup@#mgptnl_Lawa-of:ﬁombust@om
The interdependence of the burning yate, pressure and temperature is the most
imppftant.characteristic of any propellant. Theoretical mathematical calcuidtioﬂ:
lead to more or less suitable fo:mula; fron-the_p:acti;al‘poimtfof'viei,iﬁﬁtfpfir
marily this interdependence 4is wery conpligated. The equ§tion‘uorked-eut by M.
Sumerfield and coworkers of Princeton University 1s ome of the most accurate for
cemposite propellants. After certain reductions and at standsrd temégtatﬁre,"this

equation assumes the following form:

b
' ='q‘+ 13
roo.opr oo
i - bprt

r

snere r ig the burning rate, p the pressure and a and b the coﬁbtantsifor the given
propellant.,

. The curve with coordinates p/r and pzl 3 15 almost linear. Intersectiop with
the p/r axis gives the a value, while b is defined by the Blopg [2].

Although the above dependence is the preferred onme, empirical eguations are in
geﬂbral use becauce of their earligr férmulation, wider recognition and simpler
form, and also because of their broader application (they apply.also to_cpil91ﬂal
propellants as well as composite omes).

The basic empirical equation is
T ==qp" (i.1)

or

r=a+4 bp"

14
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where: a2 and b are constants for the given prgpellaqi,.tndh;rié;a;‘egpoﬁh-fiai_cong
stant for the giwen prOpellant-within.q;c?xtai;fp;edsuxe Tange. |
This dependence freduently is not fulfilled in the case of a wide range of
pressures; then it so happens that the expo{mnt n.is .differe#t >gt_‘ ﬂiffer.em: pres-
surés for the sawe propellant. | g | |
It is necessary for the pressure exponqu n to be less rhan one because at val-
uves close ton =1, a A is impossible. This:m;ans that-an'igciﬁén—
‘tal slight increase in pressure causes a tremendous increase ip the butninglratg‘
and, consequently, the fuel consumption (or the mass of}coqbustion produ;ts‘sene:-
ated in a unit of time), several times greater than the outpﬁf ﬁf;the-ehgine nozzle,

i.e., than the limiting amount of gases that can be discharged by the nozzle per

unit of time. Then a violent pressure increase takes'plaﬁe in the cambusfion.chan—

ber and the engine breaks apart.

ciesgiel S e it TN

It is most preferable that the exponent n be equal to O;ibecause then the burn-
ing rate is not 2 function of the pressure. However, it is very difficult £nd nﬁt
always possible to obtain fuels with such properties. Therefore, it is‘xecomﬁ&pded
that the exponent at least be less than 0.65 [1]; however, there-frequently are
fuels with an exponent n going as high as 0.9.

The exponent n can be determined by finding at least two values of the burning

rate at two different pressures [3]:

| rocap and £y —aph

s

and then

r,

5 ‘(”')" wo i, logfi=log’
P pg 108 Fil 108"‘1.-'108,’1

s, e
2
e
I

If the burning rate ie known for standard pressure conditions, iJe., under'g

pressure of 70.3 kglcmz (this figure results from the conversion of preesure values

v J— A

15
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tzken as standard by Americau scientists, 1000 1b/cal? units, to Lg/m'zuu:‘ , then

VAR Fog ) o
Tl I B T/
3 M, ( 204 -4 (‘70”.,)"

whence

- T20 B L hg_-rl = 103—1:70 *
20 dog P, = 1og 70

The constants a and n are thus designated.
All the above equations are valid for fuels with unvarying temperatures, or
for t = a constant.

The most gemeral equation incorporating the temperature dependence is

+

= bpo NN {1.2)

where: L, n and Tp are constants in the given pressure .and temperature range,

T is the temperature sensitivity to the pressure, otherwise called
the temperature coefficient of the pressure,
T' ig the standard temperature, and

T dis the actual temperature [4].

It is easy to see that for T = conmstant and (T' ~— T) = constant .and

% (7T -
be™ =T _ const o F A

the equation (1.2) aesumes the form of equation (1.1), wherc

= bf"'ri -=T)

On the other hand, when the standard temperature T' = T, that is, when T' — T =0,
the constant a = b. It results from this that the equaiion r = ap® is a spec.;ial
case of equation (1.2).

The temperature coefficieat of the pressure Tip is Qefined as .1:he. :':'atic; of the

percent pressure variation to the temperéture’v#riation of the fuel in umit wvaluec

16
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The formulated equation zlso became the temperature coefficient .of the burning

rate u. This is the ratio of the percent burning rate variation a2t constant pres-

sure to the fuel temperature variation in unit values

percent burning rate variation
1°C (fuel temperature)

100

There is an interdependence between n, o and u

= I}
W=
l1—n
. u
whence n=1——
Ty
Ky — 1.~
oY T o= - e E —_— 1
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the value .of the exponent n is not uniform 15].

For example: a .composite fuel with 25% polyester combustible com.onent and 75%
NH,C10, has u = 0.25[1°C1] and - 0.45[1°c-1]. 1t follows rhat the burning rate
increases 0.25% and the pressure C.45% when the ‘fuel is heated 1°C.

The relationships (1.1) aird (1.2) are valid only for certain temperature and
pressure ranges. As alveady mentioned, some fuels can attain the exponent value

n = 0 within a certain pressure range; this means that the burning rate ceases to




be & function of the pressure ard becormes constant. This is called ‘the plateau ef-
fect and is most frequently'encoqntered in ‘colloidal propellant; ﬁhenﬂamall-amounts
of lead salts are inserted [6]. ihis effect ig also possible in éomgosipg fuels’
with ammonium perchlorate and with certain additives. ‘ |

It can also occur that the expoment n assumes a negative value for some pres-

sure ranges; in other words, the burning rate decreases with increasing pressurc.

This is called the mesa effect [7]. Both of these effects are_illustrated in Fig-

+

¥

ure 1.1,

Figure 1.1. The plateau and mesa effects which arise
during the burning of some solid rocket propellants.

It quite frequently occurs that the burning rate is so low under atmospheric
pressure that the burning “uel is extinguished. 1In this case, a pressure increase
is necessary for regular, stable combustion. This pressure increase is obtained by
wrning a small auxiliary charge, the burning time of which is of the cxder of a
¢w hundred milliseconds (usually about 500).

At the present time the burning rate and the coefficients =r, LI and u can be
sofluences by means of various additives.. Thus, the following can now be expected
of fuels:

{(a) definite limits o the burning rate,

{h} a definitr ¢tfective burning rate,

(¢} low aud high exponents n,

{d) a low e value,

{(e) a calm ignition,
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{(£) a high combustion productivity,

(g) elimination of unstable combustion, and

(h) elimination of detonations.

Although the mechanisms of burning-rat;_variation are presently more or\le;s
well known, the mode of action of ;dditiVes on the variation Qf n, u and ﬂp.is

either cloaked in secrecy or is still in the research stage.

1.2. The Mechanism bf Combustion

. The ourning of solid rocket propeliants is based on a number of complex exo-
thermic chemical reactions of decomposition as well as oxidation and reduction.
These reactions initiate a pyrolytic effect in the thin layer just under the combus-

tion surface. The combustion process is complete when a thermodynamic equilibrium

in the gaseous phase is achieved.

Particular burning mechanisms are very complex and are difficult to séudy.
Moreover, they are different for colloidal and for composite fuels. In the case of
colloidal propellants, the substance burned is homogeneous and, in particular, the
components are most frequently self-oxidizing. Therefore, excothermic decompesition
reactions will predominate here. 1In the case of composite fuels, the subs:ance is
nonhomogeneous and the predominant constituents are an oxid.zer and a combustible
component; consequently, oxidation and reduction reactions between the decomposi-
tion products of both constituents will -onstitute the majority of transformations
taking place.

The burning diagram for colloidal fuels is presented most simply in Figure 1.2,

. These fuels are homogeneous substances; most of the constituents are cellulose ni-
trates and poly-hydroxy alcohols, The area in which the burning reactions take
place can be divided intc several layers parallel to the combustion surface. The
sub~surface zone is located immediately below the combustion surface, otherwise
valled the decomposition zone because a partial decomposition of the organic ni-

trates takes place here due to the effect of temperature. This decomposition
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becomes more substantial in the foaming zome (also called the fizzing zone), during

whigh large ameunis.of nitrogen dioxide ‘and other gaseous products are liberated.
» : 5
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Figure 1.2. Combustion diagram for cclloidal fuels.

Key: (a) = solid phase; (b) = gaseous phase; (c) =
1 ! fiame zone; (d) = dark zone; (e) = temperature; (f)
1 = foaring zome; {(g) = combustion surface; (h} = sub~
) surface zone; and (i) = distance.

3 Reactions in the gasezous phase begin at this moment. First, activated pro-

ducts are gencrated without heat production; thiz is the so-called dark zome or

preparation zone. Then exothermic reactions take place, a whole series of excited
atoms and molecules arise and prcduce luminescence by radiating an abunda;ce oé
energy in the form of quanta. This is the iLagg_gc_u_ig.

The thickness of the subsurface layer is a function of the burning raterand
the penetrability of the fuel to radiation from the flame zone. With higher burm-
ing rates and lesser penetrability, this layer is thinner. As the combustion sur-
face is apQroached in the direction of the gaseous puase, the temperature increases
é due to thie exothermic decomposition reaction, radiation absorptioﬁ and thermal con-

Guction and reaches about 300°C in the foaming zone, after which it increases vio-

lently to about 1400°C, acquiring its highest value in khe flame zone.
< The thickness of the foaming zome is a fuﬁction of thé volume of gases liber-

ated. Thus, it is not surprising that this layer is very thin in the case of
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Figure 1.3. Physical effects arising during the combustion
of fuels containing ammonium nitrate. Key: (a) = gas stream;
£ (b) = sclid combustion products; (c) « luminous zone; (d) =
;‘i flame base; (e} = dark zone; (f) = macromolecular dirfusion;
' (g) = absorption of molten NH,NO4; (h) = cracking and foaming

of the surface; (i) = fusion of NH;NO; and association into

larger drops; (j) = modification of physical properties; (k)
3 = temperature; (1) = high turbulence; (m) = turbulent mixing
: of the components; (n) = high turbulence and instability; (o)
= hydrogen desorption, gas absorption by the evolved carben
black; (p) = laminar outflow oxr diffusion; (q) = surface
changes and temperature stresses; and (r) = crystallographic

5 transformations. ’

’ higher pressures. The same applies to the preparation zone. The thickness of this
zone increases rapidly with decreasing pressure and it may happen that the activat-
ed product concentration becomes inadequate, the flame zone wanes and, although rhe

: grain undergoes decompositicn, the combustion is incomplete [7,8].
The combustion mechanism of composite propellants is completely different.

This, of course, is due to the inhomogeneity of the fuel. The entire propellant
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surface i:c composed alternately of strips of oxidizer and combuptible component.

The two components undergo pyrolysis due to the heat transmittgd by radiation or
thermal conduction. Conical regions rich in oxygen or gaseous.combustible component
decomposition products are formed. It resembles in its énti;éty the burning of gas-
es in a Meker burner, but with the 2ppearance of waxing and waning of 1hdiv£dual
streams or jets in extremely rapid cycles [2].

The combustion processes are béét studied in the case of fuels with amgonium
nitrate because these fuels, as has long been known, are superior to others with re-
spact to the low cost of the oxidizer (which is the reason for its common use), al-
though they are inferior to propellants containing other oxidizers (NHACiO4, LiNC4)
with respect to speclfic impulge.

The plhysical and some chemi-al processes of combustion of most composite fuels
(Figure 1.3) are similar to the combustion of fuels containing ammonium nitrate [4].

Ammonium nitrate differs from other commonly used oxidizers ty its low melting
point (169.6°C). Thus. when fuels containing ammonium nitrate are heated above’
170°C, the molten oxidizer breaks away from the combustible component, tears bits
of it away and is expelled from the surface together with the gaseous products.

A number of processes absorb certaln amounts of energy, which undoubtedly makes
combustion more difficult. Thus, for example, large particles must undergo decom-
position, large molecules must also be decomposed and the products formed require
an additional amount of energy upon being mixed and heated to the activation level.
A portion of the energy 1s also expended in expulsion from the surface, in the
transfer of material, etc.

From Fhe chemical point of view the combustion processeé of composite fuels
are differeﬁt primarily through the employment of different oxidizers. Because the
combustible components enter into the composition in the form of the same.elements
(C, H, 0, N -- more rarely S and Cl), they ere not as decisively ;ignificant. At
the very most, they can influence the equilibrium state of some reactions in one or

the other dirention.
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Chemical combustion processes, particularly, (Ffigure 1.4) are most evident in

fuele containing ammonium nitrate [4].
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Figure 1.4, Chenical combustion processes of propellants
containing ammonium nitrate and a combustible component
of composition (CzH,)x. Key: (a) = thermal radiation
and chemiluminescence; (b) = gaseous component mixing;
(¢) = thermal diffusion, fusion and decomposition of
A NH,NO3; (d) = thermal diffusion and crystallographic trans-

formations; (e) = temperature; (f) = equilibrium reactionms;
- (g) = dissociation reactions; (h) = exothermic combustion;

(i) = activation; (j) = oxidation reaction; (k) = reac-
tions of carbon black formation and its gasification; (1) =
combustible component depolymerization; (m) = photochemical
reaction; (n) = explosion; (o) = surface reactions; (p) =

‘ gasification of the combustible component (thermal, photo-

' chemical) (q) = subsurface oxidizer reactions; and (r) =
modifications of intermolecular forces.
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1.3. The Actior Mechanisms of Combustion "Catalysts"

It has long been asserted that smail amcunts of certain substaices have a radi-
cal effect on the increase in burning rate. It is believed Fﬂaﬁ this effect arises
only as a rgsplt of 5 catalytic acceleration of the coﬁbustion reaztion. v..k. Get-
man [4] asserts that this effect has nothing in common with. the caﬁalyt;c action.
Indeed, it does appear only in the case of reactions unfolding in the gaseous phase.
Kenji Kuratani [9) states that the 1% addition of some metallic oxides can a;ce;er--
ate or slow down the rate of thermal decomposition of ammonium peréhlorate. This is
undoubtedly a catalytic effect. However, this effect is not the only mcde bf action
of the "catalysts". Therefore, the term, combustion "catalyst", is not an apt one.

The dark zone, where no exothermic reactions take place, is believed to exist
between the combustion surface and the flame zone. The fact that the grain gasifi-
cation reaction rate is higher than the reaction rate in the flame zone bears wit-
ness to this. If this were not so, there would be no dark zone and the flame zone
would be in direct contact with the combustion surface. The rate of surface and
subsurface reactions then influences the burning rate directly, but the burning|rate
in the flame zone does not.

The combustion "catalysts' act in different ways. Some develop their action
exothermically on the combustion surface and supply heat directly to the surface
recactions, others act to break down the surface by means of physical changes, oth-
ers, on the other hand, by means of excitation in the.flame region, emit high-energy
quanta, capable of photolysis of the propellant, and others then catalytically ac-
celerate the breakdown of the oxidizer.

Thus, there are 4 ways that “catalysts" can influence the combustion process:

1. radiation,

2. exothermic decomposition,

3. catalytic decomposition oE the oxidizer, and

4. physical transformations.
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Most frequently, all four methods act simultaneously, but to different degrees.

-

Radiation

If the predominant factor s “catalyst" influence on the transfer of eaergy to
the combustion surfacs by radiation, themn at least a certain portion of the emergy
supplied without the "rsatalysts" must come from the radiation. Actually, the study
of colloidal fuels suggests that radiation particiﬁation in energy transfer amounts
to 10~-202. This radiation comes from tbe visible region and the photon energy is ‘n
equilibrium with the flame temperature. On the other hand, Jcatalysts" exerting
their influence by radiation contain atoms capable of photon gmissioé-of energy much
greater than the energy of thermal radiation. Thus, for example, phoﬁons with a
wavelength coinciding with the 5167 A iron lines have sufficient emnergy to break ?he
bonds of the polymer by photolysie. Such photons produce depolymerization by'breakf
ing the spatial léttice bonding.

Photon absorption by gas molecules has little signifizance with the exception
of N0y, which has & high adsorptio; ability, and the fuel molecules, from which hff
drogen is dissociated. ‘

Colloidal propellants proved to be quite penetrable for rediation, whereby not
only the subgurface layer but alsc further portions of the charge are subjected to
heating. This may be the reason for pyrolysis of the deeper layers of the charge,
which leads to cracking, unstable combustion and even explosions. Im order to
avold this, the grain.penetrability is reduced by the addition of certain amounts
of soot, which stops most of the radiation in the subsurface layer without further
penetratioo.

In the case of composite fuels, the photons penetrate the gaseous layer and
strike the fuel. If they reach the molten oxidizer, they are absorbed to a small
degree, some are reflected and the remainder continue on to the combustible compo-
nent. Consequently, it is not difficult to understand why the combustible component

absorbs the major portion of the radiation, f.e., at least 60%, in spite of the fact
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that 1i.has a much smaller surfsce area than the oxidizer.

The radiation of higher emergy photons is caused by the 3ubstance,pot being_in ‘

equiiibrium or by chesdluminescence. In the absence of excite, "catalyst’ atoms,
these substances can be umstable molecules or radicals;cz, C3, Cd, JH, CN, NH and
others. The Cé molecule, which appears in the f;ama_in ratheg:large-amcunts.Ais'of
particularly great importance.

Eveiything poinfé to the fact that photelysis is a very important factor amd
that the atoms of the metnilic ele;éﬁts, which influence the bu;ning xatg, act pre-
cisely in tﬁe above manper. It is no mere coincidence that the at§m£ exhibiting the

greatest chemiluminescence, Fe, Cu, Co, Ni, K, Pb..., also bave the greateet influ-

ence on the burning rate.

Exothermic decomposition

‘It has been found that chromium does not exhibit ‘much chemiluminescence, yet
its compourds are used as combustion "catalysts". The metal itself har no influence
in this respect. On the other hand, the chromium oxides, chromates, dichrom#tgs;
polychromates and chromites have a high radiation absorpticn capability and thus
supply energy to surface reactions. Ammonium dichromate has long been used in pho-
tography because of its good radiation absorption. The chromates, dichromates and
polychromates are the most effective in this respect because, 1in addition to the ab-
scrbed energy, they also have high heats of dissociation. For example, ammonium di-
chrouate has a heat of dissociation which is more than 5 times greater than that of

ammonium perchlorate (into the elements) (420.07 kcal/mol and 78.3 kcal/mol, re-

spectively).

Catalyric decomposition of the oxidizer
As already stated, some metral oxides accelerate the thermal decomposition of
ampmonium perchlerate. Cu0, Zﬁb, Cry03 are the most effective; MnO, and MgO havg
average efiectiveness and Al,03, Fe,03 and Ti0; have minor effect?veness. V05 ex-

hibits an inhibitiung action. Furthermore, in the presence of different oxides,
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gasecus products naving different compositions arise [9].

FhysZical traueformations

In the case of a low melting oxid;zer (QH4N03) and a readily decomposing com—
bustible component, a certain amoun: of liquid.;nd gaseous substances arise inside
the fuel; as the tévverature increaseé, thé;e substanées act more and more strongly
to break down the surface. Crystallographic t:amsfbrmations,;uhich always bring
about a volume increase when the temperature is increased, have this same_h;tiv;ty.
Differences in the coefficients of thermal expansion beﬁﬁeen the Qxidizer and the.
combustible component cause many surface cracks. Ali thesé surface changes havg.a
great influence on accaleration of the combustion [4]. .

In summarizing the above, it caa be stated that:’

a. Because the thermal radiation is in éqﬁilihrium with the temperature of the
flame, it cannot be a dominating factor in the tramsfer of energy "dowu‘ to the com-
hustion surface, nor cam it be disregarded altogéther. ‘

b. Radiation in a state lacking in equilibriuﬁ,‘or chemiluminescence, can be
a dominating factor in a fuel-rich flame, esbeci&lly in the presence of "catalystg“;

c. Chemiluminescence and, tec a lesser &égree, thermal radiation can supply
energy for the photolytic decomposition of the combustible cémponent, in addition
i.0 the pyrolysis occurriag on the surface.

d. Heat supplied Dy radiation, thermal conductinﬁ and excthermic subsurface
reactions leads to a pyrolytic decomposition of the oxidizer, accelerated by the
catalytic action of metallic oxides. 7

e. The physic2l factor assumes a greater significance and is decisive in the
final decomposition of the surface layer only when the combustion surface is weaken-

ed by the above processes.

1.4. Thrust and Spccific Impulsc
Before endeavering to formulate the composition of a solid propellant, the bal~

listic, thermodynamic and mechanical requirements of the fuel should be knowm.
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Some of these characterigﬁiés‘can'be'predicted, at least approximstely, by learning

the influeace of the particular componenis on thg_parameters of the finished propel-
lant.

One of the principal parameters of rocket fuels is the specific dmpulse, denot-

ed by the symbol TI,. The specific impulse of the fuel can be determined on the ba-

sis of experimental studies and theoretical calculatioms. The tbeoretical walcula-

tions can be carried out on the hasis of laws for the conversion of chemical emergy

to other forms of energy.

During the combustion process the chemical energy is converted into thermsl

energy, radiation emergy and pctential emergy.

The radiation emergy goes partially into heating the engine walls (conversion
to heat), is partially diffused outward in the form of luminous gas streams and is
nartially absorbed by the burning material, exciting it to continue burning.  The
results of some studies indicate that for ceryain fuels the energy passing from the
combustion zone to the fuel zone is tramsferred chiefly by radiatiom.

Most of the energy liberated during the burning process consists of heat emer-

v, which is partially wasted in heating the engine and surroundings as well as on

the dissociation reaction, which takes place at high temperatures. Potential energy

arises from the high pressures that develop in the combustion chamher when the en-

gine is operating. As a result of gas expansion, the thermal and potential energies

ire transformed into kinetic energy due to the high velocity of the cow ustion pro-

ducts as they are expelled from the nozzle. Due to the effect of the combustion

gases Jeaving the nozzle of the engine, a thrust force acts on the rocket in a di-

rection opposite to that of the discharging gases.

The amount of thrust developed is the value of greatest interest to us during

the flight of the rocket.

According to Newton's laws of dynamics, this force is egqual to the product of

the mass (of expelled gases) and the acceleration
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T ~ma (L
where

-I'Vl = Wn
il == m——
F = thrust,
m = masa of expelled gazes,

-4 = acceleration,

=
¥

final (maximm) velocity of the expelled gases,

Wy = dinditial velocity

t = action time of the acceleration.

Because the gas velocity is measured in relation to the engine, the‘initial
velocity equals zero, since et the moment of burning (generation).éf £he:gases; the

engine and the propellant consist of one single uait. Accordingly

/

F=m—
i

{in this form the index on W can be omitted) or

F-lw.
¢

The ratio m/t is called the mass output and is designated by G = m/t. Thus, this is

the mass output of the fuel per unit of time. The mase output is a variable wvalue;

therefore, the following expression will be velid

roW dm .

r (1.4)

The masa output G = m/t can be readily detemgined on the basis of the fact that

e
-

the output of combustion products in the nozzle is equal to the deéreaae in mass of
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the buzning Fuel.
Knowing the bucning rate, specific gravity and combuation surface of:the solid

propellant, we calculate G from the equation
Gr—'A‘pT}' (1-5)

where! A.p = combustion surface of the charge,
£ w burning rate,
y = specific gravity of the fuel.

The thrust should be specified in units of force -- kg, and from the componenta
of thrust (m/ssc)+(kg/sec) we have mkg/secz, which 1s a muitiple of the phyaical
unit of force, the dyne. In order to convert the physical unita to méchénical
units, the phyeical units must be divided by the conversion coefficient 9.81, which
is prec’sely the salue of acceleration due to gravity, denoted by g.

Finally then

e (1.6)
gt
where; m end t are known from the burning rate and the geometric form,
g 18 a constant for a given altitude with respect to aea level.
Accordingly, the derivation oi the equation in W remains in the expression
(1.6); we derive this from the equation of the conservation of energy of flow.
Tho total enorgy of flow of a given gaa 1is romposed of the following compo-
nenta:
1. the internal enevgy, ¢,T, where: c, = the specific heat at a constant vol-
umo and T = the absolute temperaturc of the gasea;
2, the chomical cnerpy, U,y
3, the kinatic cnergy of flow, W2/2g;
4, the potontial onergy of preasure pV (p = pressure; and V = volume).

We assume that there is an adiabatic, linear flow of a chemically neutral gas

30

L *




f
X

14 27,

wixture with no friction oa the walls. -Assumingfihét,heat-ié'Eot,supﬁiiédth or. ré- |

moved from the flow during the passagg,;the‘totgl‘flbw_énergy“E will Ee-i?constant

£ . ' 3
e + -“U_?V +Ua+ A % = E = const .,.._(-1-_7)

where A is the heat equivalent of work, which is used in comverting kg‘to-kgal

1 keal ,

ol 427 kg

The equation (1.7) is sometimes called the thermodynamic Bernoulli gas equa-

tion.

In order to simplify expression of the energy it should be noted. that ¢ T -»

ApV + U,y represents the total enthalpy 1, of the gas mixture, then the equatiom

(1.7) may be written in the form

&+ﬁw2ﬂmu. : (1.8)
2

It follows from the above that the kinetic energy increase of gases is equal

to the drop in the total enthalpy, as takes place between two gas flow sections.

A - . .
EZ’ (M2~ "V?) = ley — leg

hence

If we take the combustion surface of the fuel charge as the initial section,

Wy = 0, then

‘V._ l/..}';‘ Afc q (1!9)
It remains to find the expression in an accessible form in Ai,. During the
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expansion 5. the ch.emically_‘ net;txg_ai gas, 'i:he change in f_entharpy--‘_is fé:;_'nress‘ea ;Lﬁ;;, a

change in the t=mperature and the specific heat

Jig==cpdT Jip=cp (Tr—T))

(1.10)
where cp is the specific heat of the gas under constant .pressure, or
-_Lli‘=cp (Tl_Tz)-' (1-11)
In the case of the adiabatic transformation of gases
7 “§—1 £—i
A:;-(’.’# A e PO (1.12)
Tl ' \ih ] . jf
where
: (i.13
.G Gt AR AR (i.13)
Cl. C‘u Cl"
k = the adiabatic constant,
Cy = the molar heat of a gas at a constant volume,
Cp = the molar heat of a gas under constant pressure.
It follows from (1.13) that
! ’l‘
Co= AR C=—'— AR (1.14)

]\T—-l A-Hl

It is well known that the relation of the 3peci{ic heat to the molar heat has the

{om

¥ = molecular weight of the gas.

After substitution of the molar heat value from (1.14), we obtain
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kAR 1. AR (1.15)

=l o ‘s

k-1 M k-l M

By substituting the (1.12) and (1.}5)-va1ues in ;heiequation_(l.ll), we obtain

2 ] $=i
‘ L gipa JEN S0 0 _Tc,) (1.16)
k k=1 M
- or
P . )
! . k  ART, =
£ e HI[ (i’ ] A
&
? (subsequently, the minus sign in Ai; will be omitted).

Ry substituting.the last equation in (1.9), we obtain

I

-1 -
" 2 K _fg_l! (%,_)‘—] : (1.18)
K1 M :

When equation (1..18) is used, it should ve kept in mind that it is valid for
all the preceding assumptions and therefore for the acdiabatic tramsfcrmation (i.e.,
when a heat excharnge with the eavironment does not take place), if the expanding
gases are chemically'néutral {i.e., the gas composition does naf change in passing
from section 1 to section 2 (Figure 1.5)), and for the flow without friction of the
gases on the chamber walls. The velccity calculated in this manner is not exact and
is uegually higher tham the true vaiue .hy about 5%. However, keeping this in mind,

. tne above equation can be used»in orientational theoretical computations of the pro-
jected fuel, However; before equation (1.18) is used in calculating the impulse,
elementary considerations must be taken into account.

It follows from equation (1.18) that the gas efflux velocity it proportional
to the squaie root of the combustion temperature and increases with increasing dif-

ference in the pressure of the gases in the combustion chamber (pl) and in the

93]
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c¢ischarge from the nozzle (pp). An explanaiiom of tbe indices of the individual

parameters can be found in Figure 1.5,

i »
A=t — ] . —f—
i
1

; ?

o

s—==}

Figure 1.5. Parameter designation
diagram for the engine during com-
bustion.

For the sake of simplification, it is assumed that the pressure in tbe_entire
combustion chamter is constant. In reality, there is a fixed preséufe differencs
between the front and back portions of the chambér'auring ége entire burning time.
This difference changes during the burning and is different fer péfticulat condi-
tions, which is of course reflected in the burning process itself. However, when
considering the largeness of the thrust, an average pressure value can be assumed
and a sufficient accuracy can be obtained. The influence of thé pressure difference
between the front and rear portions of the chamber on the burning process will be
discussed further in subsequent chapters.

In order that a maximum pressure decrease may take place, the gas must expand
to the ambient pressure pg upon discharge from the nozzle. For a given pos in prac-
tice, the nozzle can be constructed in such a manner that pg = py, but taking the
fact that the rocket engine operates at different altitudes {different Po values)
into account, the engine can function under maximum expansion-expioitation condi-
tions only for some definite brief pcriod of time. . As pp decreases, the sectional
surface area of the nozzle must be increaseé during flight in order to obtain'a max-

imum gas expansion, and this is difficulct to accomplishl. If we assume that for

cach py value we have an adapted nozzle, in which a maximum expansion‘takeé place

lSee page 86,
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in section 2, tpen a higher gas discharge velocity can be expected for a lower en-
§ironnenta1 pressure.

The maximum discharge veiocity is attained when the engine is funét;oning;in_
interplanetary sﬁace, when py = p, 20.

Then

- T F - R7
Waer = l/ggl}—:-—i' ‘:“f 5 (1.19)

The third basic value (in addition to the temperatute and.the pressure) .upon
which the discharge velocity of the combustion products depends is.the gblgcular
welght of these products. The'dischérgé velocity is inversely proportioﬁél Eoithe
square root of this welght. '

By employing equation k1.19); we can calculate the maxiﬁum thruét; maximum im-
pulse and maximum specific impulse. These maximum characterlstic vglues of the en-
gine are not attainable in practice (rockft engines seldom operate under_p0=t;0 con-
ditions). Calculations of the so-called ideal impﬁlse and.ideal sbecific impulse
are closer to the true state of affairs. When calculating these values, it is as-

sumed that the environmental or zmbient pressure

Pp = pp = 1 atm.

Thus, this is a calculation of the function of an engine under pressure condi-
tions corresponding to the pressure at sea level and with a nozzle permitting the
expansion of gases;to 1 atw upon their discharge.

In summarizing, it should be stated that there are concepts o  the real velo-
city of the escaping gases, the maximum velocity, the ideal velocity and the velo-
city resulting from experimental thrust measurements. Corresponding to these velo-
city concepts, there are thrust, impulse and specific impulse comcepts.

By applying equation (1.18) to equation (1.6), we obtain
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Y .

By.integrating the. thrust over timé, we obtain the total engine impulse I
t ot =
f..,=.,6fm ? (1.22)

This equation is used in working out experimental results; when the thrust
curve over time is known, it is integrated and the total impulse is obtainmed.

In order to obtain a practical equation in theoretical calculations, we assume

that the thrust is constant during its time of action. Then

I =Ft . (1-23)

By substituting F from (1.20), we obtain

. 2 RL | ()T
- s -] Sy

As stated in the introduction, the specific impulse Ig is the most important

parameter for the characteristics of a propellant.

1y et 2

It follows from equation (1.23) that I is measured in kg-sec, and I., is obtain-
ed by dividing the total impulse by the mass of the total fuel, expressed in kg.
Thereforé, I, is measured in kg-sec/kg, which is usually written as sec, although
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this term is not technically correct. Thus, the specific impulse denotes the kile-

granfgecpndkimpulsg.tha;.cnn_bg obtained by burning 1 kg of fuel. *Ehé'ﬂpqsifig:iné

pulse is greater for most liquid_propellants'thgg for solid fuela‘nndlfrequancly ex-.

ceeds 300 sec, while for the best splid ngpellantq,'it is not much more than 250
sec. '

In choosing a fuel, however, one cannot be gpided only by this indicator. The
specific gravity of the fuel is an importgn; f%ctor. A higpg: specific gravity per-
mits the "fitting" of a greater impulse in a small volume, even whes I, is reléfivg-

ly small. This is the case with solid propellants, the specific gravity of which is

advantageous in comparison with liquid ‘fuels, The volume concept of the specific

impulse; somtimes called the specific density impulse, is sometimes siven for com-

parison

Ioop = ISY[kg-sec/dcm3] (1.26)

For example, if we have a liquid fuel with ivs I; as high as 300 and a specific

gravity of 1, and a solid propellant with I, = 200 and a specific gravity.of'1,5,
their volume impulse will be equal to 300. The specific impulse of some commonly
used sclid rocket propellants is given in Table 1.1.

It is evident from the table that trhe most important fuels are those based on
ammonium ﬁerchlorate, taking into account the availability of the raw materials and
the specific impulse. When a high-energy combustible c&mponent‘and other additives
(e.g., light metals) are chosen, ammonium perchlorate-based propellant; can~attain
a specific impulée as high as 270 sec.

Because potassium perchlorate has a greater specific gravity.than §mmonium per-
chlorate, it can furnish a sufficiently large specif;c volume impulse, although the
specific weight impulse is considerably less than the impulse of propellants with
ammonium perchlorate. Ammonium nitrate-based propellants yave a considerably small-
er weight snd volume specific impulse than the two preceﬁing ones;Lnevertheless,

they may be chosen because of the low cost of the raw material.
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TABLE 1.1. SPECIFIC TXPULSES OF THE MGRE TMPORTANT SOLTD'PROPZLLANTS
st | svwfggegww
léodposite.g_gpéllants
B NH,Cl0, + polyester resin 180-200
M-140104 + polyinyl chloride ; 225 .
4ClO (60%) + polyurethan (25) + other additives (152) E 240
R34010 + polybutadiene ' 250 .
Oxidizer (65+) + nitropolyurethan 1 250
NH40104 + polyisobutylene + decaborane : %60
Oxidizer + polyuretnan + light metals ; 276
Kcm& + asphalt ) 180-195
KC10, + (C,H,0)_ _ 165-210.
NaN03 + ammonium picrate + binder 180
NH4N03 + (C2H40)n 195
L10104 + various binders 250-300
Colioidal Eroﬁellants (2} d o . [
extruded ‘ | ‘
E Nitrocellulose 50-60
Nitroglycerine 30-45 200-250
| Plasticizer 1-10
e
] Kitrocellulose 45-55
| Nitroglycerine 25-40 200-220

Plasticizer 10-25

p—
-

Although lithium perchlorate-based propellants have the greatest specific im~
pulse, they cannot be chosen because the raw materials are expensive an& difficult
to obtain. As can be seen in Table i.l, coiloidal fuels can equal romposite fuels
in many czses with respect to' the 3pecifi§ impulse and because their technology has
long been worked out, they are quite widely used, even at the present time.

Sometimes, examples of economy compariso; calculations are given for solid and
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liquid propellants. The cost of 1 kg of rocket weight is dztermined by the equstion
Kg=§K,+(1—4) Ky

vhere: Kp = the cost of 1 kg of fuel,

Ty = the cost of 1 kg of rocket construction without fuel,

§ = the fuel coefficient = WpiWR -

. in which: W, = the weight of the fuel; Wy = the initial weight of the

eutire rocket without paylead (nose cone).
Ernest R. Roherts gives the maximum costs [10]) for solid fuels
Ky = $44.00 per kilogram,

K, = $ 2.20 per kilogram,

£ = 0.9
Accordingly, when I_ = 245 sec, the cost per kilogram of initial rocket weight
is $6.38. The cost of 1 kilogram of initial weight of liquid'fﬁél rockets (due to

the high cost of Ky» which is $200.00, and the large ¢ koéfficiéht)'averages $i3100,

even for the least exﬁensive fuels. Therefore, even when we assume that a solid
fuel rocket is 1.5 times heavier than a liquid fuel rocket, its cost will he about
27% less. Attention must still he given to the most suitahle conditions of stock-
piling, use and .omparative dependahility of function, which speak for the advantag-
es of solid propellants.

1.4.1. An example of the computation of the theoretical
. specific impulse for a composite rocket propellant. '

' Determination of the empirical equation
of the organic portion of the propellant
By means of example, we take a propellant of the composite type, in which poly-
ester resins are used as the comhustihle suhstance and the hinder, and potassium
perchlorate as the oxidizer.
The polyester resin (designated as "Polimal 110") is a mixture of polyester

(55%) and styrene (45%). The polyester is ohtained by condensation of the following
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OH
Propyleme glycol  CH; — CH — CH, — OH- 100 parts
Maleic anhydride - S5 P
; - :>0 57 parts,
Hif - C:-0
£ ANGS
Phthalic anhydride S ,
t }() 43 partse .

RS /\C/': O

3

It is evidenp thqt the component which is capable of facilitating polymeriza-
tion is maleic anhydride; because of it, the resin is capable of pelymerization.
Copolymerization of the condensate with styreme takes place in the presemce of sty- f
rene; this is the so-called hardening of the resin. One mole of glycol enters the
condensate for each mole of anhyéride. In tcchnological data, resins are usually
given the molecular weight attributed to cone double bornd and the molecular weight of
the mer (the mean weight of the glycol-acid compositiom). It follows from these
tachnological data that all the acid and alceohel groups are esterified. A glance at
Table 1.2 will confirm this.

The surmary product of the molecular weight and the number of moles divided by
100 (the number of glycol-acid moles) should give the weight of the mer in moies.
We obtain 195.76 by the division. The molar weight of the mer is given as 177.7,
that is, the above minus the molar weight of water.

it follows from this that a complete condensation, together with groups in the v
end of the chain, has taken place in the mixrure. On the basis of the data, a sche-
matic (in agreement with the numerical data) condensation structure can be estab-
lished. Because the phthalic anhydride is less than maleic, it follows that 86X of
the condensate (twice the phthalic aznhydride fraction) arose from the combinatior of

two glycols and two different anhydrides
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H—-C_C OH
1 ks el | /\ C
i +%CH,—CH— CHOh+' ” -
H-C-C . —G§
Q
H O (CH 0
e L !
| C-C—0=CH-CH, -0-C= /A,
ol i i
—-2H0 C~C—-0—-CH—-CH,-0-—-C— \(y/
» y %\\ 1 | - " ]
E O . CH 0

Iy

The empirical formula of the product = CygH g0g.
The remaining 14%7 of the condensate arises from the glycol and maleic anhydride.
The simplest form of this product ia the condensation of two glycoi moiécules _wi‘th.
two anhydride molecules. . |
O CH, 0
7 l

H--C~C-0—-CH-CH,-0-C-—-C-H
i

| li
H G-(~O-CH-CH, O—C—C—H
S Il
(8]

O CH,
The empirical formula = "314}11608'

For all practical purposes, the condensation product ring formation of this
type may be much greater, but the summary formula will be reduced to the cited sim-
piest form.

The mean summary formula is calculated from these two summary formulas, tak-
ing into account the percenu participa;tion of ei;ch of these. The following numbers

of atoms will be found in this final formula:

86 14

C-'1T0'18+m14- 17.44
86 14

BE= 100 18 4 100 16 = 17.72
41




86 o, 16

0 =706 3* 700 %~ 8590

The mesn empirical formula then has the form-cl7]&aﬂl7.7208,.and its molecg}ar

weight 1s 355.

TABLE 1.2. THE POLYESTER RESIN COMPOSITION USED
iR THE EXAMPLE OF SPECIFIC IMPUT-"7. CALCULATIONS

Condznsate Amount in parts The product of the
compositisn mel. wt, by weight in the | mol. wt, and the
condensate number of moles
ur
76.09 100 . 7609
CHy = CH =~ CHURL
L0
H-C.- 07 :
i L
.G 98,06 57 _ 5589
‘0
Kt
«
: o 148,11 | . 43 6369
¢
i}
_ . . total
19576

Assuming in accordance with the given composition that 355 g is 55% of the res~-

in com.os8ition, we calculate the amount of styrene, in grams, devolving upon this

ancunt of condensate

43,355
55+355 = 291

The aimplified sumnary CH styrene formula has a molecular weight of 13. Ac~

cordingly, the subs. »ipt of CH, as occurring in the calculated amount, is 291 : 13 =
22.38,

By summicg, we obtain:

ey A
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Empirical formula of the condensate C17.44H17£2208 (mbl;iyt.»3§5)

Empirical formula of the styrene -C22 3gfan 3 (m0l. wt. 291)

General empirical formula_ogﬁthe binder C39.82§46;1008~(m°1' wt.. 646)

Derermination of the reguired percent composition- o€ the fuel

Proce;ding to the designing of a rowposite fuel, primary consideration must be

given to establishing the required binder-oxidizer ratio. For this purpose¥it'is

necessary above all to know the oxidizer decomposition equation.

The equation for the decomposition of potassium perchlorate has the form

KCiOg -+ KCI 4 20, ,

Fuel combustion can be complete and incomplete, In the case of complete com—
bustion (C to CO2 and H to H20), the percent compesition of the fuel is in accord-

ance with the formula

C39.82H40.108 + 22,92 KClO4 + 39.82 CO2 + 20.05 H20 + 22.92 Rci

mol. wt. 646 + 22.92+138.55 = 646 + 3175 = 3821

3821 — 100%
646 — X
64600 _
X = 25252 = 16.9% binder
83.1% Kclo, .

For incomplete combustion but complete gasification* (C to CO and H to HZO)’ we

’ calculate the percent composition -ccording to the scheme

C39.82H40.108 + 12,97 KClO4 + 39.82 CO + 20.05 K 0 + 12.97 KCL

mol. wt. 646 + 12.97-138.55 = 646 + 1797 = 2443

*
Translator's note: for want of a better word...




2443 — 1002
646 — X =B ;

= é%%%% = 26.4% binder - |
7 75062 KC10 :

X
Not every compositiom that is determined and substantiated in a ruvely theoret-

ical manner can technicslly be preparei. 'Of the two compositiﬁn; calculated‘abqvé, x

the first is more advantageous'ffdm an energy point of views the se oné, however, &

although it ie not quite as good with‘reépect'to'energy, is technically much eagier

to prepare. Therefore, propellants of this type are always brought closer to the

composition of the second, which is 2lso the basis for further caiculstions, cited

below, leading to the determination of the specific impulse.

Determination of the enthalpv of the substrates

In order to calculate the specific impulse for a given propellant according to
formula (1.25), the combustion temperature and the exact decomposition formula must
be known. A knowledge of the thermal effect of the decomposition reaction, which |
results from a knowledge of the enthalpy of the substrates and products, is neces-
sary in order to calculate the temperature and composition of the combustion gases.
The enthalpy of the resins and various polymers.is usually denoted by the givenlheat
of combustion (if the heat of combustinn is not given in the literature, it must be
calculated by calorimetric methods). The calculated heat of combustion for the con-

sidered resin is 7110 kcal/kg. The enthalpy is calculated on the basis of Hess'

law according to the scheme it
Qua ‘
Cyg,u2H40,105 - 45,840, — 49,82C0O, - 20,65H:0
2 ‘3
AN /
N /
/s
Qm\_ / Qi

39,82C -+ 20,03H. 4 49,840,
1

b4




whefe:, Q2‘3 = the heat of combustion of the resin (measured);

Qi,s = the heat of furmation of.theiproduqts (cg}culated),

01’2 = ghe 39qght heat of erm;tion.of_the reqin.

Q2,3 - ?110 kcalfgg - éﬁ%é%%lg = 4593 kc;limoie

Q;J3 - 39.82 Aﬁgoz + 20,05 Aﬂgzoc = 39,82+94 +‘20.05-6§13‘= 5108 keal
vhere: Aﬂggz = {he normal eanthalpy of carbon dioxide,

AHg o = *he normal enthalpy of water as a liquid.
¢

From Hess' law

5,3 Y2t O

Q1,2 = Q1,3 —-Q2’3 = 5108 — 4593 = 515 kcal/mole .

A Y

The heat of formation of KC10, is 12.7 kcal/mole?’.

4

Calculation of the comhustion temperature and
the composition of the combustion gases

For the considered composition (incomplete combustion) the decomposition equa-~

tion is composed of several uniknown coefficients:

Cag. gobsg.10 + 12+97 KC10, = a €0, + b €O + ¢ H,0 + d Hy +

+ 12,97 RC1 + @

Calculation of the temperature and composition of the combustion gases is spe-

cifically limited to finding these coefficients.

We set up the following set of equations:

(1) a+ b = 39.82 total carbons;

2See page 86.




(2) 2c + 24 = 40.1 ‘total hydrogens; |

(3) 2a+b+c=4-12.92+8 total oxygens;

(4) a+b+c+2+12.97 =0 total of all molecules; i
Poo"PEO L Lgg ‘
(5) K _=——"""e=>=—"—"" .the cquilibrium of water gas;
V8. Bon, Prs B8 S Hrd il
-+ ‘
CO, + B, 2 €O + H0 at a
pressure dff70"atﬁf‘ 2~

The cited set of equations is the simplest set used in this type of calculp-
tions. Nevertheless, in a concrete case, when the amount of oxygen in the propel-
lant composition is not sufiicient for complere combustion (CO2 and ﬂzo) and when it
is known that tre combustion temperature is mot too high, the éimplifihation used is

sufficiently accurace.

In other cases, when there is a sufficient amount of oxygen in the fuel, the

carbon dioxide dissociation constant and the water dissociation constant must be

TR

considered separately instead of the equilibrium comstant of water gas.

o pio - Pa, B b_' - € '19_'_

Ko, = 201
T pho, ¢n
. Ph.* o d*+e 70
Kyo=—"g—= = —7—
PH,O Pl 3 1

In this manner we have one equation and one unknown (with 02 coefficient e)

more; then the method of solving the set remains the same., In the case of higher

l
L |
temperatures (above 2500°K), it is likewise absolutely necessary to take into ac-
count the molecule~to-atom dissociation, whereby we are obliged to deal with a lar- ¥
ger number of unknowns and a larger number of equations. Then the resolution sys- L
tem also remains the ame except that, obviously, the resolution of a set containing

a larger number of equations requires more work3.

3See page 8&n.

46




In our 'case, where we have a fuel with a relatively small calorific value and
an insufficient amount of oxygen, we employ omly the equilibrium constant of water
gas in addition to the material equilibrium equations.

The water gas equilibriuﬁ"equétion'has'thé;form
_C02+H=-' 'CO+ H;O .

By its nature it is a sum of the dissociation equations of €O, and H,0

2 2

CO:.:CO+4 O:
Hgo-'-' H-_-. +‘: 02 -

When there is an oxygen deficiency in the fuel, the oxygen evolving in ;he~C02

dissociation can oxidize the hydrogen evolving during the dissociation-of water va-
por and inversely, the oxygen from the Hzo can oxidize the CO.
In this manner the set of five equations will be solved if we assume some value

of K .
wg

We assume that T.= 1800°K, and ng = 3.967 [14].

In the first four material equilibrium equatioms it is convenient to designate

the unknowns in terms of onre unknown, for example d:

o= 2005 —d
b=13982—d a=d
m=T281 ,

On theibasis of these values for the water gas equilibrium equation, we calcu~

late d

boe: 70 (3982 — (2005470 4400
a-d-n o <ol - 72,84

After resolution, we obtain d = 9.17, thus

a==4717

b == 19,82 — 9,17 = 30,65
¢ == 20,05 — 8,17 = 10,88
n="7284 ,
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Accordingly, the decomposition equation in the first approximation has the form

C39-82H40-108 + 12.97 KClO4 = 9.17 CO2 + 30.65 CO + 10.88_3 0+

2

+9.17 B, +12.97 KCL'#+ Qs

The results of the first approximation calculations are verified by comparing
the product and substrate enthalpies, which should be equal if the initial tempera~
ture assumptions are correét.

Normal enthalpy and standard enthalpy are synonyms of this same concept, which
is sometimes called "enthalpy" for short and whi:h must not be coufgéed with the ab-

solute enthalpy. The heat of formation ie the standard enthalpy of bonding under

normal, that is, standard (25°C; 1 atm) conditions.

The heat of formation of the substrates is compriséd of

the heat of formation of the resin 515 keal

the heat of formation of KClO4 12.97 *112.7 = 1460 kcal

A total of 1975 kcal .

The standard enthalpy of the combustion products is constituted by the sum of
the enthalples of the individual products under combustion conditionms.

The tables of thermodynamic constants do not give the enthalpy of KCl at high

temperatures; accordingly, it is calculated by summing

the heat of formation of KCl 104.3
the heat of heating solid KC1 (1093 — 298)0.013 = — 10.4
tﬁe heat of fusion of KC1 —- 6.4
the heating of liquid KC1 (1680 — 1093)0.0165 = — 9.6
the heat of vaporization of KCl - 38.84

the heating of gaseous KCl (1800 — 1680)0.009 =-— 1.1

The total enthalpy of KCl is 38 kcal/mole.
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In the cited case, the enthalpy of the producta is comprised of the enthalpic

KCl 1297-38 = 492
CO; 9,1747499 = 687
CO 30,65:14,55. = 447
H;01088-4281 = 468
H; 9,17+ (—1107) = —101

-—

‘Total 1991 keal «

The difference ‘between the‘produc;’and substrate entbalpies is 1991 — 1975:=
16 kcal.
A difference in the enthalpiea up to 20 kecal is permissible; accordingly, the

data of the firat approximation can be assumed to be correct.

Calculation of the specific impulae

Having an accurate decomposition equation, the mean molecular weight of the -

.combustion produéts ‘M can be calculated and, for the purpose of calculating the mean

adiabatic exponent k, the mean molar heat under constant pressure Cp and at a con-
stant volume Cv'

The mean molecular weight of the combustion products is:

B, _2043
M= " 72.84 = 3397

where: m = the weight in grams of the conaidered amount of burned propellant (_in

our case, it is

mol. wt. 0, +12.97 KClOA = 2443),

C19.82%40.1%

n = the sum of the evolved moles of pgas.
The values Cp and Cu for 1800°K are calculated from the equations given in the

tables for the individual gasesa.

P

ASee page 86.
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Cyco, = 7,74 5,3+ 103 1800 — 0,83 - 104 1800% = 1448

Creo==8,8+1,2+ 13731800 = 8,78
Crro=7242,7" 1073 1800 = 12,07
Cyn,= 8,82 4 0,21 10~% 1800 = 808
Cy xe1= approximate value{l5) = 9,0
il ;,}h"01'02=n
p mean n

_ %17 - 14,46 4 30,63 - 8,76 + 10,80 12,07 4 9,17+ 8,08 49 + 12,97

: . 12,84
C. mean = 1007 C.= 10070019872 = 8,0828
gosCr 100000
¢, 80828

By substituting all the dats into the equation (1.25), we obtain:

iy 2.1,246  (427.1,9872) - 1800 -1' 1
[ B - g — = F
]/ 9,81 (1,246 — 1) 133,55 (m)

-

After carrying out the computations,

I = 164.7 sec,
s

Similar compositions tested in practice furnish an impulse close to the above
value, whereby it can be greater with combustion under higher pressure. The maxi-

mum Is for propellants of this typc is attained at a pressure of sbout 85 atm.

1.4.2. Treatment of the results of experimental investigations

Studies on =olid propellants afé usuallr carried out iﬁ chambers with a nozzle
measuring the force of thrust and pressure in time. The apparatus for these meas-
urements is comprised of the folluwing basic parrs: combustion chamber, gauges to
gather and record the measured parameters and a recording apparatus. The qoﬁbustion
chanber may be in a horizontal or vertical position during the measuring. In addi-
tion to the nozzle, a chamber of this type shculd have openings for the pressure
gauges (one at the bottom and one at the nozzle) and pressure relief valves,'which
ooer. when there is an unexpected, excessively violent pressure increase. The
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gauges can be quite.d;vcrgept; most f:gquentlx,howevar>the'gau;e?'uscd;arq those
thch inducé an electric impulse, i.e., inductiem, p;ezoe;ec;ric; capacitative (con-
denser~type), tensometric and.others. The mechanical aﬁd optichl gauges constitute
ancther type. The registering apparatus ih;thg cas. of gauges producing electric
impulses is usually a multiloop oscilloscope. . |

For example; a charge in the shape of a tube, with dimensions: D = 41 mm, d =
8 om and 1 = 128, and with a weight of 300 g, is burned. Chamber dimensions: in-
ternal diameter = 44.5 mm, length = 162 mm, and the‘critical diameter of the noiglég
10.3 mm. A pyrotechnic primert(S g) with an electric iéniter is‘used. The time,
pressure and thrust is measured. Figures 1.6 and 1.7 illustrate the pressure and
thrust curves. | ‘- -

The combustion time, the average and maximum combustion pressure and the aver-
age and maximum thrust are evident from these dat;. From this combustion cu;vé we
caa calculate the total impulse, specific impulse and burniﬁg rate and if is possi-
ble to determine the numerical dependency of the burning rate on the pressure and
temperatu~e at various pressures and temperatures. The combustion time resulting
from the curve at the known scale of the registering apparatus is about 0.42 sec-

onds. We calculate the mean combustion pressuré with the equation

t
l' pdi
o

Pow & 77

In our case, the surface area under the p(t) curve in Figure 1.6 iss 1680 mm2

and the pressure scale, 4.75 kg/cmz. The time scale is 0.2 : 37 = 0.0054 sec/mm.
By substituting these data in the above equation, we obtain

_ 1680 + 4.75 - 0.0054
Pav 0.42

= 102.3 kg/cn’.

3See page 86.
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The waximum combustion pressure results directly from the curve and customary

scale: 4.75 35 = 166 kg!cn?.

Similarly, the average and maximum thrust is calculated from the thruat curve

time scsle

i i e e e e W e e T
oL 02] sec

pressure p{kgfmu!)

time t (sec)

Figure 1.6. Pressure curve over time, vegis—
tered on an oscilloscope during combustion

time scale
UWTMWWMMN

il

thrust force F

time t (sec)

Figure 1.7. Thrust curve over time, regis-~
tered on an oscilloscope during combustion

fF-a
&

P - 1,
av i fi

which is the total impulse divided by time

t
I=JSF-ar = 2180 .43 . 0.0054 = 50.6 kgsec
0 .
surface area scale of time
undar curve thrust force scale
nl kg/mm sec/mm
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- Lo 2085005 K

Fav 0.4

N

F = 4.3+37 = 159.1 kg
max -

- . 7 el o 50.6 kg sec
Tue specific impulse IS . 0.3 kg 168.7 sec

The burning rafe results from the thickness of the combustion. layer and time.

In our case

41 — 8
4§ - 0,42

r = = 19.€ mn/sec = 1,96 cm/sec

1.5. Erosive Combusticn

The considered bucrning rate dependencies on the-basic parareters {pressure and,
initial temperature) refer to the frontal combustion. Im tha bufning of charges
having such a form that a gas stream flows parallel to the cémbustion walls, the
burning rate is a function of other factors also. Oﬁe of tﬁese is th; speed of the
flowing gases. 1In the case of erosive combustior, there are, of course, various
mathematical approaches, but ail are based on a similar interpretation of the mech-
anism of the effect. In order to support combustion, the surface of the propellant
must receive heat, by means of which its temperature is raised to the temperature
of ignition. At the surface of the propellant the heat traverses the initial gasi-
fication zone, in which the first combustion stage occurs.

The gasification zone is a few hundredths of a millimeter thick [17] and is
sometimes called the transition stage or zome [13]. The heat of the flame zomne, in
which the main rombustion process occurs, passes through this zone. The linear
burning rate of the propellant is a function of_the amouvut of heat furnished. The
heat passing through the transition zone is supplied by conduction, vadiation aand
convection.

When thzre is a parallel flow of gases along the combustion surface, thermal
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nductios begins to assume a greater signiiicaunce by convection. Heat convection
ig proportional to the speed of the flowing gases. This speed increases over the
length of the fuel charge from the front side to the nozzle discharge. Hence, the
combustion erosivity increases along the charge, beginning from the bottom section
of the chambor to the discharge section. It is well to first consider the experi-
mental methods of determining the erosive combusticn and then to proceed to the

athematical approszch to the problem. Experinentzl methnds of erosion determination
are quite divergent, as are the mathematical methods of solving this problem. All
theoreticsl calculation methods yield results that are more or less in agreement
with the experimental results. The difficulties involved in the equivalent cheoret-
ical approach and in the treatment of universal experimentzl methods arise from tﬂe
fagct that the burning rate is simultaneously dependent on a great many factore which
act mutually and cannot be considered individually to the exclusion of the others.
These factors are, e.g., pressure, initial charge temperature, {lame temperature
during combustion, heat of explosion, combustion product composition, the velocity

of the gases flowing parallel to the burning surface, etc.

1.5.1. Experimental study of erosive combustion
Double combustion chambers are used in the experiments, In one portion of the
chamber only gases causing erosion are formed; in the other, specifically, in the
tube connected with the first chamﬂer, are found the samples studied. The pressure
in such an engine and the gas discharge were varfed by varyiné the critical cross
tional area of the nozzle and the size of the grain producing the gas streams.
propellant samples studied had the form of short cylinders burning on the in-
side, tablets, bars and inserts in the form of the nozzle. Composite fuelsrﬁere in-
vestigated (Table 1.3). 1t is evident from the Table that propellants containing
vireing amounts of oxidizing substances, thus having varying energy contents, were
studicd. In this manner it was possible to study the erosion at different combus-

tion temperatures. Interpretation of the results is made more difficult, however,




because together with the energy content of the fuel, the mo'z2cular weight of its
ccotustion products, the thermal conduction of the fuel, the burning rate without
erosion, etc., are changed. In connection with this, it s quite difficult to deter-
rine which of these factors 1s decisive in varying the magnltude of erosive combus-
tion. Neverthcless, the results obtained are quite Interesting and are comparatle
to those obtained with many other methods of experimentation. This substantiates
the va.idity of the chusen method.

X-rays are used in studying the changes in grain dimension in time. The dia-
gram of the chamber and the apparacus for measuring the chenges in size of the stu-
died charge is given in Figure 1.8. 1In 4 separate engine the basic charge after ig-
nition produces the gas stream which flows through tke cylinder of propellant stu-
died. After a definite, arbitrarily chosen period of time, an x-ray of the studied
cylinder is made. TIn this manner the specific increase in the internal diameter of

the cylinder during a definite period of time 1s obtained. From this we obtain the

burning rate.

Figure 1.8. Chamber for studying crosive combus-
tion. Key: 1 = engine; 2 = basic charge; 3 =
pressure gauge; 4 = photographic film; 5 = the
studied cylindrical charge; 6 = x-ray scurce; 7 =
nozzle; 8 = steel cylinder.
When the average pressure in the considered perlod of time and the burning
rate of the propellant without erosion under this pressure are known, 1t is possible

to determine the erosive combustion rate.

The burning rate of the fuel without erosion is determined In the sc-zalled
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Crawford bomb (Figure 2.1}. The determination here is based on the determination of
the burning rate of the bar of fuel which is burning only on the front surface.

In the testing arrangement for erosive cosmbustion, & small window of quartz
sheets, to which a tablet of fuel is made to adhere, can be used Ilnstead of x-ravs.
After burning the tablet (having a known thickness at a known mean pressure), abp
emitted light signal indicating the end of combustion is registered by a photoceli.
When the ignition time and the time the burninz is complete are known, we have the
burning time, which permits the calculation of the mean total burning rate and from

this we can calculate the erosive burning rate
r,=Tor, (1.27)

The results of the summary measurements of the burning rate of the tablets at
various gas temperatures are given in Table 1.4, It is evident from the table that
the temperature of the gases in the stream can be varied from 1690°K to 2550°K in

TABLE 1.4. THE RESULTS OF MEASURING THE TOTAL
BURNING RATE IN EROSIVE COMBUSTION STUDIES

Conditions Absolute burning
in engine rute [cm/sec] Frontal
Propellant | burning
ropels gas ressure basic charge { basic charge | rate r
velocity P[atm] with A with C (cu/ser]
[m/sec] Tp = 1690°K | T, = 2550°K
50 20 0.29 + 0,01 0.30 = 0.01 0.26
A 50 100 0.75 ¢+ 0.05 0.72 + 0.01 0.47
100 20 0.38 * 0.02 0.39 = 0.02 0.26
|
100 100 1.03 * 0.06 1.02 ¢+ 0.04 0.47
500 100 0.90 * 0.04 | 0.95 ¢ 0.01 0.85
B 100 100 1.20 * 0.02 1.19 * 0.03 0.85
225 20 0.60 * 0.02 0.63 + 0.02 0.51
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is angement without changing the propeliant studied. The cited results show
that a pressure variation has the greatest influence on the burning rate, the rate
ol gas flow has a lesser effect and the temperature of the flowing guses has the
east influence. The influence of the temperature is so slight that with a differ-
ence of 860° the difference in the burning rate very probably remains within the
limits of measurement error. The fact that in 7 combustion tests,a lesser burning
rate was observed at higher temperatures in 2 cases serves to confirm this. »

The burning time cf the studied sample can also be determined by means of the
pressure indicator. There is an opening leading to the pressure gauge at the site
of adhesion of the studied tablet to the cylinder wall. When combustion is comz-
plete, the opening opens and the pressure impulse 1is transmitted to the gauge, which
reeords the time of completion of the combustion. 1In order to study the erosivity
of long charges. the tests are carried out with the propellant bars affixed to the
cylinder, as with the tablets. The burning rate was studied at 2 points: at the be-
ginning and at the end of the band. After calculation, it turned out that for a
length of about 7 cm the rate of erosive combustion r, was 20-30% greater at the be-
sinning than at the end. The results of the experiments performed are shown in the

raphs in Figures 1.9 and 1.10.

It is evident from the graphs that propellant C is only slightly subject to
erosion at low pressures. It is interesting to note that the value of the total
turning rate dnder high pressure is of the same order for different fuels, although
tnecir heats of combustion and frontal burning rates are quite divergent. .

Hence it is deduced that the r. value is lower for propellants with a higher
purning rate without erosion o As shown in the graphs, there is one definite
boundary rate which is also a function of the velocity of the gas stream for such
divergent fuels as these.

in order tc study erosive combustion at gas velocities equal to the speed of
scund, fuel inserts are used in the critical cross sections of the nozzle. The con-

stancy of the nozzle cross section was regulated by a metallic encasement of the A
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Figure 1.9. Erosive combustion of propel-
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Figure 1.10. Erosive combustion of propel-
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wvzzle ¢ rate of erosive combustiorn under these conditions was of the same order
s with flat samples. However, in this case the streams of circumfluent gases were
considerably different thar the preceding ones and the temperature of the gases was
considerably lower bscause of expansion. Here the deduction of the slight effect of
temperature on the rate of erosive combustiox was confirmed and it is assumed that
tre gas velocity has a definite boundary value, above which the rate of erosive com-
bustion does not increase with increasing rate of flow.

Erosion is also frequently determined by stopping the burning of the charge af-
ter a definite period of time. For an experimentation of this type a ratner long
charge is taken and piaced in a chamber similar to an ordinary rocket engine, but
with an arrangement which makes it possible to open the chamber and eject the charge
at any given moment. The extinguished charge has a different thickness of burned
layer over its entire length -- a minimum thickness in the front portion and a maxi-
mum thickness in the back. In addition, a chamber of this type has gauges for meas-
uring the pressure. The gas velocity for each point on the entire length is calcu-

ated theoretically. Thus, it is possible to obtain all the data for calculating

e rate of erosive combustion as a function of the rate of gas flow and the pres-

re in the combustion chamber. A defect in this method is the inability to change
ne temperature of the cstream withcut changing the studied charge. Therefore, if
/e wish to take the té;perature factor into considerztion, the best we can do is
tudy the combustion of the thermosietic charges beforehand at various temperatures.
(overtheless, this can not be taken to be equivalent to the temperature variation

the gas stream,because in fhis case the temperature of the stream changes due to

at furnished to the fuel ‘r order to bring it to normal temperatur:, but at the

me time che thermal cornduction of the propellant, the temperature of the gases
cvolving in the studied portién, the conduction of the laminar layer, etc. are

ctanged.
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1.5.2. Mathematilcal treatment of erosive combustion

In experimental works the following equation 1s often used for the burning rate

with erosion

recap'd Cvap® l (1.28)

where: v = velocity of the flowing gases;
C = a constant determined ou the basis of analysils of the results of many
interrupted combustion experiments.
Nevertheless, this equation 1s not precise and requires a great deal of experi-
mental data on interrupted combustion. There are many variations of ine equation
in this form.

For example, C. Huggett {19} offers

r =~ rf‘ (l + I\’ H=U} (1129)

where: pg = the density of the flowing gases;
K = the constant characteristic for the given propellant.

In other works [13 and 2)] the following equation is offered

r .V

L R ‘
y y (1.30)

where: ag = the speed of sound in the combustion products at flame temperature Tf;

K = the constant characteristic for the given propellant, or

’ 1 I "lm'm (1-31)
o m* o
. 2
where: m = the mass velocity g/cm” *sec;
m* = the critical mass velocity when M = 1 (M = Mach number).

However, none of these equatlons furnished satisfactory results when compared

with experimental data.

61




Derivation of a suitable ecuatior 1: based on the a priori assumption of the

general equation:

r = rp + re (1.32)

where: r = the summary burning rate,
r_ = the rate of combustion without erosion {a function only of the pres-
sure p),
r, = the erosive rate of combustion.

The following procedure is employed to derive the special cquation:

The central stream of combustion gases is enveloped by the sv-called primary
combustion zone, also called the gasification zone (the zone is a few hundredths of
a millimeter in thickness), and this in turn is surrounded by the fuel =zone. The
gasified propellant is continuously diffusing from the fuel to the gas stream.

These gases enter the stream at right angles to the direction of motion of the
stream and with a mass velocity equal to the product of the burning rate and the
“uel density. The influence of the stream veleocity on the burning rate de_.¢nds on
acilitation of the heat exchange from the flame to the propellant surface and on
the influence of friction itself in the mechanical sense. Because friction and heat
cenduction are both functions of these same parameters of the flowing gases, only

he heat conduction is considered here in the simplification. This conduction as

11 as the friction between the stream and the surface are reduced by gas diffusion

rom the surface of the fuel. The diffusing geses act as a lubricant by reducing

the friction of the gas stream on the walls of the fuel. The relationship of the

oelficient of heat couduction with diffusion h to heat conduction without diffusion

r, is expressed by the equation

i Tye v . (1.33
where: = the uniform experimental constant;
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Q = the ma’s velocity of the diffusing gas;
G = the mass velocity of the combustiou products.
The erorive rate of combustion is proportional to the heat conduction coeffi-
cient. Accordingly, by substituting (1.33) into (1.:2) in the developed fors, we

obtain
== ﬂp" —}‘P:hg?".“‘“: (1- 34)

where K = the coefficient of proportionality.
The coefficient of heat conduction without diffusion (with the stream flow over

the statiorary plane) is calculated from the empirical equation
he - 00288 G, Re % Pro %7 (1.35)

where: cp = the gpecific heat of the combustion products under constant pressure,
Re = the Reynolds number reckoned from the beginning of the streama,
Pr = the Prandtl number7.

After substituting (1.35) in (1.34), we obtain

rozapt o Ko O0288 Ge,Re 07 priotie mee (1.36)

After -ubstituting the expression Re = GL/ug for the Reynolds number and by

designating the power exponent £Q/G by z, we obtain

e ap® o (028G ¢t Py -""'1K/(‘ (1-37)

where L = the length meusured from the front portion of the grain.
The combistion products of many solid propellants hsve apprnximste viscosities,
Prandtl numbers and specific heats. Therefore, we denote the expression in paren-

theses with K by one symbol

6,7
Sev page 86.
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a = (00288 ¢, 57« IO 11, (1.38)

As a result, equation (1.37) has the form

(:l'l.ﬂ
ro=cpho - . (1.39)

FRRLL

As a result of the lubricating s .cion of the diffusing gases, when the burning
rate ic high, z is large (in comnection witn the large G value); then the erosive
ompustion for fast-burning fuels is insignificart, which is in agreement with ex-
nerimental data.

The constants % and £ (in the expression for z) are calculated by the method of
tests and comparisoms witl experimental data obtained by measuring the velocity of
combustion products in the critical cross section of the nozzle. However, this
method is very laborious and the calculations can be parformed only with the aid of
computers because of the large number of variables.

The coeificient a can also be calculated theoretically, beginning Qith the heat

ilance of the heat passing from the flame to the fuel. Assuming that ao exothermic
r endothermic reactions take place in the solid propellant during heating, the heat

valance i: epresented as follows:

h(T_ — = — ¢ (1.40)
( £ Ts) rep[csp(TS rl)]
where: Tf = the flame temperature,
T = the surface temperature of thz burning fuel,

¢ = the density of the fuel,

¢ = the specific heat of the solid fuel,

]
[}

the initial temperature of the fuel.
[he expression !n brachkets represenis the amount of heat absorbed by the fuel
withoeut the appearance of erosion.

Frcm the last equation, we obtain




i

h('rF - 'rs) ‘ h (TF-- 'ré)

r = NT - — . (1.41)
e pccsp(Ts T;) P s (Ts Tl) _
Assuming that r, = Kh in equation (1.34), then
T 1 (T_—T)
e F 8
Ka—a=: —_ . (1.42)
h pccSp (Ts T)

By substituting this K value in equation {1.38), we obtain
0.2 _-0.667
= —
0.0288cpu Pr (TF IS)

a = — . (1.43)
pccsp (Ts Tl)

In the case of combustion without erosion, we determine TS by using the equa-

tion

n
r = ap

where the dependence of a on the temperature is expressed hy the equation

In order to eliminate the unknown b, a iz designated for 2 temperatures, e.g.,

+70°C and ~40°C. Then

a 70 . Ty — 7. )
¢ — ‘1’0 (T. — T'*Tﬂ)

where only TS is unknown.

In this manner the principal unknown K in the equation {1.34) is expressed by
the corresponding set of temperatures. The other values that enter into the equa-
tion for a are known if the composition of the combustion gases is known. (The com--
position of the combustion gases can be calculated theoretically, using the method

given in section 1.4.1.)

In this manner the calculated values a are close to the values calculated by
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tiie trial metncd. For example, when a, calculated by the last method equals 2.25'
10'4, a calculated by the trial method equala 2.12-10'4. If we compare the results
of the above-me.tioned experimental method with the data reaulting from the theoret-
ically determined dependence, we find that the influence of the stream velocity on
the burning rate in both cases ia consistent approximately. On the other hand, a
guite difergent temperature influence is observed. If we observe an insignificanf
temperature influence on the burning rate in the results of the experimental method, i
a quite significant temperature influence on the rate of erosive combuation will re-
sult from the derived equation.

The erosicn over the entire length of the 100-cm charge is calculated and the
crosion on the same charge wher extinguished is measured on the basis of equation
(1.39) [17]. The change in the cross-sectional area of the channel over the entire
length (915 mm} of the grain, determined by calculation and measured afteélthe

grain is extinguished, is given in Figure 1.1l1. The initial cross-sectional area

T ——iyhiczone (@)
Zmerzone i(h)

Channel cross—sectional

) )
I |

L I H
0 200 400 600 800 1060 1200

length 1 [pm]

Figure 1.11. The results of interrupted
combustion. The crusa sectional area of
the channel is a function ~f the charge

length. Key: (a) = calculated and (b)

= measured.

of the channel is 13.6 cm2 with a critical nozzle section area of 13.9 cm2; the
burning time is 0.45 seconds and the diameter of the charge is 12Z27.5 mm; the burning
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rate at the beginning of the charge is 1.44 cm/second.

1.6. Resonance Combustion

During the burning of solid propeilants it happens that an unforeseen pressute
Jump occurs in the combustion chamber under certain conditions. This phepomenon is
so unexpected that it occurs unaer combustion conditions that as;ure an equilibrium
pressure in the charber, under which another charga of‘the same fuel would burn
well., This effect is called resonance combustion and is the result of an abnormal
increase in the burning rate of the fuel. The resonance combustion effect occurs
most frequently in the case of cylindrical chargés. The pressure peaks which ap-
pear during resonance ;ombustion can lead to a splitting of the grain, which in turm
leads to destruction of the engine.

In experimentation, characteristic waves (an alternately rough and smooth sur-
face) resembling sianding waves are observed on the surface of the charge (particu-
larly inside the channel) which had been burned under resonance combustion condi-~
tions, after it was extinguished. Thus, this suggests the assumption that the un-
stable combustion 1s caused by some resonance effect. This gave rise to the name of
the phenomenon and established the orilentation of studies on this effect, aimed at
the detection of all possible vibrations occurring in the colvan and which may con-
jugate in the gas chamber.

nurher of studies on the causes of the resonance phenomenon led [22,23] to
the discovery that resonance combustion is caused by the formation of high-frequency
nressure of .llations (fluctuations). These oscillations, which are difficult to
detect on the ordinary gauges used in measuring the pressure cutrve Iin the combustion
chamber, cause an increase ip the burning rate of up to 150 under pressures above
120 atm [23]). Consequently, the equilibrium pressure in the combustion chambe; is
disturbed and this can be recorded on any gauge.

R. P. Smith and D. F. Sprenger {22] used an apparatus capable of measuring

pressure fluctuations with frequencies up to 25 kilohertz in the chamber in their
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expevimentiation.  On the basis of their studies, they came to the conclusion that
perturbations in the equilibrium pressure are slwsys caused by oscillations having a
high frequency and amplitude. These studies compri#ed a whole series of combustion
tests on Cylindrical'charges inhibited on the outside and on the f;onEal surface so
that combustion took place onl; on the internal surface. The charge was 50 cm long,
the external diameter was about 6 cm and the internal (initial) dismeter, 4 cm.
During the burning of this charge, its internal diameter increaFed. By measuring
the oscillations in the gas column, it wss learned that the frequency of the oscil-

iations decrease with increasing diameter of the internal chaanel of the charge

(Figure 1.12).
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Figure 1.12. The dependency of the oscil-
lation frequency on the opening diameter
durirg unstable combustion. The experimen-
tal pounts were determined by vsrious su-
thors [13]. Key: the continuous line =
theoretical data calculated with the equa-
tion

At the samc time, calculations of the frequency of the specific oscillatiomns of
the gas filling these tubes were performed for the same type of tube, which formed
the successively burned charges. The variation in the oscillation frequency with
the change in opening diameter was in agreement with the theoretical calculaticns of

tte frecuencies of the oscillations specific for the gases in the cylindricel space.
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The same type of oscillaqions are present in & pipe organ. They are longitudinal
waves, which may have a tangential, radial and axial nature. The specific oscilla-
tions in the tube are combinztions of all these types of oscillations; however, it

was determined that tangential oscillations predominate.

The frequency of the oscillations of each type can be determined [22] from the

equation

‘ " . _ﬂ:,, U g1\?
ns =y ) (”) : (m) (1.44)

where: m, n, q = the wave numbers (all positive or zeru) corresponding to the tan-

gential, radial and axial waves;

a = the speed of sound in the considered medium;

S = the constant dependent on the m and n values;
L4

Rand L =

the radius and length, respectively, of the considered oscillating

space.

In some cases it was learned that only one oscillation, corresponding tom = 1
and 1 = 0 (q = 0), was present. In another case, oscillations corresponding to the
first 5 values of m were detected. It is evident from this that in studies on the

formation of resonance waves along the burning charge, particular attention should

be devoted to the tangential-type wave. The frequency of this type of oscillation

TABLE 1.5. THE VALUES OF THE CONSTANT Qe
AS A FUNCTION OF THE WAVE NUMBERS m, n

Values a
mn

n
0 1 2 3
m
0 0.000 1.220 2.233 3.238
1 0.586 1.697 2.714 3.726
2 0.972 2.135 3.173 4.192
3 1.337 2.551 3.611 4,643
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is not a function of the length, but only of the wave number m, the radius of. the

tuoe and the speed of sound in the medium, which can be expressed by th equation

- &
2R

m =
These same authors studied the oscillations in the ring section épace. The

frequency of the tangential oscillations for this space is determined from the equa-

tien

R+ Ry)

Ymu0.0 -

where Ri and RO are the intermal and external diameters of the ring. .
The 1at£er equation is valid when ROIR1 > &, which is verified also by experi-
mentation. Because the sum, R0 + Ri’ does not vary during corbustion in the ring
section space, the frequency of the tangential oscillations is also a constant.
Scme of the conclusions of Smith and Sprenmger are confirmed in more recent pub-
jications [23], where it is also stated that no transverse, but only longitudinal
ves werz detected in the engine. It was also learned that sound vibrations have
decisive effect on the combustion stability. In this manner Smith and Sprenger
122] quite comprehensively studied and mathematically treated the high-frequency os-
cillations occurring during combustisn as a cause of the so-called resonance combus-
ion, Nevertheless, 2 principal problems of tnis phenomenon have not yet been ex-
sained [29): (1) the causes of the high-frequency oscillations have not beea ex-
iained thoroughly aand with complete certainty; (2) the mechanism of such a substan-
ial increase in the burning rate, which is considerably greater in the case of res-
onance vibrations than that calculated with combustion laws for the average pres-
sure, has not been adequately explained.
At the present time there are many publications dealing with study sethods
leading to the detection of the causes of resonance combustion. However, there is

;till no generalized opinion nor is there even a precise quantitative approach te
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this problem. The reason for this lies in the fact that there are a great many

parameters, upon which the high-frequency vibrations causing the resonance combus-

tion can oepend, e.g., the composition of the fuel, its structure (colloidal or

composite), the geometry of the charge and chamber, the combustion pressure, the

S

b

burning rate, the heat value of the fuel, etc. It has been learnmed that, in gener-

o o

al, fuels with a high energy index, such as ballistes, propellants containing
R NHQCIOa, etc., are much more prone to unstable combustion than fuels with a lesser
energy content. Nevertheless, as experimentation has indicated, this factor alone
is not sufficient.
Some authors are of the opinion that the tendency of the fuel to burn unevenly

increases with increasing burning rate. However, it has been shown that the burning

rate cannot be an unequivocal index of the tendency of the propellant to resomance
combustion either; for example, fast-burning KClOa-based propellants are less prone
to unstable combustion than slow-burning NHQC104-based fuels. Moreover, the burning
rate increases witb increasing enmergy indices; therefore, it is sometimes difficult
. to determine which is the cause of combustion instability: the emergy indices or the

burning rate.

In the case of composite propellants, the unstable combustion can be a function

of the granulation and crystal structure of the oxidizer crystals. However, the
burning rate varies with varying granulation of the oxidizing substance. Therefore,
it is difficult in this case also to determine whether the granulation or the burn-
ing rate is directly decisive in the tendency of the‘fuel to resonant combustion.

In one of numerous studies an attempt was made to determine whether and how the
concentration and size of the oxidizer crystals in composite-type propellancs influ-
ence the generation of resonant combustion [23]. Propellants, in which NH4C104
crystals constituted the oxidizing substance, were subjected to testing. The first
series of tests were designed to study the cffect of the percent of oxidizer content

on corbustion instability. The perchlorate granulations were close to the technolo-

gical limits of possibility. Four propellants were studied (Table 1.6). The
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TABLE 1.6. THE PROPERTIES OF PROPELLANTS STUDIED FOR RESONANT COMBUSTION

Propellant
A B . c D

Total amount of oxidizer, ¥ 70 755 I 80 85
Density, gfem’ 1.605 | 1.647 | 1.704 | 1.760
Mean molecular weight of the

< combustion products 21.9 23.6 25.5 27.2
Heat of explosion, cal/g 698 864 1,010 1,050
Specific impulse, kgesec/kg 211 226 239 251

granulation ranged from a few to 300 microns. Propellant A had the finest crystals
znd propellant D the coarsest. Because of the difference in granulation, the burm-
ing rate of all the fuels was approximately identical. Combusticn tests showed
that propellant A does not e.hibit the property of irregular combustion; on the
other hand, the fuels with greater enmergy values (B and C) exhibit irregular coubus-
ion toward the end of burning. 1In propellants B anc C, secondary pressure jumps
observed on the pressure curve over time. In contrast to the primary jumps (ig-
.ition jump), they are caused, as the authors have concluded, by a nonuniform blend-
ing of the mass during production of the propellant. -

The possibility of a nonuniformity of this type is less in fuels with a greater
.40104 content, because here there is a maximum amount of oxidizer iIn the entire
mass. The authors explain the greatest regularity of combustion of propellant D on

the basis of this, among other factors, in spite of its being the most energetic
fucl. The lower burning rate of propellant D in comparison with propellant C could
be ancther factor affecting the regularity of combustion. Accordingly, the rate of
encrgy release in propellant D was comparatively low. This latter factor (rate of
energy release) is considered by the authors to be the most important because it

corprises the energy countent, burning rate of the propellant and the composition.
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Another series of teste embraced the study of propellants with identical energy
contents (all with 76% NH40104) but with distinctly different granulations (Figure
1.13). This test series demonstrated that the propellant with the finest_granule

size (J) exhibited the highest burning rate and the greatest tendeﬂcyzto*irreguiar

o |
4 6810 20 40 60 W00 200 490
granulation {ul

Figure 1.13. Granulation (comminution)

of the oxidizing substance of propellants

studied for resonant combustion.
combustion. Propellant H burned considerably mwore regularly. When the propellant
with the largest crystals (I) was burned, it was noted that there was an excessively
high pressure in the initial combustion phase in some charges; this can be explained
by the nonhomogeneity of the propellant, which is difficult to achieve, particularly
with the large crystals. Accordinglv, the conclusion drawn from the first test se-
ries is confirmed in the second series, where propellant J has the highest rate of
energy release and therefore has a tendency to unstable combustion; thug, the influ-
ence of the heat value, burning rate and structure of the propellant on unstable
combustion can be replaced by one indicator: the influence of the rate of energy re-
lease. Therefore, it is useful to specify the rate of energy release (in kcal) from
a unit of surface area per unit time when giving the properties and parameters of

the givep propellant. This individual value could be considered as a certain index
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of the propensity of the progellant to resonant combustion. Obviously, this value
should be related to the pressure and other conditions correcponding to stable com-
bustion.

As already stated, the geometry of the charge and the combustion chamber also
has an effect on the combustion instability. It was found [19] that the resonant
combustion phenorenon occurs most frequently, although not exclusively, in cylindri-
cal charges. Resonant combustion depends on the location of the critical point,
among other factors, at which the gas velocity is equal to zero. This is explained
by the fact that if some perturbations in the pressure arise at some point where the
gas velocity is high, the vibrations will be carried outside of the charge even be-
fore high amplitudes appear. The time required for the formation of such amplitudes
is sufficiently long at the point of zero velocity and near it. The critical point
always develops in the case of ¢ylindrical grains. The gas fraction developing on
the combustion surface travels in the direction of the nozzle via the space between
the chamber walls and the external walls of the charge while the other fraction pro-

ccds through the central channel of the charge. The point of zero velocity is lo-
ited at the site of origin of thece two gas streams. As a function of the dimen-

ons of the charge and chamber, this critical point can be placed inside the charge
sening, at the bottom of the chamber (behind the charge) or in the space between
:he walls of the chamber and charge. This depends on the relationship of the com-
ustion surface to the cross-sectional area of the channel and the space between the
-hamber wall and the external wall of the charge.

If the inequality is maintained

nl,L ndl.
>

iy n

b D1 — D) . d*

where: L = the length of the charge;
Dk’ Dl = the diameter of the chamber and the external diameter of the

charge, respectively;
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d = the internal diameter of the charge,
then the fraction of gases evelving on the external walls of the grain must pass
through the central channel in order to achieve the conditions of an identical ratis
of burning surface to discharge surface everywhere. The zero gas velocity point for

these conditions is located in the space between the walls of the chamber and the

charge (Figure 1.14).

Figure 1.14. The effect of development of
the zero gas velocity point. Key: 1 =
zero velocity point on the periphery of
the charge; 2 = the gas stream; and 3 =
the charge.

In the other case, if the inequality

+

-r-’),,L . mdl.

ET
h :Lﬁ ny = d*

is maintained, the fraction of gases from the central channel will travel out
through the space between the walls of the chamber and charge. In this case the
zero gas velocity point lies inside the charge. As demonstrated by experimentationm,
such a situation is highly disadvantageous. Sometimes, it may even occur [24] that
this is the only case in which resonance vibrations develop in the cylindrical
charge. Cases at the critical point, locatea in the charge opening, readily lapse
into resonance vibrations, which in turn give rise to a more rapid combustion and
thereby a pressure .ncrease which may lead to destructicn of the engine. Sometimes
these vibrations cause a disintegration of the charge grain and an explosion (when
the mechanical strength of the grain is insufficient). The zero velocity points can

also cause resonant vibrations, even in the first case; however, experimentation
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[19] has shown that explosions then. occur more rarely.

The third possibility is the lucation of the critical'point at the bottom of

S

the combustion chamber. Thia occurs when

abL  oadl
by 4 4
St =D - d?
L S

It was learned by experimentation that it is p&ssible to prevent resonant com-
bustion by boring radial holes in the graim, by placing a noninflammable rod in the
channel and by employing a channel with a nonround cross section. &ll these data
are used in rocket technology but they do not explain the real reason for vibration
development in the combustion center. Of course, it does explain [25] the genera-
tion of more powerful vibrations from small perturbations,but it is difficult to ex-

tain the origin of these small disturbances, probably tecause the causes are mani-
fold. H. Grad suggests that a slight pressure increase leads to a localized in-
crease in the burning rate, which in turn increases the pressure, which ;gain causes
zn increase in the burning rate, and so ferth. In this manner, if-only pressure vi-
crations arise, their amplitude increases continuously with time. Another question
which we have already mentioned and which has not yet been fully explained is the
increase in the Surning rate (not proportional to the pressure)} during resonance
combustion. It is generally possible to explain this by the fact that heat conduc-
rion {rom the flame to the propellant increases with the appe@rance of the vibra-
tions, and then the burning rate increases not only because of the increase in the

nean pressure but also becaus2 of the rise in temperature of the charge surface.

1.7. Discontinuous Combustion ("Sneeze")
In the propellant combustion process it is observed that if the pressure in the
rocket motor falls below a certain critical value, it immediately drops Lo atmos-

pheric pressure and combustion ceases. After a fraction of a second or after sever-

al seconds, combustion resumes and the entire process is repeated. This phenomenon
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resembles sneezing, thus its nsme.

"Sneezing" occurs psrticulsrly when the critical nozzle cross section (th;oa:)
16 too large in relation to the burning surface Qf the chafgé, and specifically
when this throat size préduces a prassure which‘bareiQ,reschés the above-mentioned
critical pressure. 1In this case, even sligﬂt perturbatioﬁs cause sudden presSure
drops to the atmospheric value, heat does not flow ffdm the eombuaéion zone to the
charge and the charge becomes extinguished. Howeﬁéf: thé temperatufe of.theugxter~
nal layers will stili be sufficiently high for a cert:air'l period of time. .In adqi-
tion, certain exothermic reactions occurring in the sﬁbsﬁrface zone ;nd heat trans-
mitted from the engine walls caﬁse renewed ignition of the piopellant. 'The comBuSm,
tion on the heated layer of the propellant proéeeds su%ficiently intensely; however,
when only this external layer is burning, the burning rate decreases, the pressure
in the engine drops and the cycle repeats itself. Although the principai cause nf
this effect lies in the pressure drop below the critical point, renewal of ignition
depends on whether the transformations taking place under the influence of tempera-
ture i the subsurface zone are exothermic. Thus, the phenomenon essentially Ae-

pends ilso on the chemical composition of the propellant.

1.8. Geometrv of the Charge

Solid propellant rocket engines have their principal characteristics, such as
the work time, magnitude of thrust, combustion chamber pressure und others, deter-
mined by tle respective configuration of the charge. It is weli known that the said
characteristics are dictated in liquid-fuel engincs by auxiliary mechanical devices
which regulate the fuel supply to the combustion chamber. The absence of these aux-
iliary devices in solid-propellant engines is ‘one of their advantages with respect
to liquid-fuel engines. However, it should be remembered that the same problem of
determining the characteristics of the engine remained but it was transferred from
the engine construction itself to the propellant.

The respective performance characterisvics of the engine are taken into acccunt

77




=

=

in designing the configuration of the propellant. Therefore, the desiga of the fuel
charge for solid propé}lant engines'is a problem of:ex;reﬁé‘importancé; ~In each
chavg¥ coniiguration design, the propellant mass must fulfil the conditions defined
in the so-called combustion law of fuels (powders). This.law states that the pro-
pellant must burn over the entire available_surfaqenin layers_parallel ;oﬁthé pri-
Tary configuration, i.e., the burning rate is_identical,oyer;the,;nti?e su;faég;.
The fulfillment of this condition must be achieved in the technological process of
the propellant by making it homogeneous and avoiding air pgékets; ~The-techﬁoiog;cal
processes employed to achieve ttis are described in subsgquenteghapters.

The existing charge configurations can in gemeral be divided into 3 typesuﬁith
respect to surface changes during combugtion: (1) combustlon with:a.practically
constant combustion surface, (2) combustion with a decreaning. combustion surface
area (degressive), and (3) combustioq with an increasing combustion surface areé
{progressive). .

Change of the combustion surface in time is evident in the pressure and time

curves in Figure 1.15.

pressure
’

@

time

Figure 1.15. The basic combuastion types.
Key: 1 = combustion with a constant burn-
ing surface area; 2 = progressive combus-
tion; 3 = degressive combustion.
The curve for the charge with a constant combustion surface area indicates that

the pressure is constant for practically the entire pericd of time. This is very

desirable because the engine functicons reliably only 1if the maximum pressure is less
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than the maximuem permitted and greater than the minimum alloved (in the.case of the
minimum pressure). Thus, iﬁ practice it.is still highly desirable to achieve & con~
stant combustion surface area during the entirgwwﬁrk time of the-eAgiﬁg.

The desired combustion surface area and its time change turve can be achieved
by: (1) selection of the appropriate surface shape of the pr0pellan~ charge and
(2) covering some surfaces of the charge with a special noncombusfib;e layer whitbi
inhibits burning of the charge On thesg aurfﬁces, in other words, a so-calledlﬂqur
plating or shieiding of tﬁe charge.

The noncomhustible material used for the shielding is called an inhibitor. The
most typical chargé configurations- and their fesPective presspre—overftime.curves
are givén in_Tab1e91.7 (12 examples). A great many geomeérical configuration com-
binations are possible. Each propellant charge configuration has its advantages and
disadvantages whigh are correspondingly exploited to best advantage in engines fqr
various purposes. The charge in the form of a solid cylindér is seldom used because
of its distinctly degressive combustion, and this only in connection with é dis-~
tinctly progressive charge f{example 7). Charges that are only end-buining,(example
2) are used in engines with a small thrust and a. long work time. Engines with such
charges are used as sustainer motors in two-stage rockets. In order to achieve
greater thrusts, these motors have a large chamber diameter and a quite substantial
passive weight (due to the strong heating effect the chamber walls are thick). In
addition, this engine has the disadvantage that its center of gravity shifts during
operation, which is obviously reflected in flight stability. However, this type of
charge is frequently useé, particularly in the case of fast-burning propellants
vhich furnish a rather large thrust because of their charging densitys. All engines
with charges burning on their lateral surfaces have a lower charging density and a :
shorter work time, but they can furnish large thrusts. Various lateral-burning

chsrge combinations make it possible to achieve the most divergent pressure-over-

853& page 86,
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ize characteristic curves. These charges can be of 2 types: (1) those wbicb do
not protect the chamber walls against beat (examples 1, 2, 3, 4, 6, 8 and 9); and
(2) those which protect the chamber walls aghinstrthe direct action of tbe flame
(examples 5,‘7, 10, 11'and 12).

This fact is an important consideration because tbe strength of tbe walls §e-
creases abruptly with their increasing temperature. This situation occurs when
there is no insulating layer between tbe combustion surface-apd tbe engine walls.

In such engines the chamber walls mus: be correspondingly thickeﬁed‘in order to have
sufficient strength at high temperatures. This causesg an increase-ip the passiie
weight of the rocket, which constitures an important disadvantage in tﬁis type of
charge. In the case of charges 5, 7, 10, 11 and 12, thﬁachambgr walls do not be-
come heated because the flame hus no access to them untii the end of combustion.

The laver insulating the chamber walls from the flame bere is a layer of propellant
and a layer of inhibitor (shieldin; factor). The combustion chamser walls can be
thin, calculated with the strength ¢£f the ;old material. Thus, 1if we have addition-
al stipulations to follow with respect to shielding and protection of the éhamber
walls against heat in designing the surface shape of the chafge, the number of forms
which may oe chosen is Feduced.

Modern rocket engines employ charges with configurations which protect the
walls against heating and assure {hrust constancy {(examples 7, 10, 11 and 12). Con-
figurations with cross-shaped and cigar-chaped cross sections and charges with a cy-
lindrical-conical channel do not protect the chamber walls against heating, in spite
of the fact that they have a shielding layer on the external lateral surface.

The combustion surface variation and thrust curves in time frequently are quite
complex, e.g., for the cigar-shaped configuration or that with a cylindrical-conical
channel, they depend on the angle of inclination of the coae, which must be differ-
ent for c¢ifferent length of overall charge in order to maintain combustion surface
constancy.

In the case of the configuration with a cross-shaped cross section shielded on
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the projections, the combustion is progressive; in the unshieldad case, the combus-
tion is distinctly degressive. In conmection with this, partiél inhibitions_of»the
projections make if”éossible'to regulatekthe combustion curve at will.

:Chhrges'which burn internaliy and which have no projcctions on the circumfer-
ence of the internal channeiﬁalways hﬁve a progreééive-type combustion; on ﬁhe pthe;
hand, for bha}ges which burn only on the external surface and have éo projeq;ioﬁé,
the combustion is of the degreésive type. Thus, when the problem of isoiatiﬁg ;hé
chamber walls from the cémbustion zone with a layer of charge was posed, it was nec-
eésarj to design a charge which burned exclusively from the internal si&e of the.
channel with a constant combustion surface. In order to maintain conbusfion suffacg
constancy, it is necessary to provide internal projections in the channel. This is
why we have charge designs with star-shaped channels, with chamnels in the fdrmiof a
wagon wheel (example 12) and those with a number of channels.

Mathematical calculations on the shape and number of the projegtions in the
star-shaped charge channel constitute a rather complex problem,'primérilj because
the number of cross-se.*'onal channel configurations which assure combustion su;face
constancy is practically infinite. Therefore, the problem is solved by the trial
and error method with the prior assumption of several parameters. A mathematica%
description of even the most common channel cross-sectional configuratious would ex-
ceed the bcunds of this work. Data on some typical configurations are fregquently
given in tables or graphs {7]. |

In the case of configurations that do not assure protection of the chamber
walls against heating, it is a simple matter to determine the geometrical dimensions
which assure the combustion surface constant.

The most frequently used surface stape of this charge group 1s the cylindrical
one. The surface area of such a charge after shielding the frontal surface is

: y ,.S':'-;"L(D’ +Dl)

where: L = the length of the charge;
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< ¢xXternal charge diameter;
D, = internal charge diameter.

Another frequently used surface shape of the ch;rgq_group which protect the
chanber walls against heat is the starfshaped form. Thus, cylindrical charges or
charges Qith a chanpel having a star-shaped cross sect;on are‘mbst frequently refer-
red to in deliberations on charge Fgchnology and on the comhustion process.

The length to diameter ratic can be different for both of these cases. How-
ever, it appears that for an assumed lemgth there is a certain optimal diameter val-
ue at which the emergy contained iq thg fuel will be most advantagzously expleited.
Likewise, there is a certain optimal length for an assumed diameter. When the
“ength is greater than the optimal, the percent share of the chamber weight in rela-
tion to the fuel increases. Then we say that the engine has a large passive weight.
1f the charge is shorter than the optimal, the excessively large eﬂgine Qiapeter in
relation to the propellant weight causes a large air resistance to be posed on the
rocket during flight, whereby the fuel supply is not exploited to the greatest ad-
vantage in increasing the range of the rocket. This optimal lenggh can be_caiculat-
e¢ only after making allowance for the resistances encountered by the engine during
fliight, chamber wall strength, specific weight of the chamber walls, the pressure
crevailing in the chamber, etc. Thus, the problem of selecting the optimal length
and diameter measurements of the rocket lies in the field of intermal and external
pbailisties [7].

The magnitude of the externai and intermal diameters of the cylindrical charge
rust also be appropriately related to the diameter of the combustion chamber; this
will be discussed in subsequent sections.

In the case of a charge with a star-shaped channel, it is assumed as a condi-~
tior of channel size that the thickness of the combustion layer e cannot be greater
tnar. haif the chamber radius Rk' Only ir exceptional cases is e equal to 0.7 Rk'

Sometimes a charge that furnishes 2 types of thrusts can be used. A charge of

this type is comprised of 2 layers of different propellants. First, the one jayer
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is burned, furnishing a certain definite thrust (gfg;,“atartiﬁg;;hrust),and t#dn{bhé
second layer, which supplies qn_ggtirgly_diffggqqt thrust (sustaining). Such a com-
binetion of 2 or even several different propellants theoretically c;n;ﬁe_ﬁgédlig ali

the above-cited surface shapes.
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Footnotes
to p. 34, The reader will find precise data on nozzle design in numerous pub-

lications [7,30].

to p. 45. Sprawochnik Khimika. Gosudarstvenoye Khimichéskojé7Izdate1‘ntvq;
Moscow-Leningr.d, 1952.

to p. 46. Detailed data can be founl in the book by W. Kozakiew!z* [30].

to p. 49. Kalendarz Chemiczny, Vol. I, p. 422. PWT. Warsaw, 1954. '

to p. 51. Measured in the original.

top. 63. . _DUp DUy DG _DU
¥ UE HE A

where: D = the stream diameter; U = linear velocity; o = demsity; u = absolute
viscosity; v = specific gravity; and A = kinematic viscosity.

to p. 63. Pr = cug/A, where ¢ = the specific reat; and A = gpecific thermal
conductivity.

to p. 79. The charging density is the ratio of the charge mass to the chamber

volume of the engine.
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2. PROPELLANT FOR THE ROCKLT ENGINE
Designing the surface shape of the propellaﬁt charge 1s intimately asaociated
with the designing of the entire engine. Therefore, anyone working on problems com-

nected with the propellant must be at lesat qualitatively fauiliar with this=design-

“ing.

In this section particular conelderation will be giver to the parameters di-
rectly connected with the propellant, and the indispensable formulae of interﬁal_fal-
listics are cited without derivation but only with a comflete‘description. Preciae
information on the internal ballistica of solid propellant roéket enginea can be
found in numerous foreign as well as domestic publications [30]. The extefnéliy and
internally burning cylindrical charge is considered below as a classic example; it
is the one most frequently used in the study of new propellants.

The constants, KI’ Kn and J, are used in determining the combustion conditions.

These constants are expressed by the following formulae:

A A KI A
K w-BP ¢ o -8 3oL, 0
I ? n A4 ° K A
b cr n b=}

where: Asp = the rombustion surface of the charge;

Ap = AO —-Apo = the cross~sectional area through the channel of froe flow,
in which:
Ab = the crcse~sectional area i the chamber:
Apo = the cross-sectional area of ine grain;

- = the critical crosu-sectional aiea of the nozzle;
KI = internal contraction* constant;
Kn = contraction constant.

All the KI' Kn, KIIKn relationships are determined for an optimal pressure in

* -
Translator's note: We cannot confirm this.

87




the combusiic chambex.
The pressure at which combusticn is stable and which assures a maximum total

iupulse with minimum engine weight is called the Jppiﬁal.preésdre-[TIQ KI.ig'déte;-

mined as a function of the grain type, the gas pressﬁrg-in Ehe_combgstign”chagbef,

I_value,,tbe’ greater the

velocity of the gas stream along the charge and the more difficult it is to assure

the form of the chargs and other factors. The larger the K

regular (stabie) combustion. The constants K1 and Kn are;dgtermipgd expgximentéllg
tor the individual propellants and they are a linear function of the bugning rate :.

The burning rate r is determined in the so-called,Crawfprd_bomb.(Figgré 2.}),
in which a bar of the propellant is burned on the frontal surface (the lateral sur-
faces are inhibited) unde; con;tant pressure. Twp wifes which form quprre3ponding
circuits in the timer are spaced in the bar a Certain'pre§ise1y-defined distance
apart. The wires are designed so they burn off when the propellant bar_is burped,
When the first wire is burmed off, the timer is set in motion and when the second is
burned off, the timer stops. The burning rate r is calculated by the distance be-
tween the wires and tbe recorded burning time.

Burning in the Crawford bomb is carried out in an atmosphere of inert gas (ni-~
trogen). The pressure is regulated by an automatic pressure regulator or by the use
of a large vacuun chamber. Thus, if the burning rate of the give; propellant is
known, we can forecast the K.n value approximately (on the basis of comparisons with
known propellants); however, an accurate deteruination is usually made by combustion
in a chamber with a nozzle. (The burning rate measured in a Crawford bomb sometimes
differs from that obtained in a chamber with a nozzle.)

The combustion surfac« area of the charge is calculated from the assumed sur-
face shape. In solid propellant rocket engines Kh values of 200-2,000 are used, de-

ending on the ftype of nropellant. It was experimentally determined that
P 24 yp

’ n
KI £ 0.5 Kh and Acr g 0.5 AP

Thus, K, and J are still the principal indicators for good cholce of the charge
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for the chamber. The equilibrium pressure in the combustion chamber depends to a
great extent on these values. Therefore, if these values are not propérly;chosen,
the equilibrium pressure will not be constant. As AP increase§ in relg;ion'to,the
invariable Acr or if J deczreases end, "in"comnection with éhis, the erosion is less,
the burning is slower and the pressure has a lower value than that which ‘is 6btained
_in calculations which take the erosioﬁ‘iﬁto account. The cross-sectional area of
= the channel is variable during combustion and this causes a variance in the flow
rate of the coﬁbustion gases and a pressure drop, not only of the mean pressure but
also in the pressure differences along the axis of the engine.
‘ In the final combustion phase where Ab = Ao, the J ratio assumes its miqimum
value and the pressure difference in the fromt portion of the chamber and at the
nozzle is at its least value.
In the initial combustion phase, when the thickness of the burned layer is

equal to zero, i.e., at the moment of ignition, the pressure difference befween the

front and back portions of the chamber is the greatest. This pressure difference

and the frictional force of the gases flowing out' along the lateral surfé@es of the ~
charge can cause the charge to press against the back grate in the case of the cy-
4 ' lindrical charge. Because the pressure difference is greatest at the beginning of
* combustior and because the Jiessure increases rather violently, a dynamic force acts
on the charge in a longitudinal direction at the moment of ignition. This "impact"
in the case of a brittle mass can cause a cracking of the charge, particularly if it
is not in contact with the grate before .gnition (the charge then acquires accelera-
tion and strikes against the grate), or a swelling of the charge in the case of an

elastic mass. Cracking of the charge leads to an abrupt increase in the combustion

surface area znd, thereby, also in the pressure which usually ends in tearing out
the safety devices (from the research viewpoint) or disintegration of the thamber.
A swelling of the charge causes a decrease in Ap, which signifies au increase in KI

and J. Thus, it is necessary to take into account the possible charge deformations

during combustion in determining the constants KI, Kn and J.
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Figure 2.1. Crawford bomb. FKey: 1 =
electric contact; 2 = ignition wire; 3 =
timer wires; 4 = propellant bar; 5 =
chamber; 6 = bar supporting brackets;

7 = nitrogen or reducer feed.

Some authors use the value 1/J [7]. This value must be always greater than
unity; most frequently, it falls within the limits 1.5-2.5. The 1/J value ma& reach
5 and even higher‘for engines with low work parameters. In order to increase the
chdarge density, this ratio chould be as swall as possible, but with respect to com-
bustion stability, this minimal value must be determined experimentally. ' A small
1/J value gives rise to -a pressure peak at the beginning of cerbustion.

It should be mentioned that when working on new fuels for solid propellant
rockets, it is necessary to take Into account the energy content of the propellant,
its mechanical strength, the dependence of the burning rate on the pressure (expo-
nent n) and the temperature and such factore as the technology and availability of
the rav materials.

The following sequence is usually maintained in the development of new propel-

lant compositions:

1. Preparation of the appropriate mixture having the specified stoichiometric
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composition.

2. Determination of the energy conteat of the given propellant:composition
(analytically or e;perimgqtgiiy).

3. Detefmlnation‘of the burﬁing'zate and the power expouent in the Crawford
boub. 7

4, Orientafiopal Qe;grmina;%pn of K.n by .analogy with known prgpellants‘whose
K values are known, at‘arknowﬁ-bﬁrning-rate;

5. Orientational determination of Kl from the inequality KI 3L Knc

€. Orientational determination of the ratio J = KI/Kn = Abf/Ap‘

7. Preparation of.an appropriate charge for a known engine on an experimental
basis with a nozzle havirg a critical cross seétion Acr' .

-In the study of a propellant it is often nécessary to consider the internal

ballistics accurately [30] as well as the technological data on an engine.

2.1. Construction.of the Engine
The most important elements of engine construction*a;e‘the nozzle.aﬁd-the com-
bustion chamber.
In solid propellant engines the nozzles are not cooled as in liquid fuel en-
gines (the lack of a cooling medium, which -in liquid-fuel emgines is Constituted by
the liquid components of the fuel). In comnection with this, it is necessary to

protect the nozzle against burning out by other means. One of these is the employ-

ment of high-melting materials, such as graphite, molybdenum and others:in con-~
structing the critical nozzle cross section. Another method is the use of average-
melting materials with a high Specific heat for nozzle construction; then when the
nozzle has a correspondingly high weight, the he;t is readily conducted away from
the critical cross section and is not liable to burn out. The disadvantage inherent
in this latter method is excesgively }§rge nozzle weight, as the nozzle must have a

large heat capacity, and this increases the passive weight of the engine. The first

method is not too good either, patticularly with longer engine work times (40-60
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secends) and with high-energy fuels. Therefore, the;problegzof nozile protection
in solid propellant -éngines is s;ill-a pressing one. Some anthors {?]'propose mem-
brane (shell) cooling or cooling by utilizing the beat of evaporation cf tke sub-
s*ance.

Another engine construction element is the chamber, the parameters qf which
are also dictated by the requirements of the propellant. The combustion ‘chamber is
a thin-walled cylinder. The thickness of thelwélls:h-is determined by means of the

‘equation

2.1).

where: P. the pressure in the chamber;

R
c

il

the radius of the chamber;

a permissible stress on chamber material.

Stch a chamber-wall thickness ohviously doe; not take inio account a weakening
of the chamb2r due to attachments nor does it take into consideration the bending
moments which ¢ccur during rocket flight or the heat stresses which may occdf during
operation of the engine. Thus, the chamber-wall thicknesses-calculatéd with tbe
said equation must be chosen with apprOpriaéL reserve. In addition, it is frequent~
ly necessary tc make the walls thuicker for the simple veascn that the thicknesses

arieing from the calculations are so small that they are technologically impossible

to produce. The following example illustrates this quite well:

10,000 kg/cn’

Q
[}

=
i

20 cm

50 kglcmz

o
it

1,000
- — g
h=-3 10,000 = 9+1 cm
A wall that is this thin may have a definite,.compqratively quite large deflec-~
tion. Therefore, the wall is made that much thicker so that the technological

92




deflections lie above this thickness of 0.1 ca.

: In. considerine the prqblem of-redﬁéing the passive:weight of the chamber, it
should be stressed chat it is proportional to the wall thickness h and the specific
gravity of the chamber.material y. J |

The wall thickness is inversely proportional to.the allowable stress ¢; there-
fore, a passive weiéht reduction occurs:when the ratio'ulyihzs-éfniximum Yalhe,, A
comparison of saveral chamber construction.materialé with‘theif-ﬁermissigle'strgssr

es, densities and the so-called specific strength of o/y are pfeséntqd"ih'Téble 2

'TABLE 2.1. THE MECHANICAL PROPERTIES OF SOME SIRUCTURAL MATERIALS

Permissible Speéific Specific
Material stress  gravity -strength
2
(kg/cm®) (kg/em) | OFY (em)
Normalized steel 4130 6,500 - 0.00784 829,000
Heat-treated steel 4130 12,500 0.00784 1,590,000
High grade steel 19,000 0.00784 2,425,000
Aluminum alloy 75 ST 6,000 0.00277 2,166,000
Titanium alloy 6,500 0.00443 1,467,000
Phenol or epoxy plastic, J
reinforced with glass
fiber (currently pro-
duced) ] 4,000 0.00166 |- 2,A10,000
Plastic reinforced with
glass fiber (in the
future) 6,000 0.00180 3,333,000

in accordance with [?1, It is apparent from the table that some materials are bet-
p ter than steels in some cases in spite of the fact that they have permissible
stresses which are comparable to low steels. New titanium alloys may.also have a
very high specific strengtu.
In the table the parameters of the materials are cited for normal temperatures.

When the temperature is raised, the strength of the material decreases, and this

takes place much more extensively for synthetic substances than for metals. In -
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addition, the property variation in the particular production grades and in the fin~
ished products is greater.fbf;Syntheticfmaterials-than.fqr-ﬁetais: Likewise, the

stability (property variation iv time). of the mechanical properties of plastics is

ERIT Yo

much poorer than thg stability of metailic alloys. ihe;efore, synthetic matéridls
have not yet enjoyed wide usage as the:choice for rocket epgine éhaﬁb;rs. 1t the
utilization of  these suﬁstances is'pr0posed; it ié:oﬁly in cases whéte'p;otectioqlof
the chamber against heatihg'isndesirable.‘ This takes.place in chafges-yhi&h'burn »
from the center and which are affixed to the walls, where the fuel and the inhibit- ~
ing layer ser:e to insulate the chamber walls from heat. Bécause.there’ﬁ;s heen_g.
distinct tendency to employ this type of charge, this has made it possible to glgo

have an increasingly greater applicat%pn oijfiberglass—reinfdrced.B&ﬁphétic mater-

ials for combustion chamber comstructionm.

At the present time heat treated steel is most frequently used in chamber cén—
struction. However, it is gradually being'diSplaced by fiﬁerglass-reiqforced ma;
terials. In the perspective sense, consideration can be given to laminatedtmater- .
ials consisting of alternate layers of plastics and steels. The cermets are fre-~
quently used in the construction of smaller-calib-~ rocket cbambérs.

In the production of thin-walled chambers from heat treated steels the most
frequently used methods are either deep stamped or bended sheets, which then must be
welded. Deep stamping is advantageous in that it is pussible.to sﬁepe the variable ]
wall thickness in accordance with requirements (thicker in the front portion). When
a3 chamber is shaped from sheets, ti.. bottom must be either welded or fastened with
screws. Fiberglass-reinforced plastic materials for chamber.cohstrucfiﬁn.cdnsist
of glass fibers spun into threads and impregnated with the substance. In order to
obtain a greater chamber strength, the glass fibers must be precisely orienéed in
accordancz with the prevailing loads. The chamber can be constructed by winding
the glass threads on an appropriate form and then impregnating‘the wound layer with
a plastic [16]. Particular attention must be given to joining the metal bottom to

the cylindrical portion of the chamber fabricated from this material.
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2.2. Selection of Inhikiter

In,rggearcb on propellants, we encounter the proBlen of sele;tigg;the?typgtbf
_inhibitiqg substance as well :as the-problem‘df'causing‘tge charge'to_adbe:eft;f;he
chamber walls. The51nhibitin§'sybstance.1é;usually-h'coﬁpound~with-éharactéris;ics
similar to tbose of the given propellant. For ‘example, forftﬁe'inhibitiOQ Bf‘coi-
loidal propellants, sucb as cordite I.?.N._gnd otbers, cellulose acetate is often
used; in the case of asphalt-based propellants, bituminous compouqu with petrbigﬁn
are used {33]. In the cuse of composite fuels witb a butadiene rubber base, a,layer
of rubber forms the inhibiting layer. The cbemical similarity of the 1nh151tor3aqd
fﬁel aséures ; good mutual adhesion.

The inbibitor layer is applied either by coatiﬂg the surface of the qharge_ﬁitb
a solution of the inhibitor, by caﬁsing a prepared layer to adbere to tbe charge, by
coating it with a monomer which polymerizes on the surface or by coating it with the
inhibitor in a molten state. The application of a coating by solution is inconven-
ient because the solvent must be evaporated off, and tﬁefefore only a very thin lay-
er can be deposited at a time. In order to secure gocd inhibition it i3 n:ceesér&
to successively apply several layers. Wwuaen the finisbed inhibitor layer is made to
adhere, the quality of inhibiticn depends exclusively on the quality of adhesion.
The most convenient method is the application of a liquid monomer coat wbich bardens
on the surface of the charge.

From the mechanical point of view, tbe inhibitor layer should be sufficiently
resistant and eléstic, similar in mechanical properties to the éﬁel itself. 1In the
case of elastic fuels, e.g., in the case of a front {(end)-burning charge, the charge
"swells'" under the effect of the compression force; the inhibitor, therefore, may
not crack but should be capable of expansicn. In the case of charges wbich adhere
to the chamber walls, the inhibitor should adhere well to metals and have good elas-
ticity. Elasticity is necessary here because the mutually adherent metal and in-

hibitor ‘ayer with widely divergent coefficients of thermal expansion can give rise
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to intarnai stress=s when the temperature changes, which 1n turn would lead to the
appeérance of cracks in the casing of the grain. Just as the fuel, the inhibitor
should alter its mechanical properties as li;tle:agipbasible:with a change in rem-
perature withie the range —%0 to +50°C. - A good inhihition of the charge surface,
which assures functioning of the engine for a period of 10-20 ugconds,-is’difficult

to ohtair, =gpecially if the stream of hot gases flows around the inhihitor layer.

2:3. HIgnition éf the Fuel Charge in the Engine

Ignition of the fuel charge in the solid prOpellant rocket engine is ;ccom}- ot
pl‘shed by an electric igniter and a pyrotechnic called the primer. The princr must
create the appropriate comhustion conditions in a correspondingly short time. In
comhustion it should provide a temperature which is higher than the ignition temper-
ature of the propellant. Iﬁ addition, the primer should provide enough pressure fo
exceed the minimum allowed pressure for the glven fuel, at which the cumbustion is
stahle. Therefore, the primer mass Wp should be proportlonal to the heated surfacé

and fulfil the inequality:

1l Wb p
ceo £(1) c(p)
Wp > l— & g Ro (202) ‘
n T
() P
where: ¢ = the fraction of condensed parts (solid and ligquid) in the comhustion

products of the primer at the temperature of combustion;
R = the gas constant; 1 s
vc(i) = the initial volume of the engine chamher togefher with the nérrow—
ing portion of the nozzle;
pc(p) = the pressure occurring due to the primer (this is frequently assumed
to be 30-40% of the comhustion pressure of the fuel);

M(p) = the molecular weight of the gaseous rrimer comhustion products;

T = the temperatﬁre of isobaric priwer comhustion.
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In small rocket engires, with ﬁhich we are frequently dealing, it is ﬁ;ugllya ¥
difficult to achieve good ignition because the ratio of'inert:suffaée m;tals,ﬁhit
;re hedted, to the.prOpeilant cﬁmbustion surface, 1s.quité-izrge, .Cdlloid#i'%;eis
of the smokeless.poﬂder fype usually h;ve a lower ignitfon temperature, but a rgther
high ignition pressure is required for this. Cémpusite—type propellants are ‘some-
wﬁat more difficult to ignite but they do not require as high a pressure fbr=s§iblé
comtustion. A very lmportant primer paréﬁeter is its cophustion time, i.e.,-tg;
time of pressure increase. M. Barrere and co-authors t?]-furnished-thg primer com-

bustion curves shown in Figure 2.2,

e

pressure

time

Figure 2.2. Possihle curves of pressure
change over time during ignition. Key:

A = misfire; B ~ ignition with pressure

peak; { = normal ignitivn; D = retarded

ignition; E = misfire.

Ignition of the propellant surface requires time, durimg which a heating of the
charge occurs. The heat suppliéd to the charge during primer combustion must exceed
the heat carried away inte the charge by conduction until the ignition temperature
is reached. If the primer action time is very short, the heat is not able to reach

the charge and hecause the charge does not reach ignition temperature, it does net

burn in spite of the fact that the pressure far exceeds the lower pressure limit
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of stable combustion of the propeilant {(A). The perfod of ignition retardatiou ie-~
cresses witb decreasing pressure. The primer should assure a sufficiently rapid at-
tainment of the pressure required for stable combustion, but without suddea jnps .
(C). A too abfupt ignition can give rise to a peak at the beginniqg of the coqbuq—
tion curve (B) and can even cause a rather powerful Yimpact", which in turn can lead
to & disinteération of tbe (grain) éharge. On the other hand, an excessively low
ignition pressure whe.n the prime:.-'r action is too sluggish can be the reason for re-
tarded ignitioq, unstabilized cambﬁstion or even misfire (D, E).

The burning time of the primer is regulat;d_ by reduc;‘._ng the sizel of the primer
component particles or tbeir degree of compaction. Material particles reduced tc a
much smaller size furnish a shorter burning time. Moreover, primers are sometimes
used in the form of a compact pyrotechnic (black powder), which does not burn en
masse when packed too tigbtly, but only on the external surface at a limited rate. -
In practice, the primer action time for small rockets is 10-20 msec. For larger

rockets operating under a low pressure this time can be prolonged to as much as 200, .

msec. The "greater than" sign in equation (2.2) indicates the fact that a portien

Figure 2.3. Ignition elements.. Key: a =
primer; b = electric igniter; 1 = pyrotech-
nic; 2 = electric igniter; 3 = igniter re-
sistance wire; 4 = material mass sensitive
to temperature increase.

of gases whicb are generated during primer combustion escapes through the nozzle be-

fore heating the charge to the point of igpition, particularly when the nozzle
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opening is not Initially covered; in addition, the theoretically:caiculateq mass 2f
the charge increases by 10~20% due ﬁo other secondary losses. The”priner.ac;io;.is
more certain if the mozzle mouth is hermetically SEaled"initially-with a uanbiune,
which is.broken when the pressure increase reaches an appropriate value. -The‘ﬁarr
metic membrane also serves to protect the charge againrt the action'of‘humidity:in
engines stored in the loaded state. :In the case of colloidal propellant c¢herges of
the smokeless powder type, the igniter used is generally black powder; 1 kg'fﬁrﬁish—
es 400 g of gaseous products with a molecular weight 'of '34.75, and ‘600 g of conden-
sation products; the temperature of isobaric primer combustion Tp = 2590°K.

Mixtures of powdered metals' (Al, Mg) witb oxidizing substances (perchlorates or
nitrates of potassium, barium or other metals) are used as primers for other types
of propellants. Primers of this type are quite frequently used in propellant re—l
search. Under conditions of actual use, they are not convenient because the finely
powdered metal may be gradually oxidized during storage.  Ignition of the‘prime¥ By~
rotechnic is accomplished by an electric igniter which consiste of a charged wire
and an initiator mass which is sensitive to a temperature increace {merceric fulml-
nate or lead azide). A typical primer and an electric igniter arve shown in Figure
2.3.

In end-burning charges the primer is located at the nozzle end and in radially-
burnine charges it is located in the front section of the chamber, so that hot gases
flow around the entire cbarge surface.

The casing should be durable enough so that the primer willl not be spilled out
and subjected to atmospheric factors, but such that it will not form fragments dur-

ing combustion whirh 2ould destroy the charge or plug the nozzle opening.
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3.  RHBOLOGY
We frequently emcounter flow phencmena in the technological methods of produc-
ing charges, such as extrusion, molding and’others, and under conditions of use of

the finished charges. Sometimes the.flow 1s.an advantage  (in:technological cases)

‘and sometimes a disadvantage (in the case of storing and-utilization of finished

charges). In addition to the flow effect in solid propellant techmology, we also
encounter concepts of sedimentation, castability (in composite cast prOpeiianté),
brittleness, etc. When finished charges are employed, in:addition’to flow we also
run into elastic deformation effects under the action'of a'widely divergent variety
of stresaes.

Data on the mechanical properties of propellants with specific compositions are
quite scanty in the literature published to date. The only information available is
generally the dependgnce of ballistic consgtants for a specific geometric shape on
the mechanical properties of the propeilants [7,15].

The parameters that are quantitatively capable of determining the usefulness of
a propellant from a mechanical point of view are: the Young modulus, the allowable

"strength"”, etc. There is no conclusive, general treatment of

strass, tlLe impact
the mechanical properties cf propellants and the effect of these properties on the
internal ballistics of engines to deie. Therefore, the following remarks do not
pretend to provide an approach to this problem. Most solid rocket propellants are
mixtures of high-molecular-weight substances (the polymer) with lew-molecular-weight
inorganic or organic substances. The high-molecular-weight substance (the polymer)
is largely responsible for the mechanical and rhenlogical properties of these pro-
pellants., Therefore, consideration of the mechanical and rheological properties of

solid rocket propellants leads directly to a consiceration of the mechanical proper~

ties of polymers.
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3.1. Fundamental Concepts
If we axially apply an external force g;to.ﬁybar gith crogs section.A and
length 1, it will increase in length by the amount Al.
Assuming the notations given im Figure 3.), we have:
41 = the absolute eloﬁgation (in uaits of 1eng£h),
€ = Al/]l = the relative or unitary elongatior {(fraction or pgrcent)k

¢ = N/A = the tensile stress, in kg/cmz.

. Similar denotations are used in the case of compression.
(i ¢ aq
R e | e T
= =]
‘ r-[ ------------ = T
L I '
—meenas 5 g

Figure 3.1. Stretching a bar of length 1
and diameter d under the effect of force N.

The relationship between these values for the st}etching and compression of

ideally elastic bodies is given by Hooke's law:
g = Ee « (3-1)

The stress is directly proportional to the relative derormation (elongation,
contraction), where the coefficient of proportionality E is called the modulus of

‘elasticity. After substitution of the values ¢ and €, Hooke's law assumes the form

v

=.Hl »
AL = Ty
The bar shown in Figure 3.1 with an elongation of Al will have its diameter
) shortened by the amount Ad; thus, we have here a so-called relative transverse
shortening e, = Ad/d; the ratio y = elle is called the Pdisson number and is a con-
stant for a given isotropic material within the limits of application of Hooke's

law.

i*:
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in mechanical strength calc:lations on elongation, the permissible elongation
stress is assumed to be k_ for the given material, whereby:

(a) the following equation 1s used in veriiying the stresses
Omaz -“""?:g'kf‘- (3'2) :
¥y

(b} 1in determining the cross section

4z (3.3)
y -
(¢) 1in calculating the permiasible tensile force
N < Ak, . (3.4)

These same equations are used in the case of contraction, except that the per-
missible contraction stress is assumed to be kc instead of kr. As 1s well-knawﬁ,
there are no ideally elastic bodies; therefore, the validity ofAHooke?s law fBr ali
solid bodies is limited to a certain, rather narrow range of streases and deforma- j
tlons. A typilcal stress-deformation dependency curve for an actual (not ideal)

s0lid body is shown in Figure 3.2, where RH denotes the iimit of proportionality

&

BELTress
o M

relative elongation

Figure 3.Z. A typlcal curve ahowing the
dependence of deformation on atress in the
elongation of a bar.

(this is the ratio of this force to the cross section Ao ~-= the primary cross
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section of. the sample -7.above whiph,ﬂockéfs'law ceases to be apf;icabla,when}glbng-; :
ation occurs); Rsp‘- the conventional elasticity limit (this is the rgtiOgofhth
force to the cross séction-Aﬁ,‘whereby;the-stable;deformations-dp,no;,gxcged»aﬁcgr-;,
tain conven;ignal,value);_Qr_is the physical limit of plastigity (tbehrgtiq_of,this
force to the cross section An,:whereby the sample. is. deformed withoﬁt a gisginctlinj
crease in loading). The sdvcélléd dimit .of conventional plasticity (in contrast to
the physical limit) is definéed for materials which do not eghibit;af&efinite'piégyi;
gity limit; this is the ratio of the force to the.cross.segtior-Aa, cprresﬁbnding to
a stable deformation, e.g., of 0.2%. Rr denotes the tensile strength (tﬁis!iszthg
ratio of the greatest tensile force exerte&len the sample during elongation of the
cross section AD)'

The important parameters in studies.on rupture are still the total stable

elongation after rupture

ap;-ﬁflﬁ_;omh

and contraction at the site of rupture of the sample

Studies on the impact strength of materials constitutes another type of re-
search. This is a test of the dynamic bending of a sample of definite dimensions,
with or without a notch, by striking it with a special pendulous hammer, which falls
from a definite height. If we assume that L is the wnrk used to break the saﬁplelin
kgm and A& is the cross-sectional area of the sample at the site of rupture in cmz,

the following ratio is then called the iméact strength:
U = X{xgn/ea’] (3.5)

The compression, tensile and impact strength tests are the main studies carried

103




out in determining the mechahidal;properties of solid'bédies. ‘The shear ‘effect will
be discussed in'connectiéﬁlwifh tbe flow which appears in plastic deformations.
Studies such as the‘Benging effect, jnvestigation 6f the resistance to fatigue or
torsiun, are cohsidefed;ambbg special studles‘qf materials. The mechanical and rhe-
ological properties” of ﬁaterials-éhange‘wifh Qériations ;h_tgmperafure. These chan-
‘ges are more evident in nommetallic substances,-such:as polymers.

As a-function of the temperature, a polymer can be made gimilar in its proper-
ties to one of 3 substance typés, each of which exists separately in an ideal form.
They are:

(1) a Newtonian fluid, the viscosity of which 'is not a function of the'f;qw'
rate; | |

(2) an ideally elsstic body, subject to Hooke's law, the small reversible de-
formations of which are directly proportional to the stresses appiied (éolid mater-
ials below the temperature of brittleness are similar to such bodies);

(3) an ideal elastomer, which is capable of reversible deform;tions of sevgral
hundred percent and which has considerably less strength and modulus than an ideally
elastic body. |

In practice, however, a polymer almost always has features of all 3 types of
substances. Therefore, it is a rathe: complicated matter to determine the relation-
ships between the stresses and the resultant deformations, the temperature, time and
cother variables.

The theories which have been advanced up to now on the mechanical properties of
materials and which embrace all the relationships in mathematical equations have the
disadvantage that they offer no physical interpretation for the effect, i.e., none
of the theories explain in a molecular manner the theory of the 3 basic rheological
conditions: elasticity, flexibility and fluidity. According to some auchors [26,
28], these 3 properties of polymers are explained by the following weolecular mecha-
nisms:

(1) a reversible stretching of the bonds and a deformation of the angles
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‘between the bonds of tbe basiq'po}?mer“cha}p‘detérmiﬁe_the-elasticity phichooccuxu.
urder instantaneous loads;

(2) reversibie straightenings.cf the polymet'éhains §qtarniqe‘thg flezibility;

(3) -an irreversible shifting of the chains in relation to each cther deter-.
mines the capacity fot-stable defo*matibnsi(flow or yield) ’ 1

If we assume that the initial state 1is a fluid state cunforning to. the Newton~
ian fluid laws, in the physical sense it’ is either a specific liquid or a. solid‘body
capabte of flow. Flow or'yield is’always characterizgd hy ‘the’ diaplaCementfof,lay-
dee of thd NilteFATTh THE diréctionudf'thé'apﬁliedigtreés}‘ffﬁetéfore;’fhib'éffect
can be embraced in the equation which determines thé:sheaf'IZS];

If the force is tangent to the deformations, as in %1gﬁte 3.3, then we deter-

mine the deformation as a function of the tangential stresses

= &
Y dy
The rate of flow is determined by
d
A
dt

where Yp is the stable deformation.

Figure 3.3. Deformation under the influ-
ence of shear forces ‘

For a Newtonian fluid the rate of flow is proporticnal to the applied stress
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In this case the Viscoaity’df ;he_liQpid:q‘is;a‘cbnstant,Jinggpendent'of the
.rate of flow D.

Most fluids have this property (Figure 3.4a). Thgs,_for example, all moncmers,
some polyes;er resins beforg hardeniﬁg,,dilu;ed polymer solutions and other flpids
employed in propg}lant ;gchnology cqnformﬁto Newton‘s_lay, On the other hand, con-
centrated polymer golutions{_loy-molecuiarfweight,polymers and nonome;s_with_a,}arge
amount of solids in suspension, which we also encounter in solid rocket p;qpel}int

technology, do nor conform to Newton's law.

oy

flow D

rate of flow D
rete of flow D

rate of

shearing stress 1 shearing strese T shearing stress 1
a b c

Figure 3.4. Basic curves showing the dependency of
flow rate on stress. Key: a = a Newtorian fluid;

b = a fluid with a pseudoflow zone; ¢ = a fluid hav-
ing a flow point.

There are 2 types of deviations from the model of a Newtonian fluid. 1In the
first of these the viscosity decreases with increasing flow rate D (Figure 3.4b).
Quite fregquently the viscosity remains constant after reaching a certain minimum
value as the flow rate continues to increase (coefficient of viscosity). In this
case the dependence of the flow rate on the loading is not rectilinear in the be~-
ginmming but then becomes so after reaching a certain maximum loading. Then it is
often said that the substance has a zone of pseudoflow or pseudoplastic flow (the

flow rate increase is not proportional to the loading) and a zone of Newtonian flow.

The pseudoflow effect is closely associated with another type of deviation
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from a Newtoniau fluid, characterized in Pigure 3.4c. In this case the flow begins
only after the stregsea.hﬁve 1nc;gased=to,a certain point. 'Hqét-ffgquently, sub~
stancea having this atress limit do not flow like ﬁéw;onian,flpiés after;thigaliﬁi;
ia reached but have a pseudofiow zone; this boundary is often talled the plasticity
boundary. The concept of the plasticity béundafy dgtermiﬁed in this manner is. ana-
logous to the concept éf the plﬁsticity boundary determined at the outaet of this
section.’ The'différéhce lies only in the approach to the problem.

Formerly, the concept of éﬂe plésticity boundary was determined‘by,working from
idealily elastic bodies; in more recent delibéraéions this valué was:determinedrby
working from an "ideal fluid" (a ﬁéwtonian fluid).' This t;ea;mept of the problem is
particularly apt if we are considering thé mechanical and rheological_prqperties of
plastics because these substances, like all high-molecular-weight substancea, com—
bine the properties of solids and liquids. If fhe most important charactefistiq.fqr
solids is the modulus of elasticity, and viscosity is the most important for li-
quids, these 2 characteristics are simultaneously germ;ne in the case of high-
molecular-weight substances. In both cases we are dealing with the deformation of
substances under the effect of applied stresses, except that imn the case_of liquida,
in contrast to solids, this deformation is irreversible and 1s a function of time.
Therefore, when we consider the problem in time, we find that any liquid subjected
to the action of a force for an infinitesimally short time exhipits a distinct elas-
ticity, and conversely, any real solid subjected to the action of forces for an in-
firitely long time exhibits flow effects. Hence, it can be specifically deduced
that in practice there are no ideally elastic susstancéé nor pecfect liquids, and
this division is a matter of convention to a certain degree. Hogever,'it is justi-
fied by the fact that in the range of possible experimentat%on aimost every real
substance exhibits a distinct preponderance either for elastic or for plastic char;
acteristics. Only high-molecular-weight substances modified in different manners‘l
are capable of possessing both elasticity and plasticity to the same degree.

One other type of flow is less freguently encountered, namely, dilatat’on flow,
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in which the viscosity of the material-increases with increasing shearing rate.

Non-Newtonian flow can be mathematically represented by the equation

W _ poee 73 -
a-Bt (3.7)

where B and nu are constants for the given mate;ial and can be determined ‘for each
material Erom experimental data on the dependency curve: the logarithm of the shear-
ing rate versus the logarithm of the shearing stress. For Newtonian liguidé, n=1
and B = 1/6.

' Quité frequently, mixtures of Newtonian of non-Newtonian fluids with_pqﬁdered
solids are also used in the exploitation and technology of solid‘propeliants. The
rheological charaéteristic of such mixtures is usually the existence of plasticity
boundaries {Figure 3.4c); after these limits are péssed the substance may flow like
a liquid or like a pseudoplastic substance.

There are also certain uathematical relationshi#s, according to which the vis-
cosity of the suspension at a givenrflow ;ate can be calculated from the viscosity

of the liquid itself. One of these relatjonships is the equation derived by Guth

and Simh:
0= o (14 25 4 + 14,102 (3.8)
where: n = the viscosity of the suspension;
Ny = the viscosity of the pure liquid,
¢ = the volume fraction of the powdered {dispersed) phase.

This egquation is valid for more highly concentrated suspensions, with which we
are frequently dealing in solid propellant technology. However, it should be borme
in mind that in practice certain deviations from the above relationship can occur.
These deviations are cauéed by the symmetry of the particles {(the relationship is
valid fo: spherical solid particles), solvation and swelling of the particles, and a

different wettability of the particles of the diffused phase by the liquid.

108




If we are dealing with pure polymersr(without;fil;eré):Lévingf;;plg:ticiﬁj
limit, thg;e_are.certain-;heories.aﬁsoc;ating this property with their}nél@;ul@r
structure, One.of;theselis'the:théopyrwhich-intrqdqus thg,toﬂcépt-of'thé.aétiva—
‘tion energy of flow. <In "flgidph baving’alfiow'limit,—thg-noéeradﬂté of the mole-
=cu1és are;quite limited and 'in order toﬁmaintaip‘;his-mnlecﬁlar—hova-egt,?ﬁbiéh-ié
necessary for viscous flow, a certain.agount‘of‘enéréy E‘ydst be supplied. vr@;s
energy is called the activation emergy of flow in the case’of polj#ers. This value

appears in the following equation for the dependency of viscosity oa tehperatufet
y= AeFmT {(3.9)

The activation energy value 1ucreasesivith‘indreasing’ﬁolecular-weight,-but

not proportionally to the temperature of vapsrizationm. Afferfreaching aiceftain

TABLE 3 1. THE BASIC MECBANICAL PROPERTIES OF SOLID PRDPELLANT?

Name of tne physico- il i 1
echanical property ‘ ' o | : 0T _SORG
n colloidal composite
Modulus _of elasticity 5
kg/cm2 1,000-3,000 {20°C) 1,000-2,000 (—40°C) | 2.1+107 (15°C)
200-1,000 (50°C) 100-200 (+15°C)
50—100‘(+&0°C)

Poisson's ratic 0.35-0.50 0.35-0.50 0.30
Coefficient of linear - X -4 - 4 nEE
heat expansion, 1/°K 1.2-10 -2.0-10 0.5-10 -1.5-10 1.2-10

Specific heat,
kcal/kg°K 0.35 0.30 .Oﬁl;
Coefficient of heat
conduction, 26 -6 -6 =6 =8
kcal/sec cm °K 0.50+10 "-0.53-10 0.7-10 "-0.75-10 1.1-10
Coefficient of heat -4 -4 -4 -2
diffusion, cn?/sec 0.215-10 0.30-10 '-0.30-10 0.31°10

maxigqum activation energy value, this vz ue remains constant with a further increase

in the molecular we.ght. It is thus deduced that in the case of moleculed with a
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very long chain, the element that is disﬁlacEd during flow is not the whole mole-
cule, but only a certgin;pogtion of it. Thus, the gctivation emergy increases to
the peint where the molecular weight does not exceed.to a significant degree.the
size of.the segments that are being displaced. As the temperatuve ofrﬁhe:matetial
is lowergd, the micromovements (of particle'fragments),aad)gmcrnmavemEnts (of:ﬁhblg
particles) are restricted and at a certain temperature fhey are-génerailyfinhibited;
Then tbe substance changes from a.plastic—élagtic state o a'glhséyébri§t1e—gge‘;gd
can he treated as a frozenm liquid. -

The temperature of brittlenmess is sometimes definmed as the temperature of the
second order transformation; of course,'the latter involves the same effect, but it
is defined on tbe basis of entirely different parémeters and tberefore'c;n frequent~
ly differ quantitatively from the temperature of brittleness, whica is*usualiy high?
er {28}. | ‘

The temperdture of brittleness of a substance depend; on'such factors as: the
molecular weight, second order bonds (volar, bydrogen), transverse boudé, molecular
flexibility, the plasticization factor, filler, and degree of polymer crystalliza-
tion. The temperature of brittleness changes (decreases) with increasingrmolecular
weight until the molecular weight exceeds a value of about 104; above this value, it
is constant. The temperature of brittleness is higher with the appearance of trans-
verse bonds. Bonds of the second order, which have a particularly high bonding en-
ergy in the case of polymers with strongly polar groups, exert a distinct influence
on this temperature {Table 3.2). Like the polar groups, the ordinary hydrocarbon
branches from the main chain also reduce the flexibility of the particles, which
leads to an increase in the temperature of brittleness. The flexibility of the
molecules usually increases when there are double bonds in the chain.

The mobility of the particles can be increased by moving them apart, whereby
they cease to act on each other. The role of diluent for the wmolecules is played by
plasticizing substances: dibutyl phthalate, dioctyl phthalate, tricresyl phos

ate and many others, mainly esters of bi-functional acids with highesr alcohels or
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oulti-fimetional alcohols with higher acids.

In addition to "external" plasticizatiom, "iuterpal" plasticization cam take
place by-intorporating the mqlecules of anoihér polymef'with_a ;oyer'ﬁémperatur; pf
-brittleness in the chaiﬁs of the given polymer. The plasiicizatiqn of.polysfyréne
by c0polymefization with butadieﬁe can be citéd a5 an examplé of this. In this man-
ner the aromatic rings which inhibit the movement of the polystyreme molecules are
separated from eacﬁ other and the double bonds ari;ing from the butadiene further
plasticize the copolymer, which becomés rubber-like. Most fillers generéll} have
little or no effect on the temperature of brittleness. Some substances are in the
brittle~glassy state at normal temperatures; on the other‘hana; nqémal temperature
(20°C) is higher than the temperature of brittleness for some (Tab}e.B.Z),

It follows from studies that have been carried out that high-molecular-weight
substances are mostly viscous=-elastic substances from a fheologicai point of view,
in which viscous flow and elasticity dominate the picture or recede, depending on
the nature of the substance and the temperature.

As already stated, elastomers have a speclal positiom arong ‘che very pumerous
high-molecular-weight substances. Their differentiation is not conditional on qual-
itatively different properties but only on a quantitative expression of the already
mentioned properties. Therefore, the elastomers are all numbered among the viscous-
elastic substances. However, this is a subgroup of subc.ances that are character-
ized, in contrast to other elastic substances, by a capacity for elastic geformation
amounting to several hundred and even a thousand peccent, which disappears when the
stresses are removed. All the theories that have hitherto been offered in explana~-
tion of the elasticity effect lead to the statement that elastomer molecules are
rolled in coils and balls, which straighten out when stresses are applied.

All the types of substances considered enter irnto the technclogy and utiliza-
tion of solid propellants; and consequently, a knowledge of the laws goverming these
substances is absolutely necessary in the selection of optimal techmological or

practical indications.
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Rhzological and qechanicaluproblemu will be discussed further in subsequent
sections of this book. & more therough treatment of these problims can be found in

& number of foreign aud domestic publicationa.

3.2. Mechanical and Rheological Iﬁdicea of Prepared Fuels

Previous studies a;d publications indicate that the usefulness of a propellant
from a2 mechanical standpoint can only be determined by a whole series of expg;imantl.
The literature contains [15,7) definite data‘concerning what is required of polymers
for given geometric shapes of the charge. These requirements are very diverse.be-
cause different stresses arise with each geometric charge configuration. The defor-
mations caused by stresses in differené geometrical configurations affect the bal-
listic parazmeters of the engine differently. Thus, the problem of the mechanical’
parameters of a propellant has meaning only with reference to a specific configura;
ti?n. Generally speaking, sclid propellants can be rigid and brittie or soft and-
elactic [17]}. Rigid propellants are usually more suitable for charges which are in-
serted freely into the chamber, while elastic propellants are indispensable in the
preparation of charges which are made to adhere to the chamber walls.

The properties of a propellant vary with the temperature, as do‘the properties
of a polymer. M. Barrere gives the breaking strength of a certain composiée propel-
lant as a function of the temperature (Figure 3.5).

It is evident from the graph that this propellant can be either too scft or too
hard and brittle at extremely different ambient temperatures and that the material
abruptly changes its plastic-elastic properties at a temperature of about —25°C; at
this temperature the elastic elongation decreases to a min'mum and the plastic de-
formation generally disappears. Moreover, composite fuels, being a mixture of a
crystalline oxidizer and a polymer, change their properties in accordance with the
mutual change in polymer and oxidizer reaction below the temperature of brittleness.
This leads to the formation in the propellant of internal micro-stresses and occca-

sionally to micro-cracks around individual oxidizer crystals, so that the appearance
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Figure 3.5, The elastic temsion curves of a
composite propellant, composed of a mixture

of finely powdered oxidizing substance and a
polymer combustible component (binder).

Key: (a) = extension rate, 4 cm/min; (b) =

rupture; and (c¢) elasticicy range.

of the samples assumés a dull hue due to the appearance of micropores. The loading

,action rate also influences the mechanical-rheological properties (Figure 3.6).

It follows from the curves in the diag;am that the very rapid loading indgced
by ignition is very dangerous at low temperatures, even for very elastic propellants
(elongation of about 50%). The danger lies in the fact that the propellant beha;es
as a brittle mass, for which the stresses arising can eaceed the permissible stress-
es and a cracking of the charge may occur. It follows from this that a poiymer
which is a brittle substsnce under the actual conditions in the rocket (40, + 50°C)
cannot be used as & binder for composite-type propellants. Almost all polymers are
unsultable for these purposes below the temperature of brittleness because their
permissible stresses (with a considerably reduced crystalline oxidizer content) are
lower than the stresses which arise during operation of the engine. Thus, it is

necessary to use either plastic-elastic polymers which have a temperature of brit-

tleness below —40°C, or plasticized polymers in a pure brittle form. When
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Figure 3.6. The dependency of the elongations cor-

responding to the maximum permissible stress in an .

elastic composite propellant on the-temperature at

different loading rates. Key: . {(a) = rate of load-

ing action. i
proceading in the djvection of plasticization and elasticization, it is also neces-
sary to take precautionary measures so that an excessively great deformation does
not occur under the effect of the stresses that arise. Most of the data published
to date define the permissible limits of softening of the propellants. These limits

are dictated by changes in the ballistic characteristics of the engine arisiﬁg ffom

deformations of the powder charge. Such deformations can occur in charges of iarge

dimensions during storage or combustion due to forces arising in tihe burning process

and the flight of the engine. The most typical deformations of a powder charge com-
posed of soft material are illustrated in Figure 3.7.

Such deformations of the charge decrease the free flow cross section Ap‘ which
in turn causes an increase in the pressure difference between the front and back
sections of the chamber, The increase in this difference induces a more rapid gas
fléw, permissible only to a certain boundary velocity, above which this velocity
causes erosive combustion.

The appearance of ercsive combustion increases tha total burning rate; then the
pressure increases, and the engine m#y blow up. In order to foresee all these
changes, it is necessary to know what forces act on the charge. By disregarding the
frictional force and the impact of the gases on the possible transverse projections
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---- charge before deformation

deformed charge

Figure 3.7. Deformation of a powder charge
under the effect of forces acting in the
engine: a = a charge attached to the cham-
ber wall, b = a cylindrical charge in a free
(unattached) state. ' 1 '

of the charge, the longitudinal stresses acting on the charge can be calCulé;cqﬁby

means of the eQuation

02 == p — P2+ L 0§ (3.10)
where: L = the charge length,
j = the longitudinal acceleration of the rocket,
p = the propellant density,

P
P1 and Py = the pressure in the combustion chamber (Figure 3.7).

The difference p, = p, is calculated from the known, approximate internal bal-
1 2 [

listics equation [7,31]

where k = the adiabatic exponent (k = cp/cv) of the products;

Py can be approximately determined with the equation
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where: n = the power expoment in the power law of propell;nt combustion,

Y

: the specific weight-pf‘théupropellant,

oo

(2]
T

D the output coefficient; Cp = ]//Zg#l(_ji_)EZﬁT._

1]
f

the coefficient in the burning rate equatior?
T = apnt.

It is evident from the sbove that the magnitude of the stresses generated can
be varied by varying the geometrical ;onfiguration of thke charge (Asp, A?)' The
maximum stresses arise at the beginning of combustion (when ASPIA has its meximum
value), when the pressure difference in the front and back portions of the chamber
ig critical. However, the stresses which arise later from the inertia of the engine
and the acceleration in time of the flight play an important role.

There is a definite mathematical dependency [7,31] of the modulus of elasticity

on the value

ln:h

'
p

'

Tt
Ie

When other data on the propellant and the rocket are known, it is possible to
determine the minimum moduli of eiasticity for the nominal vdlues of the J ratio on
the basis of this dependency. The changes in the J ratiol(due to charge deforma-
tions) as & function of 'the modulus of elasticity are illustrated in Figure 3.8.

The portion of the curve lying above point M corresponds to unctable combus-
tion, in which tbe charge deformation ia so great and progresses so rapidly that it

exceeds the increase in output of the gases flowing through the free cross-sectional
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flight.

1 surface area.

If the propellant has a large modulus of elasticity, its deformation will pe

L ' slight; thus, the charge will change scafcely at all. Therefore, in this casagit is
sufficient for a good functioning of the propellant if the stresses formed.do nut
exceed ithe magnitude of destructive stresses. However, as previously stated, the
magnitude of destructive stresses in rigid propellants is low (the charge maf;crum—
ble); therefore, it is better to work with propellants with a smaller modulus, which
do exhibit a greater deformation under the stresses encountered. On thée other hand,

as shown in the graph, there is a definite Em value; if :

in b
L]
4,
dE ?
' E increases with increasing initial temperature of the chafge. It 1is evident

s min

from Figure 3.8 that 1if Em

= 400 for 50°C.
in

= 200 for 15°C, E
min

Taking into consideration the fact that the actual modulus (that possessed by
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the material) decreases with increasing temperature, we see that for each specific

substance and for & specific qharge thére_ié a definite maximum temperature at which

LR

the dependency curves of E qq 00 the temperature and of actual E on the temperature
intersect. This is the max}mum temperature at which a given charge can he hurned. i
In practice it is better to remaiﬁ below Thax hecau;e'an-hqcidgntgl pressure in- l
crease can cause the engine to blow up. With gkcess}v@ly*low moduluslvaluesf the

free flow surface Ap decreases too rapidly and the J coefficient increases. Then P
the increase in secondary output due to erosive compustidn and pressurelincrgase ex~

ceeds the increase in expulsion of gases flowing out through the free cross-section-

al surface area and this leads to an abrupt pressure increase and blow-up of thé

chamber. W. Kozakiewicz [30] in his book gives the dependency curve of stresses

generated in the charge on the J and Kn rétiﬁ, in accérdance with Berfley and Mills.

It is evident from the graphs presented in that book that for constant J, the stress

values are different for different Kn values. For example:

when J = 0.6 and Kn =100, o = 4 kg/cm2,

if when kn = 190, ¢ = 25.kg/cm2.

In calculating the stresses generated in a charge using equation (3.10), the
frictional forces, which according to Wimpress [15] are of the same order toward the
end of burning of the charge as the forces resulting from the pressure differénce;
are not taken into account. The thermal stresses that arise in any charge dﬁfiﬁg
temperature changes have not been taken into account up to this point. It is evi~- .
dent from the studies by Barrere [7] that particularly large thermal stresses are
generated in charges which adhere to the chamber walls. Therefore, in the case of
charges whica adhere to the chamber walls it is absolutely imperative to select soft
and elastic propellants.that have a low temperature of brittleness and a low modulus
of elasticity.

In general, it should be stated that assurance of the requireg charge strength
constitutes a very complex problem inasmuch as it i1s difficult to foresee ail the
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parameters upon which the charge strength depends when it ip_designed. Therefore,
it.is better to rely.on experimental data 1ﬁ:forguIStiﬁg‘a‘chargé f?om‘a specific
propellant substance. In any'qase,'Tableé‘B;i and 3.2 give the mechanical:prppe;-
ties and moduli of elasticity for propellants okithe cemposite and gdiloidal types
and for individual plastics; this can be of help in ‘the cboice of appropriate sub-
stances for combustible binder substances.

The modulus of elasticity of composite propellants in current use 1is 1634165
times less than the modvlus of elasticity of steel. A compaiison'iaccofdiugito"“ﬁ
Barrere) of the principal mechanical and physical properties of ﬁié;ogiycprin DOw-
der-type propellants, composite fuels and steel is given in Table 3.1. It is evi-
dent from this comparison that other propellant properties ate also some scores of
times less than steel in more than one case, e.g., all the heaf—thermal propérﬁies
of powders. The figures cited explain why powders that adhere to the chamber walls
function so poorly and elucidates the need for the powder mass to be very elastic
under all temperatures encountered in use in ghe case of charges that adhere to the
walls. A powder propellant would be subjected to cracking and detachmehé at minimal
temperature fluctuations with at least a tenfold greater linear thermal expansioh.
It follows from a comparison of the elasticity moduli of polymers and existing pow-
ders that the moduli cf polymers are about 10 times larger than the mbduli of the
propellants used. It is evident from Table 3.2 that the elasticity moduli of common
vinyl (with the exception of polyethylene) and cellulose derivative polymers exceed
the value of l°104. In addition, khe temperature of brittleness for vinyl substanc~
es, with the exception of polyethylere, is much higher thgn normal. Accordingly,
pure (not plasticized) vinyl or cellulose substances are not suitable as rocket pro-
pellant constituents because of their wechanical properties. It is possibié to use
thew only in the plasticized form, in which there 1s a lowering of the modulus ;f
elasticity and thke temperature of brittleness, as evinced by the example of poly~-
vinyl chloride. Following the employment of plasticizers;, subétances such as cellu-

Lcse nitrate in the form of a colloidal fuel can be used in the manufacture of
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rocket progellant_charges.

Rubtery materials, whose temperature of biittlenegs is low and which have an
elasticity_moﬂulus very close to that raquired, are:nuch‘mofe'suitabie-in prppeilgnt
manufacture because of their mechanical properties.  The modulus of elasticity in.
rubber-like substancea has a value which is somewﬁat-below.thatifequiredZEVEnlthough
it éonsiderably exceeds the upper limit, (Table 3.1 and Figure 3.7) iﬁ“ﬁiﬁyl-ana cel;
lulose substances. However, aa can be seen in Table: 3.2, the modulus-yalﬁé under-
goes a distinct increase with vulcarization and the employment of a filler. " When it
is réﬁembered that the filler in composite fuels is about 70-80Z, it can be 'seen
thet the modulus of elas;ici;y will be raised to the desired value in”the'finished '
propellent. &ll the requirements mentioned with respect to the modulus of 'elastici-
ty refer to charges burning on the lateral surface. Propellants with predominantly
plastic properties can be used for end-burning charges.

3.3. Rheolozy and Sedimentati&n Effects
Associated with Propellant Technology

Propellant charge technology beara a great deal of similarity to the technolagy
of plastic products. The principal methods of manufacturing articles from synthetic
substances are: compression molding, extrusion molding and casting. In each of-
these methods the technician is confronted by a whole complex of problems, which be-
come even further compounded in the case of propellant charge manufacture. One of
the factors complicating the technology of propellant charge processez is the fact
that the high temperatures employed in the production of plastics are not permisai-
ble here. For example, in ordinary compression molding a temperature of 150°C and a
pressure of 70-220 kg/cm2 are used, while in the case of the so-called injection
molding, the temperature is above 250°C and the pressure is 700-2100 kg/cmz. Tem=
peratures this high assure complete fluidity of the formed mass, which fills the
form completely and eliminates air bubbles. However, at such high temperatures some
solid propellant ccmponents tend to decompose, which can lead to spontaneous igni-

tion and an explosion.
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3.3.1. Compression molding

As numerous studies on the compression molding.ofksoliq polymers withVEillgrs
at low temperatures demonstrate,. compressicn molding cannot asspre,?heidesifédfﬁfo~
duct quality 1if thg pinde; does not attain a state of fluidity.  Umionm of the poly-
‘mer with the filler, which consista of crystals of an oxidizing substance_in:the
case of composite fuels, ia inadequatg; in additioun tolthe-basic;components. iif is
entrapped apd weakens the whole product through the formation of interstitial micro-
pores. When such propellant charges are burned, the charge disintegrates an' the
e?gine blows up. Thus, it is obvious that thi; method cannok, be widely used in the
production of composite-type propellaut charges. This method can be employed only
for charges of small dimension, molded with a someghat plasticized binder,;and‘;n
the case of propellants burning under low pressure. An example of such propellants
can be low-energy composite fuels of substolichiometric composition, which are widely
used in rocket models (not full scale). In this case combustion takes place under a
very low pressure and with a deficiency of oxygen; then the ccmbustion products do
not enter the micropores although the combustion is very intense on the exposed

darea.

5.3.2. Extrusion melding

In the production of charges from coiloidal and some composite fuels, it is
more suitable to use the extrusion method, which can be considered a variant of com-
pression molding. This method has long been used in the produc&ion of artillery ex-
plosives (powders) and is described in the work by T. Urbanski (33].

The propellant maas must be capable of fiowing under pressure if this method is
to be adapted for charge production. Almost all polymers fulfil this requirement
a‘ter appropriate piasticizationior heating. In‘the case of colloidal fuels, the
plasticizer is one of the principal constituents of the propellant, nitroglyceris.

From the point of view of facilitating the processing, it is desirable to add u
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arge anount of plasticizer; on the other hand, Llosnown fron utilization
requirements, the charge cannot be too plastic. < principal requirement of the
plasticizing substance is an ability to dissolve the polymer <0 t.at a homogsneous
gel is ottailned, whose composition does not change in time because of a lack of
ability to "sweat' and evaporate under utilization and storage conditiens. With re-
spect to evaporation, this condition is fulfilled if the plasticizer has a low vapor
pressure and if it is distinguished by a low rate of diffusion in the polymer. Both
of these conditicns are fulfilled by substances with a high molecular weight. The
most frequently used plasticizers are esters of high-molecular-weigh: scids; some-
times. certain ketones, amides, nitriles, sulfoamides and, in some cases, low-mole-
cular-velght pulymers are used as plasticizers. Hitherto, the choice of a ;1astici-
zer has teen gulded chiefly by experimental results, without theoretical premises.

The disadvsntuge of the extrusion meéthod is the necessity of using rsther large
presses, the size of which is proportional te the size of the extruded charge.
Bearirg in mind the tendency to produce larger and larger charge diameters (up to as
much as several meters), this method has many opponents. Nevertheless, this method
is currently used for charges of average size, which indicates that it must not be
disregarded altogether. Extruded charges can be larger in the case of wore fluid
masses. Therefore, charges of considerable diameter can be obtained by this method
from substances which are plastic during the formation process and then become rigid
after formatiocn.

Composite fuels based on elastomers as the combustible compenent, shich are be-
ing used more and mere at the present time, conform to this condition. Butadiene-
styrene rubbers, natural rubber, polysulfide rubbers and polyurethans are frequently
used as elastomers in thils case.

Extrusion of a propellsnt based on these elastomers tskes place before vulcani-
zation or before the final hardening of the polymer. Consequently, extrusion mold-
ing can be carried out at cold temperatures and at comparatively low pressures.

Previously, piston extruding presses, which operate in a periodic manner, were
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most frequently used in the technelogy of smokeless powders. Before loading iato
the cylinder of the extruding press, the masa must be given a final mix!ng and be
plasticized; this is performed in the so-called kneading machines. Then the mass is
charged into the cylinder of thte ertruding press in suck a manner that the air con-
tent in.the mass {s reduced to a minimum. Each end of the cylinder is closed with a
molding head; the cylinder may be heated or cooled. A diagram of the piston extrud-
ing press is given in Figure 3.9

In the molding head opening a core which shapes the appropriate opening in the

extruded form can be placed on the grid.

Figure 3.9. Diagram of a piston extruding press: 1 =
cylinder, 2 = heating jacket arrangement, 3 = heating
medium inlet, 4 = head housing, 5 = holding head, 6 =
grid, 7 = heating medium outlet, B = piston, 9 = piston
rod, 10 = guide bar, 11 = yoke, 12 = hydraulic cylinder,
13 = piston, 14 = manipulator, 15 = pump, 16 = oil pipes.

A more modern method of formation is the so-called "sznekowanie (screw feed
conveyor)". This is a combination of extrusion or compression molding with a con-
tinuous (non-periodic) feeding of the mass. The mass is fed by means of a worm con-
veyor, at the end of which there is a molding head or die, toward which the materi-
al is pressed. Arrangcments of this type are often called screw presses, screw
—achines or simply screws. The most correct terms in Pelish nomenclature are worm
extrucing press or worm press. In addition to the continuity of the process, worm

extruding presses are advantageous because as the worm turns, it not only forces the

mass forward, but also exerts a thorough mixing and plasticizing action on it.
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Cecmpressicn molding in this type of apparatus has been used for quite some time for
the manufacture of war materials in the preparation -f artillery shells containing
explosive materials. Worm extruding presses have previously been used principally
in the technology of plastics and rubberzs, in the cabie induatry, ete. In recent:
years,references in che literature to new technological processes for sclid propei-
lants [7] and the rapid iatroduction in industry of new and improved types of worm
extrusion presses pcint to the possibility of an increasingly widespread adaptation
of these machines to the production of solid propellant chacices.

Worm extruding presses can be divided into 2 basic types. single-worm and
multi-worm. Each of these basic types can embrace extruding presses for different
purposes,and in this connection they can have different heating or cooling systenus,
ventilation systems, etc. The single-worm extruding press has some systems identi-
cal teo the piston extruding press. Worm extruding presses have a worm instead of a

piston in the cylinder. For all nractical purposes, the leng*h of the worm is ap~-

proximately equal to fifteen times its diameter, although this ratin is comsiderably
larg.r in some newer extruding press types. The charging hopper is located above
the worm, at its rear section. The mass is taken up from here by the revolving
wor, and then moved forward toward the molding head or die by the revolving worm,
Depending on its length, the cylinder is usually divided inco several zones, each
separately heated or cooled. Cooling may also take place via the core of the worm.
in some extruding presses a degassing system connected to a vacuum pump is installed
at the site of greatest heating of the mass. If we place an optional chamber whose ¢
diameter is the same as that of the worm at the site of the molding head of the ex-
truding press, extrusion of the mass will not then take piace, but a typical worm
compression molding. In this manner the freshly prepared propellant mass can be ex-
truded either directly into the engine chamber or into a form, in which it undergoes
its final hardening.

Single-worm extruding presses have one disadvantage in that sometimes the ex~

truded mass sticks to the worm and revolves with it, so that so-called clogging of
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the extruding press occuss. Multi-worm extruding presses do not have this disad-
vantage; they produce a uniform output and permit the attainment of a very high
pressure in the head. The overlapping convolutiors prevent adhesion of the parti-
cles of the material and their rotation with the worns. DPue to the contiguity of
the convolutions, there 1is practically no backflow of the treated mass.

Althougn there are many examples for the mathematical conception of the fur~ -
tioning of & worm extruding press, previoues construction designs have primarily been
based on Intuition and the experience of the builder. The mathematical conception
of this problem is difficult due to the presence of many superimposed variables.

For a mathemathical conception, it would be necessary to determine not only the di-
mensions of the worm {length, diameter, the angle of inclination of the helices, the
depth and width of the flow grooves, etc.), the molding head, the cylinder, the pum-
ber of revolutions of the worm, the capacity, the heat balance and the pressure at
the delivery end of the extruding press; but also the interactions at the individual
points of the cylinder surface tetween the surface of the worm and the advancing
mass. Finally, it would also ba necessary to know the ch;racteristics cf the mass
which the extruding press 1s designed to process. It is particularly Aecessary to
know the dependence of the viscosity of this mass on the temperature, flow rate and
kneading time. Previous tests of the analytical concept for all processes taking
place in single- and multi-worm extruding presses were carried out with a numb..- of
simplified assumptions and for comparatively simple systems [118,119], but the prac-
tical usefulness of the resultant equations 1s not satisfactory for the designer nor
for the user. Nevertheless, a knowledge of these equations together with the many
experimentally obtained functional relations between the individual parameters i8]
pernits the designer to determine some structural data separately, and the consumer
tc select appropriate work parameters or to choose the type of extruding press best
suited for handling masses with precisely specified properties.

All there mathematical concepts can be found in domestic [119] and foreign

[718] literature.
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rom tne point of view of solid rocker propellant technology, it is of primary
importance to determine the properties of the mass which is to be extruded in order
to be able to choose an appropriate worm extruding press from the existing types or
to provide the designer with the necessary requirements. Accordingly, it is neces-
sary to ascertain the following characteristics of the mass to be extruded:

(1, the maximum extrusion temperature (for reasons of safety),

(2) the dependence of the viscosity of the mass on the temperature,

(3) the dependence of viscosity variations (icr composite fuels) on the per-
cent of crystalline filler content (equation 3.8),

(4) the dependence of the viscosity on the feed rate for individual tempera-
tures,

(5) the dependence of the viscosity on the kneading time,

(6) the content of volatile substances at the permissible extrusion molding
temperature, |

(7) adherence to the metal as a function of the temperature.

All these data can be determined under laboratory conditions. It is necessary
to determine the permissible extrusion temperature by heating the mass and observing
its susceptibility to friction determined as a function of the temperature will be
mich more conclusive in the determination of the permissible extrusion temperature.

Points 2 to 5 can be determined most accurately with a Hoppler consistometer,
with which it is possible to determine the viscosity from several hundred to above
109 cp.

The volatile substances in the extruded mass can be the solvent, monomer resi-
dues of the substance used, reaction products evolving during the extrusion (COZ'
HZO) and traces of air. There are many methods of degassing the extruded mass and
all of them furnish good results [118], although the problem itself was initially
very complex. At the present time, all solutions are based approximately on the
following overations which take place in the extruding press: plasticization of the

mass, compression (by employing a slower feed rate), expansion (faster feed),
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drawing off of the gases (the previously compressed gas bubbles disrupt the mass
upon expansion and the gas escapes to the draw-off, which can additionally be con-
nected to a vacuum pump), renewed compression and extrusion.

A very important factor is the adherence of the mass to the metal which com~
prises the worm and che cylinder, i.e., the so-called coefficient of friction. This
coefficient reaches a maximum at a definite temperature fc: most masses. When pass~
ing to lower temperatures the mass takes on the nature of 2 solid and has a lower
coefficient of adherence; on the other hand, at higher temperatures it assumes the
properiies of a liquid and slides cver the metal surface. Therefore, it is of prime
importance in this case to determine the temperature at which the coefficient of
friction attains its maximum value. When the coefficient of friction is known for
the individual temperatures, it is possible to determine the optimal angle of in-
clination of the helices of the worm in the individual zones of the extruding press.
All these data on the extruded mass and the desired exirusion pressure resulting
from them facilitate the decermination ¢f all the requirements imposed on the ex-
truding press.

On the basis of a number of interdependence curves for the individual parame-
ters, given in {118], we can determine tre sire of the worm, the depth of its chan-
nel, the heating and cooling systems, the r.p.m., the power required to turm the
worm, the angle of imnclination of the helices, the type of cegassing systenm, etc.
However, it must be borne in mind that the propellant masses obtained, particularly
the composite fuels, generally have a rather high coefficient of viscosity. For ex-
ample, when the combustible component-binder mixture used is in a syrupy state, the
introduction of azbout 80% inorganic crystalline oxidizing substance will increase
its viscosity by as much as several hundred times. In indivicual cases this viscos~
ity may reach a value of the order of 1010 cp. The power rating of the extruding
press must be very great with such high viscosities and when profiles with large di-
ameters are shaped. A high viscosity also requires the use of small passages (fur-

rows) of the worm, and this In turn leads to a rrduction in the capacity of the

129




Atruding press. Accordirgly, decreasing the viscosity of tihe mass to be extruded
is & very important problem in propellant charge technology.

After appropriate seiection of the components, it is possible in the case of
composite fuels to reduce the viscosity by employing somewhat higher extrusion tem-
peratures than with colloidal fuels, because the former usvally have a higher tenm-
perature of excitation (detomation).

in some masses extruded with worm extruding presses, a structural spatial ori- ’
entation of the finished propellant is detected [7]; this affects its burning rate;
for example, some propellants have a 15% higher burning rate in the direction of ex-

trusion than in 2 pernendicular direction.

3.3.3. Casting

The most suitable method of propellant charge preparation is casting. This
method lerds itself to both composite and colloidal fuels (with correctly chosen
amounts of plasticizer and low-melting components). In the case of composite fuels,
the combustible component raw material is usually a monomer (a liquid) with an oxi-
dizer (a solid powdered crystalline mass), which after wmixing is poured into forms,
where polymerization takes place. The charge thus assumes the shape of the casting
form. We encounter the following nroblems with this type of technology: suspension
formation, sedimentation, degassing of the suspersions, etc. In the following, the
monomer with its additives,‘such as plasticizers, catalyzers, activators, pclymeri-
zation regulators, ete., is called the liquid, and the oxidizing substance with all
its crystalline additives. the solid.

The so0lid addecd to the liquid is heterogeneous with respect to crystai size and
also [requently with respect to the density (since it is a mixture of wvarious oxi-
dizer; and other inorganic additives); therefore, from the time the crystals are
mixed with the liquid until polymerization, the suspended crystal of the solid sub-
stance tends to sink. The following undesirable effects can take place during the

precipitation:
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(1) scparation of the coarse crystals on tie bottom from the rine cryvstals in
the upper portion of the form due to the difference In the precipitition rate,

(2) separation of the denser substances from the less dense substances due to
a possible difference in the densities of the solids,

(3) in the deposit formation process, a greater concentration of the material
being deposited occurs on the Eottom of the form and a lesser concentration in the
upper portion of the form.

These undesirable éffects can be partially or completely avoided through a
knowledge of the laws that govern them.

The settling effect of solids in a liquid can be of 2 types. In the first
case, when the settling solids do not interact with each other, i.e., the solid
phase concentration is low, we can consider the settling of the individual crystals
to be caused solely by the force of gravity. In the second case, when the phase
concentration 1s so great that the movement of the liquid around one crystal affects
the settling of another crystal, there is a settling of the entire suspension as a
level; and above this, a clear liquid. This type of settling is called sedimenta-
tion. It is possible to encounter both types of settling in solid rocket propellant
technology; therefore, it is necessary to give careful consideration to both the
free settline of sollds in a liquid and sedimentation.

The settling of the crystals of a solid in a liguid under the influence of
gravity depends on the viscosity of the liquid, tne size and shape of the crystals,
the density of the solid, the interfacial tensjion between the solid and the liquid,
etc. For the sake of simplification we consider the settling of spherical solids.
The rate of settling is uniformlv delayed in the initlal period; then after a cer-
tain period of time, when the force of gravity on the crystal becomes equal to the
resistance of the medium, it begins to settle with a constant velocity. For all
practical purposes, this uniform motion is reached very quickly and is therefore es-
sential in the settling effect.

If a certain stherical body with diameter d and density e settlee in a liquid

131




of density vy, tne force of gravity ¥ will be

Wea"" (-7 (5.11)

The resistance of the liquid in the case of a free fall of the sphere can be

represented by the equation

where: A the coefficient of resistance,
nd2/4 = the area of the profile of the body,

U

the rate of fall (settling).
In the stabilized settling the force of gravity is equal to the resistance,

W = R; thus, we have the relationship

1= t3le—nNe (3.13)
3 Uy

Because X is a function of Re (the Reynolds number), both the velocity U and
the diameter d appear on both sides of the equation. This equation is not suitable
for calculating the settling rate of the given particles or for calculating the di-
ameter of particles settling at a given rate. It is well known that other mathemat-
ical dependences of A on Re are valid for different ranges of the Reynolds number,
The ranges of the Re number and a descriptiom of the phenomena in these ranges are
presented in Table 3.3,

In calculating the settling rate, it is best to multiply both sides cof the
equation (3.13) by Re2 (the right side by the derived Re value): we then obtain

PR LA AT A (3.14)
TR

By calculating the right side of the equation, we obtain the value of the pro-

2

duct »«Re®. Using the value for A as a function of Re (Table 3.4), we can calculate
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TAELE 3.3.

A PRESENTATION GF THE LAWS GOVERNING
THE SETTLING OF SOLIDS IN LIQUIDS

I
Daneidce Dependence of
: : ' e f
xo. [Wange of of A on Re ks wrich Description of effect A on e fme
Re number for apheres applies nonspherical
“p bodies
Comminution is so small
-4 that settling is dis-
! R - - turbed by the Brownian
movement .
v e 24
-4 Flow of liquid around Re 0.843
2 10~ < Re y = 2 Stokes' spheres has a laminar 1
< 2 Re law nature. The viscosity 0 m
plays an important role. 1°g5?5€§
Resistance depends to a
7 < Re 18.5 Allen's lesser degree on the
3 < 500 A= 6 6 law viscosity. Transitory *
Re ' motion from laminar to
turbulent
. ' The flow of the liquid "
4 Y < ?e A= 0.44 ?E:ton & around the spheres has A _2'géw
< 2+10 a turbulent nature. !

the value of ?\'Re2

%For the dependence of A on ¥, see Kalendarz Chemiczny, Vol. II(1), p. 721.
PWT, Warsaw 1955.

as a function of Re.

When the specific value of this product is known, we find the corresponding

Reynolds number; hence the settling rate of sphere is determined when its diameter

is knowm.

The most convenient method of determining the diameter of a sphere with a known

settling rate is dividing equation (3.13) by Re (the right side of the equation by

the derived value of Re)
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A Bup -y (3.15)
3

The values c¢f the Reynolds number and the dependencies of the coefficient of
resistance on the Keynolds number given for these valuss are approximate at the ex-
tremes of the individual rangse:. TIn gomus publications these valucs may be somewhat
different; nevertheless, beariny in mind the decrezased accuracy of the calculations,
the cited dependencies for A can be used evern as the extreme of a given range is ap~
proached. The extremes of the ramges alao vary with varying sphericity of the crys-
tals; therefore, the eguations given ian the last section for particles of low sphe-
ricity are not valid for extreme values of the Re number ranges.

After calcuiating the right side of equation (3.15), we have the value of tle
quotient X/Re. From Table 3.4 it is pessible to calculate the dependence of the
value of this quotient on the Re value, froim which the diameter of the particle is
calculated when the settling rate is known., Tor this purpose it is most convenient
to set up a similar table of the dependency of the A/Re quotient on the Reynolds
number,

TABLE 3.4. COEFFICIENT OF RESISTANCE FOR DIFFERENT
Re VALUES DURING MOVEMENT OF SPHERES IN A LIQUID

Re | “J\ Rf__ J,..,.,_A.,... Ra _*Aw Re AL A J
0.1 | 240 10 | 4.1 700 | 0.50 | 5.20° | 0.48
0.3 80 20 | 2.55 | 1,000 | 0.46 7:10* | 0.50
0.5 | 49.5 30 | 2.00 | 2,000 | 0.42 1.10° | 0.48

| 0.7 36.5 50 | 1.50 | 3,000 | 0.40 | 2:10%° | 0.42

1.0 26,5 70 | 1.2 5,000 | 0.385 | 3.10% | 0.20
2.0 14.4 | 100 | 1.07 7,000 | 0.39 4:10% | 0.084
3.0 10.4 | 200 | 0.77 | 10,000 | 0.405 | 6-10° | ©.10
5.6 | 6.9 | 300 | 0.65 | 20,000 | 0.45 1.108 | c.13
7.0 E 5.4 | 500 | 0.55 | 30,000 | 0.47 3:10% | 0.20
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In the case of nonspherical particles, the concept of sphericity ¥ and the con-
cept of the substitutional diameter dz are also introduced. |

The sphericity ¥ is the ratic of the surface area of a sphere with the same
volume as the particle to the surface area of the particle. The sphericity of a
crystal is readily calculated by assuming that it can be frok;n down into crystals
similar to it due to the regularity of the crystalline lattice.

The substitutional diameter dz is the dlameter of a ball having a volume equal
to the volume of the nonspherical particle. The coefficient of resistance in the
case of nonspherical particles depends not only on the Re number but also or. the

sphericity ¥, which are given in Tsble 3.3 for individual ranges.

Introduction of the substitutional diameter dz and sphericity ¥ can be carried

out only for isometric particles, i.e., those which have all 3 axes commensurate;

this method can not be used for long needles and thin flakes.

f However, it is possible to encounter non-isometric particles in solid rocket
propellant technology, e.g., the metallic aluminum and magnesium frequently used in
composite fuels occur in the form of thin flakes.

Orientational calculations have aiready indicated that in the case of . orminu=
ti;ns of oxidizing substances (to 200 microns) used in composite solid prope.lant
technology, with rather high viscosities of the liquid (100 cp and up) and with
rather high densities of the crystaliine components (from 1 to 3 g/cm3)*, the set-
tling takes place primarily in a laminar manner. From these data we c¢an determine
approximately which law applies to the settling taking place. In this case, when we
know thst we can apply a particular law to a given suspension, calculation of tne

: particle diameter given the velocity, or the settling rate given the diametér, is

i simplified. Then we introdﬁce the )} values from Table 3.4 in equations (3.14) aﬁd

(3.13); and inserting the developed form of Re, we calculate U or d. Thus, it is

possible to formulate an equation in U arnd d for each range of the Re number. If

*Translator's note: Given in original as g/cm2
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—4 '
e < 10 ', for all practical purpnses the solid ic sucpended in the liquid and the
particles covered by this range are carried away bv l.rper particles which settle in
accordance with the Stokes, Allen or Newton lsws.

For spheres conforming to Stokes' law, we obtain the settling rate

d (7, = 3
- ] 8 ‘u L (3 . 16)

¥

Hence we can easily find the maximum sphere diameter for which this eguation:
can be used. It is evident from Table 3.3 that Re < 2 is the condition of Stokes'
law applicability. After substituting the derived form of Re in this inequality and

then substituting the expressicn (3.16) in place of U, we obtzin

L.

2o/ _SBRE

; 3.17
YiYe — ¥ ( )

Then if the specific weight ard viscosity of the liquid and the densiqy of the
sphere are known, we can calculate the righi side of the latter inequality. Ié the
given diameter is less than this value, Stokes' law can then be applied to the‘set-
tling of the ball.

In ar analogous manner, the settling rate within the range of applicability of
Stokes' law and the maximum substitutional diameter can be derived for isometric

nonspherical particles

. Redo (yo ~—7)
16 (3.18}) R
3 f. ) E "
a<p/ oo b E o (3.19)
]’l Kyy (3 = %) *

vhere KS = 0.843 log(y/0.065).
In order to find the equation in dz’ the condition Re < 0.05 is necessary be-

cause the range of Stokes' law applicability for nonsphericsl psrticles varies wiﬁh

varying sphericity, and the lsw is valid for all configurations only under this
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conditicn.

The settling rate and the allowed ball diameter limits are determined in like
mauner in the case of Allen's law applicacior.

033 4N (pr, — );)O.TI

o (/)08 (243 7 -' (320)

3 P s T
rasy/ - ME _cdcooy —EE -
]‘ Y —¥ ¥ (¥e— %) (3.21)

Allen's law is not valid for nonspherical particles (the dependence of A on Re

and ¢ has no mathematical formulation), Therefore, in the range 2 < Re < 500, the

settling rate is calculated by the trial and error method from equation (3.13). The

settling rate of a particle with a given sphericity is established and Re is calcu-

lated on this basis. We learn the value of the coefficient of resistance A from the

, Rz and ¢ values (see reference in Tatle 3.3) and we calculate U from equation (3.13).

ﬁ 1f the calculated value does not agree with the assumed one, another approximation

is perforned in the same way.

As already mentioned, we are discussing the laminar motion of a solid in a li-
quid with respect to solid rocker propellant techrology; in this connection, a con-
sideration of the settling in accordance with Newton's law can be dispensed with.
Let us consider the following example.

In order to determiue the setiling lcws of ammonium perchlorate in an unharden-~
ed resin, the free settling of a single crystal having a mass of 0.0010 g was stu-
died expr~imentally. The density of NHQCIOA is 1.95 glcm3 and che settling rate,

. 0.005 m/sec (assumed). An attempt was made to determine the sphericlity of an
NHACIO4 crystal (assuming that the grains have a similar configuration due to crya-
talline structure and the grinding msthod) and to determine the settling rate for
several smaller grain sizes used in practice. (The calculated values given may not
be used for specific configurstions, but are only indicative of the calculation

method,) Having the weight of the studied grain (0.001 g) and the density
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(1.95 g/cm3), we calculate its volune

T 0.00)
o “']55““ = (,00055 Fm’

This permits the determinstion of the substitutional diameter dz of this grain, or

the diameter of a ball having the same volume:

dyery BV 2SO0 _ o 101 a1+ 10-m
B 114 .

If we have the settling rate of these grains U = 0.005 m/sec, the density of

the unhardened resin 1000 kg/ms, its viacosity u = 100 cp, then ug = 0.10 kg/m*sec
(the viscosity is expressed in units of 1 cp = [10-3/9.81]kg°sec/m2). Hence, we de-

termine the Reynolds number for this settling with the following equation:

a2 : =3, -3 3
Re e &7 o 501977 1070
p 0.1

Re =5.0-10"2

With such a small Reynoids number the settling proceeds in accordance with

Stokes' law, and the coefficient of resistance is

b e

vl
te 0543 Ig—Y
Re 0643 IR 065

We calculate the sphericity of the particles from the equation for the settling

rate under Stokes' law:

Ky dt iy, —y)

U=
16
il 1.5 10 % 10t iy 10.1 }
dF (ys . y)  10-¢- 950 9.8] 9,42 - 10~
K, = 0.9656
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K, = 0.843 Ig {y/0,065) = 0,9656
Ig {»+/0,065) = 1,1455
{4{/0.065) = 13,98
y = 0,8087 =< 09 ,
We can determine the coefficients of resistance for the .entire Reynolds number

range with the aid of the sphericity.

In the case of Stokes' lsw we make use of the dependence

24 5
- L3

0.843 1 (y 0065 Re  Re

If we wish to calculate the diameter for individual Reynolds numbers in the

range of Stokes' law, it is more convenient to calculate the product directly uéing
2 Re2=123 Re ,

The values of this quantity are given in the following Table

Re 4102 | 1073 8107 | 2-107% 1074
ARe? 0.1 0.025 0.02 0.005 0.0025
d [ 0.43 0.278 0.251 | 0.16 0.127
U[mm/sec] 0.93 0.36 0.318 | 0.125 0.08

From the equstion ) -

iRet = 1 B—y)y

3 T

we calculate d as a function of J\Re2

d-1/ e
]/ t(ye =17y

3710
{ / ) 2
TV wewrosinie AR
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Using the above equation, we calculate the diameters for the individual values
of the product A-Rez, which is given in the Table. It foilows from these valu;s
that under the conditions of the perchlorate commindtion used, the settling takes
place either within the scope of Stokes' lawyor, in the case of finer crystals, the
crystals for all practical purposes are suspended in the resin.

When the Re and 4 values are known, we can calculate the settling rate of the

individual grains on the basis of the Reynolds number definition

Repr  Re
dy d

{

The results of the calculations for several grain sizes are givea in the Table.
The sizes calculated for one crystal type can serve to determine the sizes of the
crystals of another substance, in order to achieve an identical settling rate.

It is evident from tlis example that in the case of the usual oxidizing sub-
stance ceﬁninutions, the usual viscosity of the unhardened resins and densities of |
the substances, the settling proceeds either in a laminar manner (Stokes' law) or the
solid substance is for all practical purposes suspended in the liquid. Thus, it
follows that there is no great danger of a separation of the small oxidizing sub-
stance crystals from the large ones because, as the large crystals settle, they will
carry ,along the small ones, which would not gettle by themselves.

From this example we also have a means of preventing the separation of crystals
with different densities, namely: by achieving a finer comminution of substances
with greater densities and a coarser comminution of substances with lower densities,
we can obtain an identical settling rate.

As already mentioned, we have hitherto considered the free settling of solids
in a liquid, i.e., a settling such that the motion of one crystal does not interfere

with the settling of another.
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In the actual prepsration of sclid prupellants, we are frequently déaling:with
the inclusion of a maximum amount of oxidizing substance (up to 80%) in relation to-
the binder. In these c¢sses we have nonfree settling. Settling then essentially
takes place in the entire mass: a so-called sedimentation takes place, i.e., thq =
settling of a deposit as a layer, above which a layer of clear liquid forms. If.tbe
suSpeﬂsion is sufficiently dilute, a dense phase, ajloose phase and, in the upper
portion, a clear liquid phase are formed immediately after mixing. Toward the end
of sedimentation the loose phase gradually assumes the concentration of the dense
phase, and its size gradually decreases in favor of the dense and pure liquid phas-
es. In time the dense phase "swallows up" the entire loose phase and only the 1li-
quid and dense phases of the suspension remain. From the time of formation, the
dense phase continually increases in concentration; and its surface, after thz dis-
appearance of the thin phase, settles with a uniform motion until it reaches a maxi-
mum concentration. In the case of very concentrated suSpensionsithere is only the
dense phase from the beginning to the end of sedimentation, and its surface settles
slowly.

This settling rate can be represented as follows:

U=U,f()

where: Us = the rate of free settling of a single deposit grain in accordance
with Stokes' law,
f(e) = empirical function of the porosity of the deposit (the porosity is
that fraction of volume of the free space between the grains of the
deposit).

For loosely packed deposits

() = o2 1g100=0)

where:; ¢ = Vclvc + VS; Vc and vs = the volume of the ligquid zad the volume of the

solid, respectively.
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For tightiy packed deposits, i.e., wken ¢ € 0.7, this function can be .repre~
sented by the simpler equation T

1
flo=0123—— .
: 1—¢

In golid propellant technology, the second equation is more applicable because
here we have more concentrated suspensions.

As we kanow from the preceding considerations

2 fap
T &y —7)
18 #

in the case of true spheres, while in the case of spherical particles

L = ‘e :(: '___?)- .
g ==

Thue, the rate of sedimentation for spheres and for spherical lumps can be deter-

mined from the following equations:

3

H e A
v B g g5k

18 2 e

- g2 0 ' ]
v Kl ln—9) 9q ¢
18 4 1—¢

If we assume the rate of free fall to be known, then the sedimentation rate
will be a function only of the porosity €. At the beginning of sedimentation, the
porosity of the deposit can be calculated easily; but as time goes on the porosity
of the deposit decieases and can be expressed as a function of the level of the de-
posit in the form of a simple expression. The dependence of the rate on the height
derived in this manner can be used to calculate the rettling time up to the moment
when the settling is complete, or the height of the column of completely settled de-
posit. HNumerous examples of these calculations can be found in the domestic liter-

ature [35].
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A knowledge of the time required for a complete settling of the'debosit 15 nec
essary in order to be able to establish the time after which £be binder, being.bith—r
erto in a liquid state, can be permitted to harden (amount of catalyst). The dépos-.
it obtaiped durirg the sedimentation process is usually thickest on the bottom of
the vessel and thinnest in the upper portion. However, this demsity distribution is
not directiy proportional to the height. Iln most cases, the density of a completely
sectled deposit varies but little from the bottom to the top of the column. .There
is a distinect decrease in the solid phase concentration only at a certain level, at
the upper surface. Therefore, it frequently occurs in the practical preparation of
solid propellant charges that the upper portion of the charge is pared off as being
distinctly different in density than the remainder. In.tbis way sufficiently homo-
geneous charges are obtained (density differences sometimes cannot be detected).

An important problem in the technology of obtaining cast charges is the elimi-
nation of gas (air) bubbles from the cast mass. The disadvantage of air bubbles
lies in a reduction of tbe mechanical strength of the charge, an undesirable, fre-
quently irregular increase ir the burning rate znd a decrease in the charging densi-
ty of the engine. We can gvoid air in the cast charges by skillful preparation of
the solid~liquid suspension, by an equally careful mixing of the suspension, by em-
ploying a vacuum during casting, etc.

In preparing a mixture of a solid with a liquid it is necessary to wet the sol-
id thoroughly with the liquid before immersion so that the number of entrained bub-
bles is reduced. Subsequently, by slcw (not "turbulent™) mixing, the few suspended
bubbles are removed to such an extent that the cast charge is good enougb witbout
vacuum degassing.

Vacuum degassing is not convenient because it increases the cost of charge pro-
duction and is not suitable for compositione which contain both low boiling and high
boiling liquid substances. In this case the binder composition would change during
the degassing process.

Vacuum degassing is difficult when it is necessary to degas a cthick layer of
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suspension. Therefore, it is frequently useful to employ vacuum degassing in the
preparation of the mass to be cast; then the degassing takes place directly in the
entering stream and in the successive thin layers cast.

As we can see, a whole series of quite divergent problems, which must be worked
out in a distinct mutual arrangement, ie invelved in solid propellant technology.

There 15 still no thorough knowledge of technology in this field and the above re-
maiks are only generally indicative of the problems which may be encountered. .

All the data in the literature indicate that the most widely used techmolog;cal
method in solid propellant production is casting. Consequently, this method receiv-
es the broadest treatment in this work.

With respect to other problems involved in this method, we must also mention
the problem of oxidizer comminution. This comminution must be precisely defined in
order to achieve a definite burning rate and appropriate fluidity of the mass. Flu-
idity of the mass before hardening can be achieved not eonly by employing a combusti-
ble component -- binder with a low viscosity but also by applying a proper deter-
mination of solid particle dimensions. Certain complexes of parti-le .dimensions are
used instead of crystals of cne size. This facilitates filling all the gaps betweén
the large crystals with small crystals. GSometimes, the so-called castability of the
mass is impreved by the use of appropriate plasticizers or surface-active substanc-
6. The oxidizer, when mixed with the binder (a liquid combustible substance), is
ready for casting into appropriate forms, where a hardening of the mass takes place.
Hardening can be carried out at ambient or raised temperatures and depends on poly- .
merization or vulcanization of the binder —— combustible substance. A suitable core
ie placed in the charge before hardening if the charge is to havé an internal chan-
nel. This core is removed after the charge has hardened; in order to facilitate re-
moval, it is coated with an appropriate layer of a substance (teflon, wax, etc.) or
the core is given the proper taper.

At the present time, the producticn of composite solid propellants is exclu-

sively periodic. Therefore, the ballistic characteristics of these propellants are
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to a certain extent variable, depending on the batch.: Ihis disadvantage could be

elininated only by introducing continuous production {7].
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4. INTEKPHASE (SURFACE) PHENOMENA

Recently, a great deal of importance has baen placed on the question of sur-
face-active agents for use in rocket fucl production.

These ageats not only increase the pousibility of "cramming" larger amounts of
dispersed substances (particularly tha oxidizar) in tha same amount of combustlble
component, but also incresse the stability of tha rasultant dispersion as well as
the stability of the fuel by separating tha monomolecular oxidizar layer from the
combustible component. ‘

Surface-active agents are substances which luwer the surface tension on the
boundary of two phases.

Most surface-active agents have a linear molecular structure whose length con-
siderabl& exceeds the cross section. The molecules of these substances have 2 ele-
ments =~ 8 philic group and a phobic group ~- and they always arrange themselves
perpendicular to the surface of the separatad phase. Molecules of this type miy al-
so contain additional groups, but all these groups must be located along one side in
order to preserve the polarity of the molecules. For example, the hydrophilic
groups are: —COOMe,'—Sosne. —0"503Me, tha hydrophobic groups are hydrocarbon
chains, preferabiy with 12 to 18 carbon atoms in a simple chain.

Surface-active substances which dissociate electrclytically are called iono-
geric or ionic, while rondissociating ones are called nonlonic., The former group
includes organic substances, e.g., of the —COOMe group; the latter, of the —OH
group.

Icuugenic substances are divided as follows according to activity:

(1) anionic,

(b) cationic.

If the phobic chain contains an anion, it is an anionic surface-active sub-
stance, e.g., C,.H, . CO0—

17735
An active substance containing a phobic cation in the chain, e.g., RNH;, will
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be cationic.

Ampholytic substances are alao known. They have 2 philic groups, one ‘aniono-

genic and another cationogenic, e.g., cetylamihoaceuic"acid C NH. CH COOH

16533

Clﬁ 33 2 CH,uOO"

4,1. Surface and Interphase Tension
On the boundary of 2 phases thére isla surface layer of very small thickness,
but differing in properties from the 2 phases in question. This layer is the result
of the inequality of the Van der Waals forces acting on the molecules 1oéat§d on the
surface or just under the surface, whereas these forces acting on the moleculea in-

side the aubatance become equalized.

Bzcause the action of the Van der Waals forces is inversely proportional to the l
seventh power of the distance between the molecules, the range of these force> for
all practical purposes does not exceed twice the diameter of the molecules. Conse~
quently, the surface layer consists of 2 monomolecular layers at the most.

Because of the large distancea between the molecules in a gas, the effects of
the Van der Waals forces are negligible. These fofces between the gas and liquid
molecules in the surface layer are also small and can be disregarded.

_h?he forces acting on the surface layer molecules endeavor to draw these mole-

culea into the liquid. Thus, the surface 1ayer{exerts a cert. ‘u amount of pressure
on the liquid. In small amounts of a liquid, when the force of gravity is compar-

able to the curface forces, it can be observed that every liquid will endeavor to

fi1l the smallest volume by assuming a apherical form.

Thus, the surface layer has a certain energy reserve. The work required to in-
crease the surface area by one unit (e.g., 1 cmz) is the so-called surface energy c.

The total energy contained in a given surface is called the free aurface energy

o).

where: 3f = the free energy increment,
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dg = the inecrease iu surface area.

The surface emergy frequeutly replaces the hypothetical concept of surface ten-
sion. It is defined as the force acting taugent to t>2 surface on a section of ‘unit
length. The force has a vector perpendicular to this section. -Evidep;ly{ forces
that are tangent to the surface do not act omn it. This is simply a mathematical
concept arising from the fact that the surface tension, expressed in dyne/cm, and -

the surface energy, expressed in erg/cmz, have the same magnitude m't-z.

dyne s —fmr T -z ef s SR : o'-2
cm 7 et 7] 2 3 (met 7]
sec cm sec

The surface tnesions of most liquids (Tablel4.1) rarely exceed 50 dyne/cm. The
surface tension decreases with increasing temperéture,'and g =0 at the criticql

temperature.

TABLE 4.1. THE SURFACE TERSIONS OF VARIOUS LIQUIDS AT 20°C

o g

Compaund (@meson] Compound [Eneltd
Acetone 23.70 Nitrobenzene 43.9
Benzene 28.88 Nitroethane '32.2
Chloroform 27.1 Nitromathnane - 36.82
Ethyl ether 17.01 Styrene 32.14
Glycerine 63.4 Toluene 28.5
Ethylene glycol 47.7 Water 72.8

Interfacial tension
If the attractive (adhesive) forces between the molecules of two different sub-
stances are greater than the cohesive forces between the molecules of the Individual
substances, these substances then mix together, forming solutions, and there are no
separate phases., On the other hand, if the attractive forces between thz molecules

of each substance by itself are greater than the attractive forces between the
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molecules of these 2 substances, an intzrface then results, and also an interfapidi

tension 0y 9 (between pheses 1 and 2).
The interfacial tension is always less than the surface tension of ‘the sub-
stance having the greater temsion by the valug;of{;he attractive force between the:

2 substances. The Antonoff yule is most frequently satisfied for liquids
n 02 =0y —6g

if these liquids are mutually saturated.

Work is required to separate the 2 liquids. The work required oc 17¢m? of sur-

face is called the work of adhesion. It is defined by the Dupre equation
Ag=a+to—o. '(431)
If 9 , = 0, then for a1 homogeneous liquid
]

g, =0, and ACoh = 201

This is the so-called work of cohesion, or the cohesion of the liquid.
Solids als: have surface tension but, because of the immobility of the mole-
cules in the crystalline lattice, the work required to increase the surface area

cannot be measured directly. Thus, indirect methods are used; however, these are

not very accurate.

TABLE 4.2. INTERFACIAL TENSION BETWEEN WATER

. AND ORGANIC LIQUIDS AS WELL AS SOLID SUBSTANCES
i o o

. 1,2 1,2
Substance {dyne/cm] Substance {dyme/en]

Benzene 35 'PbO2 1,800

Chloroform 32.8 CaF2 2,502

Ethyl ether 10.7 CaSOA°ZHZO 1,050

Nitrobenzene 25.66 Pbl’-“2 900

Styrene 35.48 Pb12 130
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TABLE #.2. SURFACE TENSIONS OF INORGANIC

| COMPOUNDS ABOVE FUSION TEMPERATURE.
Tl - ' Tu o
Compound | (og] | [dymefem] |- C®POUBd L [ec) | [ayne/ecn]
K,ir,0, 420 | 170.1 NaNO, 322 119.7
Ko, 380 110.4 LiNe, 359 111.5.
’ Interfacial tension 1is also present between a sqlid and a 1i@uid, Experiments

have shown that the surface tensions of solids are much greater than those of;ii-

quids (Table 4.2).

Three interfaces
The action of surface-active agents often takes plac ‘at a three-phase inter-
face: a solid -~ a liquid -- a gas, a8 solid -- a 11quid --a liduid, a gas =-- a

liquid -- a liquid.

8 C

| A

Figure 4.1. Equilibrium of the 3 phases:
G = gageous, C = liquid, § = solid.

A solid, a drop of liquid and a gas are shown in equilibrium in Figure 4.1.
All 3 phases meet at point A. Because equilibrium is maintained, it follows that

the resultant of forces cc, cs and cs - must be equal to zero,
3

0|=0uc+ﬂ:C05 e

The work of adhesion of the liquid-colid, in accordance with equation (4.1), is
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Ay =0+ 0,0y

Byq =0 (1 c0s §)

In measuring angle 0, .1t is not necessary to know o, (or the'éurface,;en;iop'Qf
the solid, which-does not lend itséiffto measurement) in order Ed determine :the work
of adhesion; angle © is called the boundary angle.

1f angle @ = 0, then Aad:’ 2oc.ana wetﬁing is complete, the solid attracts the
liquid with a force which is at leaat equal to the attractive force betwegn.the
molecules of the 1iquié itself; the .liquid forms a thin film on the'sufface of the
solid.

If 0° < angle © < 90°, then wetting is good; whereas if 90° < anéle 6 < 130?,
wetting is poor. On the other hand, it does not happen Fhat dngle 9 = ;86'.

If A4 > 20;, or Ay A on 1-e+ in the case where the moiécules.of the 1i-

quid attract the molecules of the other substance more atrongly than they do each

other, the liquid spreads over the surface.

Harkins defined the coefficlient of spreading as being a measure of the attrac-

tive force between the molecules of the 2 pubstances, as

S="A4,;4—2¢
or
S = A — ACoh
or
S==0y—n;—on13

where § = the coefficient of spreading of the liquid 1 over substance 2; if S > 0,
the liquid spreads and forms a surface film, whereas if S < 0, the liquid does not

spraad but forms drops.
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It foilows fvom the aforementioned that ouly a liquid.with a surface tension

lover than the surface tension of a given substance can spread over the surface of

that substance. The inverse is never the case.:
Surface-active substances reduce the surface tension of liquids and thus fn-
crease the coefficient 8, or ingfease thé;wettability.

Some coefficients of spread on water at 20°C are.given in Table 4:3.

TABLE 4,3. COEFFICIENT OF SPREAD
OF SOME LIQUIDS ON WATER f

.

5

Liquid [érgICFZ]
n-propyl alcohol 49.0
Oleic acid ' 24.6
Benzene ' 8.9
Toluene 6.8
Carbon disulfide ==6.9 ¥
Iodobenzene . — 8.8 i
Paraffin =13.5

4,2, Adsorption

The surface layer of pure liquids has the same composition 4s he volumetric
phase; on the other hand, the compositions differ in soluti.ns. If the molecules of
a dissolved substance are attracted more weakly than the molecules of the liquid,.
the surface layer will contain more molecules of the dissolved substance than the
interior of the solution. This effect can be explained in different ways. For ex- .
ample, the substance whose molecules are dttracted with a lesser force also has the
smaller surface tens!iun. We know that every structure aspires to an energetic mini-
mum, and that the solutions defined above, aspiring to a lowering of the surface
tension, 'vill de so by increasing the concentration of the substance with the lowest

g in the surface layer.
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If a substance with a greater intermolecular gtt;activepforce. thus with'a

greater surface tension than the solvent, 1s dissolved, the diesolved buﬁhtaﬁhe con-

—
-

centration is greater in the interior of the solution than in thejsurfacéﬂlayer.

i ,

I An increase in concentration in the surface layer is positive (+) adsorﬁtion.
A lower concentration of the dissolved substance in the surface-layer'than'ip,;he

F interior of the solution is negative (=) adsorption.

" Inorganic electrolytes ﬁost‘ffequently exhibit negative adsorption, while most

i organic compounds exhibit positive adsorption. Surface-active substances always

exhibif‘goéitive adso;ﬁtiox.

TR

1f the adsorption is positive, the concentration in the surface layer is high

and the surface tension of the solution is much lower than the surface tension of
the pure solvent. If the adsorption is negative, the concentration is low and the

surface tension of the solution differs very little from that of the pure solvent.

The dependence between the concentration and the surface tension was stated by

: Gibbs in 1878.

where: T = the surface concentration in moles/cmz.

a = the activity,

q = the surface area.

For dilute solutions in which the activity is equal to the concentration

where c = concentration.

The molecules in the adsorption laxer always orient themselves perp;ndicular to
the surface, the polar group on the side 6f7the most polar phase. In this manner,
homologic compounds with unbranched chains and with polar groups located on the

chain ends, because they have equal cross sections, are subject to almost the same
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adsorption; also becauae a mole of each of such aubstances occupies practically ths

same surface area

-
e
ivt

where: N = the Avogadro number,
I', = the boundary c&ncentratipn, with maximum packing of thg_surfnce_byf;he
ﬁonomnlecular layer.
An effective iowefing of the surface tension ocrours with Jow_couééngrationA'of
surface-active agents up to the formation of the mqnoﬁolecular layer. fu:;her adqiw

tion of the surface-ictive agent provides only minimal changes (Figure 4.2.).

06 5 0 5 AN B 0
Catys SO Na frmetfl ]

Figure 4.2. The surface tension of an
aqueocus solution of sodium lauryl sulfate
as a function of the concentration at 20°C.
Various surface-active substances provide a maximum lowering of the surface
tension at different temperatures.
Compounds with the shortest simple chains and compounds with branched chains or

with a polar group which is not on the end of the chain have their greatest ability.

to lower the surface tension only at temperatures higher than room temperature.

4.3. Dispersion
Dispersion is the state of disseminztion of a solid in a liquid. The stability
; : ,
of such suspensions is frequently not great; so-called flocculation takes place --

the scatteyed particles collect to form larger clusters, which settle te :h. bottom.
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Surface-active sgents can counteract flocculation. They are then caliled dispersing
agents. Tpese age@ts,are cspable ofddispersigg;substances which“havé giréady become
aggregated; this process is called pep;iiation.

The followinglféctors-are decisive in the stability of a dispersionm:

(;) the size of the dispersed particles,

(2) the degree of wettability of the solid by the liquid'(S),

(3) the electric charge of the particles.

Obviously, the gmaller the particles of the dissolved eubstance,-the:greatgr
will be the stabiiity cof the suspension and the lesser.the sedimentation.

Stability of the dispersion increases the wettability because with increasing
coefficient §, the attractive forces between the molecules of the dissolved sub-
stance and the liquid increase.

The coefficient § can be increared by employing surface-active agents; in other
words, these agents increase the stability of the dispersion, as substaﬁcés'having
the greatest ability of being adsorbed also have the greatest stabilizing ability.

Like electric charges accumu;ated on the surfaces of the dispersed particles
cause their mutual repulsion. This counteracts flocculation and aggregation into

larger clusters and increases the stability.
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TI. SOLID ROCKET PROPELLANT COMPONENTS

Solid rocket propellante ares divided into 2 mszin groups:

(1) Co;loidAI prOpellantg, othervise called r;cket'powﬂers,

(2) Composite propellants. ; 3 ' ;

Finally, there is one more group —— mixed rocket propellants [35].

Colloidal propellants are colloidal solutions of 2 basic sﬁbétanées: nitro-
cellulose and a plasticizer, which is always an aliphatic nitrate bfhpcly-ﬁydrdxy
alcohols or a nitro compound. Other constituents are present here in ﬁinimal‘
amounts. The oxidizer and the oxidized substances cammot be differéntiated'in these
fuels because both constituents are self-oxidizing and, in contrast to most compo-
site fuels, form a homogeneous mixture. These propellants are thdroughiy discussed
in the work by T. Urbanski [33] and therefore only the most recent achieveﬁénts in
this field, concerning methods of preparation rather than the composition, will be
presented here.

Composite fuels have at least several substances in their composition. The
most important ones are 2: the oxidizer and the combustible component.

The purpose of the oxidizer is to supply oxygen to the oxidation rezaction of
the combustible component. We differentiate 2 principal substances in the combusti-
ble component: the binder and the plasticizer.

The binder is an organic combustible substance belonging to the polymer group
or the petroleum product group; it serves to bind all the propellant constituents
together,

Plasticizers are used to provide the appropriate rheological properties during

¥ i
r -4

the mixing of the constituents and to obtain the appropriate physical properties af-
ter hardening of the propellant. Because plasticizers alsoc act as combustible sub-
stances, compounds having a certain amount of oxygen in the molecule (in the form cf
n'{10 groups, nitrates or nitrites) are frequently used to improve the oxygen

balance.
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The following comstituents are alsoffound?in‘compdsi;g'fuels:
- Jinorganmic gombustible_sqbstances_{getals,rnetal-hydridés, nétal‘borghy-
drides, etc.), | : .

= sgabilizers‘and artioxidizers,

- .burning rate cafalyzers,

- moderatorg,

- mnodifiers of the pressure expoment n,

- vulcanizers and quéternizing ageuts,

- surface-active agénts,

- polymerization catalyzers,

~ agents to lower the ignition temperature,

- hydrophobic substances.

These substances are frequently called “additives".

Additives are pre:ent in propellants in small quantities (from hupdredths of a
part to a few percent) and most frequently, not all at the same time; they play a
large part in improving tbe physical, chemical or ballistic properties of a propel-
lant.

Inorganic combustible substances are used to increase the chemical energy re-
serveg of the propeilsnt., They are fimely crushed metals with low ;tcmic nurbers,
hyarides of these metals, and sometimes borohydrides, carbides, etc.

Stabilizers are usually aromatic amines, some metall:c oxides and metallic
salts of weak organi: acids. They improve the stability o: the fuels. The anti-
oxidizers, which cour:eract oxidation of the prorellant constituents by the oxidizer
during storage, are a varlety of stabilizer:c. ) -

Catalyzers serve to increase the burning rate, while moderators act to de-
crease it.

Modifiers of the expoment n decrease its value, whereby the pressure effect on

tke burning rate is decreased and sometimes this influence disappears altogether.

Polymerization catalyzers, vulcanizers and quaternizing agents permit polymer-
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ization and the establishment of a spatial lattice of: monomers and poljﬁers.

| Surface-active aéents lower the surfeca tension butween the oxidizer u;d’thé
combustible component, which facilitates the introduction ofl;pggr amounts of the
oxidizer into the fuel. Theae.subttencel also exert an 1ﬁ§1u¢nce similar to that of
stabilizers. Even though they are present in propellants in the amount of hunj
dredths of one percent, they do play e very important role, wh;th is not always duly
appreclated.

Hydroyhobic substances eliminete the effect of moisture on the conatituents of
the propellant.

Composite rocket fuele are called heterogenecus fuels Sy some authors, which is
not proper. It is true that most of theae fuels ectually exhibit a héterogénedus
nature; nevertheless, some of them, such as solutions of ammonium nitrvate in amines
or additive combina*ions of sodium perchlorate with dime:hylsulphoxide, certainly
must be included in the cemposite fuel group (the oxidizer and the combustible sub~
stance are different), even though they are completely homogeneous.

As already stated, some authors also assume the existence of a third group of
propellants and call them "mixed aolid rocket propellants". They combine th; ele-
ments of the 2 previous groups: oxidizer + nitrocellulcse + organic aitrates cr
nitro compounds. Horever, this is only a variation of composite fuels by virtue of
the fact that the inactive plasticizer fraction ia replaced by a self-oxidizing

plasticizer and the binder is nitrocellnlose.
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5. .OXIDIZERS

Solid oxidizers are generallv uged in the arepsration of solid rocket propel-
lants. - Liquid oxidizers are’ aemost never considered because of their low stability
and large vapor pressures. The oxidizer makes up the major portion of the prcpelu
lant; therefore, its consistency is decisive in the consistency of the prOpellant

‘ itself. - |

Both organic and inorganic oxidizers are used, although the intter have a dis-
tinct predominance because they are more steﬁle,'less sensitive to temﬁerature and
much cheaper. One of the basic oxidizere, ammonium nitrate, is'messuproduced as a
chemical fertilizer. Organic oxidizers, mannitol or sorbitol hexanitrates, are
based on foods, so they camnot be inexpensive or mass-produced; they are powerful
explosives and they constitute a grave danger during technological propellant pro-.
cesses. |

The 6§idizer must be a substance which, during decomposition, liberates a car-
tain amount of free oxygen, necessary for oxidation of the remaining constituents§uf |
the propellant. This oxygen is called "active oxygen" to distiqguiehlit from the
total amount of oxygeu in the molecule. A portion of the oxygen remains bound in
the decomposition products of the oxidizer and is unused. ﬁ |

In the reaction

!
2KNO; K0+ Nz + 2 -0,

only 2.5 molecules of oxygen for every 2 KNO, molecules sre "active", and the, oxygen
. contained in KZO cannot be consicdered in subsequent oxldation reactions.
The organic substances of the propellant and the carbon black must be oxidized

to gaseous products such as H20, CO and 002.

The greatest thermal effect is obtained by oxidation to.HZO and COZ' However,
in this case the mean molecular welght cf the exhaust gases increases over the HZO’
159
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CO and CO, gas mixture, which has an ‘a erse effect on the specific impulse valie.

It has been'fouuﬁ that the largest impulse is ébtqingd with an amount of oxi-
Qizerlsuffiéient to assure oxidstion of hydrogen to water and 50% of the carbon to
co andesox to C02. In order to supply the necessary emount of.pxﬁgen,fth¢:o$1d1;er
content in‘solid‘p;o?ellants is 50-90% or more, although its intreducrion in amounts
greater tﬁanh752 presents considerable difﬁiculqies and a content of 90% is rarely
attained. Eecause the amount of oxidizer is decisive in determ;ning the rheological
properties of the propellant, it also influences the choice of charge formation
method. With lesser amounts of oxidizex the propellant has such a low viscosity
that it can be E;st. With larger amounts of oxidizer the ptppellant must be_gxttud-
ed under correspondingly large pressures. Ia any case, the percentage by weight of
oxidizer is not as important as the percentage by volume.

The specific gravify of the oxidizer is always higher than that of .the combus-
title component; the better the volume ratio, the higher it is. By occupying a
greater volume, the combustible component provides the propellamt with better phy-
sical properties; 50-80% by volume of oxidizer is usuéily employed [36}.

The oxidizer should fu.fil many conditions. It.should be stgbie, nonreactive,
insensitive to impact at an elzvated temperature, at least at the'temperaiure at
which the nropellant hardens (which is at least 95°C). At the same time. it must de-
compose rapidly at the temperature at which the propellant undergoes pyrolysis. The
reaction between the oxidizer and the propellant must be highly exothermic and the
activation energy should be high. A high density is desirable not only to increase
the ratio of binder volume to oxidizer volume, but also inversely, to increase the
weight ratio of oxidizer to combustible compcnent and also to “pack“ a iaféglamount
of energy im a small volume of propellant, or, im other words, to inérease the spe-
cific impulse density. The ecrystals should have a shane as close as posaible to
the spherical in orde' to incres.> the fluidity of the unhardened propeilaant. They
should be of very small size, even of the order of several micromns, al houéh much

larger ones, up to 0.5 mm, are used.
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In order to obtain good propellant properties, the oxidizer must be wetted by
the combustible component; it wust not be hygroscopic<or moist. It should be frze

of phase transformations at.the lemperatures to which the propelladt is exposed dur-

-ing produccion and storagé. It is most préferable if‘neither‘the-oxi¢1zgr-por'its

decomposition products corrode metals. I is very undesirable and inadvisable if
the oxidizer dissolves in the binder because then the propellant decqmposition is
extremely rapid and its "1ife" is shortened. Moraover, for military purposes it is

frequently desirable that there are no substances in the decomposition products

‘which can cause smoke or fog.

Obviously, there is no ideal oxidizer that would fulfil all the above condi-
tions. Every oxidizer has its good and bad points. Frequeﬁ¢1§;”thefaddif;oﬁ'Of
certain substances eliminates or reduces the imperfection in the oxidizer; this will

be discussed more thoroughly later.

5.1, Inorganic Oxidizers
The most freqﬁéntly used inorganic oxidizers are: nitrates and perchlorates
of ammonium, alkali metals and alkaline earth metals.

The most important of these are:

NH, NO NH, C10

473 4774
HaN03 NaClO4
KNO, KClO4
-
LiNO3 LiC;I.O4
Ca(NO,), Ca(C10,),
Ba(N0,) , sr(Cl0,),
Ba(ClOA)2
Eg(ClOA)z [37, 38, 39]
in addition to hydrazine nitrate (HZN—NH?»NEOB) and hydroxylamine (H—O—NHZ-HNoa)
[40].
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In the case of combustible components with a small oxygen deficiency, oxidizess

with low active oxygen contents, such as chromates, dichromates, chlorates, chlo-

rites, hypochlorites, persulfates, etc., can also be used [41].

NaCl_O3
NaClO2
NaClo

ﬁaZCrO

N32Cr20

Nazszp

4

7

8

K(‘.lO3

KClO2
KC10

KZCrO

l.{ZCrZO7

K2820

4

8

Magnesium and aluminum salts can also be used.

Ca(oCl1} 9

CaC1(0C1)

Ozidizers with large active oxygen coatents are used to oxidize cbmbustible

components with small oxygen contents. If the combustible component contains so

much oxygen that a vigorous oxidizer could cause explosive ignifion, the safest

procedure is to use oxidizers with a small active oxygen content.

TABLE 5.1.

THE PHYSICO-CHEMICAL PROPERTIES
OF THE MORE IMPORTANT OXIDIZERS [42]

Heat of de~
Compcund 23%' Densi;y Decompeosition reaction N ﬁ;;;::
[g/cm™] kcal/ | keal/ | -[%]
gmol kg
NH4N03 80.10 1.71 ZNH4N03 = 4H20 + W, + 0, +29.6 | +345 20
NHACIO4 117.50 1.89 ZNH4C104 = N2+ 3H20 +
+ 2HC1 + 2 1/20, +31.2 | +266 34.2
KNO3 101.10 2.08 ZKNO3 = K20 + N, + 2 1/202 —=75.6 | —748 39.5
KClo, 132.60 2.54 KC].O4 = KC1 + 20, . - 7.8 ~560 46
NaNO3 85.0 2.26 2NaN03 = Nazo + N2 + 2 1/202 —0.5 | -713 47
NaClO4 122.60 2.02 NaClo, = NaCl + 202 L4102 52
(1H,0)
LiCIO4 106.44 2.42 LiClO4 = LiCl + 202 = - 60.1
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As can beé_seen from a comparison of the properties of'tﬁ; nost impdrtaﬁtiinog—
ganic oxidizers (Téble'S.l)? only 2 oxidizers, namély,.anﬁoniﬁh nitrste and.aQ;¢nié'
umiberchlorgté; have positive heats of decompositionm; in other words, fhe1r74¢conpo-
sition feactiSns are exothermic. The reason fof-fﬁis is the'oxidagiﬁnlbf;the-intra-
mblecﬁlar‘NH: group S& thé'oxygen contained in.the molgcqie. A positive heat of de-
composition furnisﬁes a considerably greatérvapecific impplse~than‘the ut;lizat;on
of ﬁxidiiers with nég;tivé heats of decbﬁposition. ‘This is precisely why the 2
above~mentioned oxidizers havé the greatest Significance;.of the]2_ammopiuﬁfperéhlo-

rate has gained predominance, although much intensive work has been carried out to

eliminate the imperfections of ammonium nitrate. .

.5.1.1. Perchlorates

Most inorganic perchlorates are strongly hygroscopic (vith the sxception:of

KClOA and NH40104).

although it is the most expensive. All perchlorates are more expensive than ni-

L'i.ClO4 is tlie best with respect to the active oiygen,éontept,

trates due to the large consumption of electrical energy requirsd for their produc-
tion. The basic compound used to obtain almost all the perchlorates is.NéCloa.
Perchiorates are obtained by the thermal or the electrolytic method:

thermally- from the chldratcs, for example

— g —

4KClO, “™P- 3KCIO, 4+ KCI
electrolytically by oxidation of the chlorate ion at the ancde

CI0; + O - CIO;

Ammonium perchlorate
As already stated, amronium perchlorate is gaining greater and greater signifi-
cance because it has a ratter high melting point, 1is not subject to crystal trana-
mation until about 200°C, has a positive heat of decdﬁposition and is not very hy-
groscopic. Only gaseous products are evolved during decomposition; thus, no smoke

is formeé. The active oxygen content (34.2%) is not very high when compared with
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sodium or pouassiug perchlorate; however, ‘this is compensated by the positive heat
of decomposition and by tbe lower mean molecular weight of the exhaust gases. This
is accurately rgflgctéd in the specific igpulse'va}ués, which are greater for a giv-
en combustible component when smmonium perchlorate is_usgd'-- :or.(gégz)a,_zsofgec
== than for potassium perchlorate; 210 sec (approximate t@qoretigﬁitcélénlhtidns
for the polyme.r'{(_:zl_iz)n with a large n number).

“The production meﬁhog is based on the douhle,decqmposition reaction in aqueous

solution
NaClO, + NH,Cl — NH,CIO, 4 +NaCl

Because ammonium perchlorate is less soluble than sodium perchlorate at room
temperature, equilibrium shifts to thé right due to the precipitation of ammonium
perchlorate from solition.

The solubility of NaCl, NH4C104‘and NaClO4 in water (g/100 g of water) is

0°C  25°C  75°C  100°C

NH,C10, 11.9 24.9 64.0
NaCl 35.6 35.9 37.7
NaClo, 62.87 = 67.8 - 76.7

At higher temperatures the solubility of perchlorate is greater than that of
sodium chloride; therefore, primarily NaCl pfecipitates out,

The physical characteristics o NH40104 are:

mol. wt. 117.50 enthalpy AH®, 0 = —69.42
density g/ml 1.952 molar refraction 17.22
mp with decomposition 450°C refraction 1.4868

The mean molecular weight of the combustion products is 24.5; the specific im-
pulse attained av 70.3 kg/cm2 with reference to 1 atm for the propellant (CZHZ)n is
250 sec. The exponent n is less than 0.8 for many combustible components with a

burning rate of 0.51~2.54 cm/sec for pressures of 14-140 kg/cmz. The temperature
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coefficient of the pressure is low also; it is vossible to-reach a plateau. The

solubility in g/100 g of solvent at 25°C is given in Table 5.2.

TABLE 5.2. THE SOLUBILITY:OF AMMONIUM PERCHLORATE
"IN ORGANIC SOLVENTS, IN g/100 g AT 25°C =~

methanol 6.862 | n-butanol 0.0170 | ethyl acetate 0.032
ethanol  1.907 | i-butanol 0.1272 | ether  (insoluble)
a-propanol 0.3865 | acetone  2.260 b st

The temperature of transition ‘from the rhcmbic to the-rggulaf strucﬁu;gzis

240°C. NH,C10, crystallizes from water as an anhydrous salt. 'There are no known

hydrates. - However, it does form the triammoniate,iunstable.atirddm temperature, Be-

low 300°C decomposition proceeds as follows

4NH,CIO; -» 2Cl; + 30s + 8H:0 + 2N:0

} and above 300°C the amoun:t of N,0 begins to increase.
¢ Above 350°C decomposition proceeds according to the equation
% 10NH,CIO; ~» 2.5Cl. -+ 2N,O + 2,5NOC! + HCIO, + 1.5HCI +
- 18.75H,0 + 1.75N; + 6,3750, ,
! ..
i Gas analysis indicates that N20 reacts with 012 and results in NOCl. Below
V. a
290°C the decomposition is slow and involves only 28-30% of the salt. The following
§
: ] activation energies are observed:
29.6 kcal/mole below 240°C
1 *
| 18.9 keal/mole above 240°C
f
l which are associated with the crystal transformation at 240°C.
) At temperatures of 400-440°C, sublimation is more rapid than decomposition.
¥ Ammonium perchlorate is more sensitive to impact than ammonium nitrate; it explodesg

if z 10-kilogram weight is dropped on it from a height of 15 cm. It is eastly
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ignited in the presence of copper and at the aofcglled ¢ritical moisture content

(0.5-0.02%) [2].

Potassjum perchlorate

This perchlorate occupied the foremost position among the oxidizers before the.

increased interest in ammonium‘perghiorate; however, at the present fiBE’it:isfgoiﬂg:

out of ﬁse. Although it has many advsntageous pfoperties such as a large amount of-
active oxygen (462), a high densiiy, lack of hygroscdpicity‘and‘féilﬁré to melt at
luw temperatures, it nevertheless does have a nuqbe; of important disadvzntages.
During combustion, KCl is evolved, which subétantiallyfinéreasés thé mean molecular
weight of the exhaust gases; a large amount of heat is cogsunéd‘in fugibh and vapor-
ization; and the potassium chloride forms thick white swmoke upon ;ondensatioﬂ.. The
decomposition reaction is endothermic and absorbs a large‘anouni qf;hgit. As in the

case of HH4C104, it is obtained by a dovble decomposition reactiomn
NaClO, + KCl - KCIO, | + NaCl

The slightly soluble KC104,precipitates out of the solution.

The physical characteristics of KClO4 are:

mol. wt. 132.60 density 2.5298 g/mi
° =

enthalpy AR 298 103.6 CP 26.33

molar refraction 15.37 decomp. t. 580°C

The specific impulse attained is 165-210 sec. During decomposition, KC1 and KClO3

are produced

' |
KCIO, K00, + , O,

and form a eutectic, which melts at 556°C. Therefore, decomposition imitially taies
place in the solid phase, later in the liquid phase.

Table 5.3 gives the solubility in g/10C g of solvent at 25°C. KCIOa forms
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neither bydrates nor ammoniates. Propellants containihghKCIOA_havé a higb burning

rate (high chemiluminescence of K), :3-6 cm/sec, and a Ligber combustion temperature
_ . & ahpall

than those containing NHACIOA.

Oxidation of carbon black by KC10,

activétioq energy for the above reaction ia 40 *.4 .kcal/mole and is 'lower ‘than the

proceedé'quiet}y at 320—3853C,¢gbereby‘the

activation energy for.the decomposition of pure KCIOA (70.5 * 0.4 keal/mole).

TABLE-5.3. THE SOLUBILITY OF POTASSIUM PERCHLORATE
IN ORGANIC SOLVENTS, IN g/100 g AT 25°C

methanol 0.1051 gfbutanol | 0.0045 | ethyl acetate O.bOiS
ethanol 0.012 | i-butagnol 0.005 | ether “(insoluble)
n-propanol  0.010 acetone 10,1552 | -ethylene diamine 2:81 :
methyl amine 1.36 ethylene glycol 1.03 water 2,062

Tbe temperature of crystal transformation from rhembic to isometric .structure

is 300°C [2].

3odium perchlorate
Sodium perchlorate ia very seldom used in rocket propellants because of its
high bygroscopicity, even though it doea contain a large amount, as much ‘as 52f,-df
active oxygen. An example of one of ita few applications is a pr0pél?ant-aﬁdubt of
dimethyl sulphoxide with water and with sodium perchlorate. It 1s widely- used to
obtain other perchlorates.

The physical characteristics of NaClO4 are:

mol. wt. 122.60 density g/ml 2.5357
enthalpy AH.ZQB = 92.18 - molar refraction 13.58
mp 482°C :

It forms the tetraammoniate and tbe monohydrate. It undergoes a crystal tranaforma-

tion at 308°C. Table 5.4 gives the solubility in g/100 g of solvent at 25°C [2].
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TABLE 5.4. SOLUBILITY OF SODIUM PERCHLOBATE IN
ORGANIC SOLVENTS AND IN WATER, IN g/100 g AT 25°C
methanol  51.355 | i-butamol 0.786 | ethylene dismine 30:1
ethanol  14.705 | acetone 51.745 methyl amine 90.8"
n-propanol 4.888- ethyl acetate .9.649 ‘ethylene élycol 75.5
grhutannl 1.864 ether {insoluble) water 209.6 | »

Lithium perchlorate

This‘perchlnrape.has a greatér_density and alnbst_twice the active oxygen com-
tent of ammonium perchlorate; thus, the amount of -oxygen is 2.2 times gréatér'pér
unit volume. It is more stable, and fuels containi;g it have a higher come§tion
temperatu%e than those containing NHACIOQ, It has severél di;advantaées: during
combustion litkium chloride, LiCl, 1s evolved, andefhis has a high moiecular weight.
In addition, its vapors form a thick, white aubﬁe upbﬁ condensation after escaping
from the nozzle. Moreover, L:l'.ClO4 is hygroscopic; however, no more so than ammcni-
um nitrate. LiClO4 is superior to other oxidizers with respect to active oxygen
content and specific gravity. When it is used, the highest specific impulse for
solid propellants is obtained. However, wide use of this oxidizer is not possible
because of small lithium reserves and because there are no minerals rich in lithium.

The best kno%n is lepidolite, which contairs only 3.6-4% Ui and is rarely

found. Therefore, LiClO4 can be used only in exceptional, very particular cases. i

The physical characteristics of LiClO4 are:

mol. wt. 106.44 density g/m) 2.429

mp 247°C enthalpy BH® g0 = 9.77

1t has a large n exponent.
The maximum specific impulse is 250-300 sec and the heat of hydcatior is 14.2 kcal/

mole.
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Its decomposition 1s not observed until above 400°C. Tt forms a trihydrats
LiClOA-BEZO, the water of which is very difficulf to remove. An anhydroua salt is
ontained only after 12 hours of drying at 300°C. The di—,:tri-.and_pehtgamoniqpes

are also knowm: LiClOA'ZNHB, LiClOl"3NH3 and L?0104:5N33f

- LiClOA occurs in only ome crystal form. Table 5.5 gives the solubility in

g/100 g of'solvenf at 25°C [2].

TABLE.5.5. THE SOLUBILITY OF LITHIUM PERCHLORATE
IN ORGANIC SOLVENTS, IN g/100 g, AT 25°C

*

methanol  182.25 | i-butanol 58.05 | n-butamol 79.31
ethanol ° 151.76 | acetone © 136.52 ! ether 113.72
n-propanol 105.00 | ethyl acetate 95.12

Perchlorates of alkaline-earth metals
These pe?chlorates would undoubtedly be widely used as oxidizers (especially
magnesium perchlorate) if it were not for theig.strong-hygroscopicity. “In this re-
spect anhydrous magnesium perchlorate even excels above phosphoru: pentoxide because
it has a greater heat of hydratiom, but even the hexahydrate, Mg(C104)2v6H23”éon-
tains 33.8% active oxygen, or almost as much as NHACIOA.

Th: perchlorates of the alkaline-earth metals are obtained by heating NH40104

with oxides or the carbonates

: &nm.
CaO -+ 2NH,CI0, — + Ca(CIO,), - 2NH, - H,0

temp’
CaCO, + INHCIO, - 55 Ca(CI0,), + €O, - 2NT, - H,0

Calcium perchlorate, Ca(0104)2 decomposes as other perchlerates to CaClZ. On
the otber hand, Mg(0104)2-6H20 7ields MgO through the (Hg01)20 phase. Because Mg0
has a much lower molecular weight than NaCl or KCl, and even lower than LiCl, it
increases the advantages of magnesium perchlorate as an oxidizer.

The enthalpy change of hydration for Mg(0104)2 is AH“ZQB = 99,1, TIn addition,
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¥g(Cl0,), forms adducts with methanol, acetome, pyridine, acetonitrile, nitrometh-

ane and others [2].

5.1.2. Nitratee
Nitrates are among the most inexpensive oxidizers. The must importagt cf
these, such as NHQNOS, KN03, NaNO, and Ca(NOa)z, are widely used ss chemical ferti-
lizers; therefore, their production has long been well established. Moreover, some
of these compounds occur in the natural state. The use of nitrates as oxidizers
for solid propellants 1s advantageous only in the case of 3H4N03.
and NaNO3 is not indicated because during combustion they decomposg t? the oxides

The use of KNO3
K20 (mol. wt. 94.19) and Nazo (61.99) which have a high molecular weight, which in
turn very adversely affects the specific impulae value. Moreover, these oxides es-
cape in the form of thick smoke. With respect to the molecular weight of the oxide
and oxygen content, Ca(N03)2 is better (Ca0 = mol. wt. 56.08, active oxygen 49%),
but both Ca(N03)2 and NaNO3 are veiy hygroscopic, as 1is KNO3 to a lesser extent.
Moreover, all nitrates.except NHQNO3 undergo endothermic decomposition. The heat

of decomposition has a negative value much higher than that of the co:resboﬂdipg
perclilorates.

Ammonium nitrate has a distinct advantage over the remaining nitrates and
therefore it is the most frequently used nitrate, although hydrazine and hydroxyl-
amine nitrates are ‘also used, not to mention lithium nitrate, which has a high ac-
tive oxygen content (58%) and a more advsentageous molecular weight of the decomposi-
tion products (L120, mol. wt. 29.88) than in the case of LiCloa (LiCl, mol. wt.

42.40).

Ammonium nitrate
This nitrate has a low active oxygen content but a high hest of decomposition
(29.6 kcal/mole). Moreover, all its decomposition products arc gases with one of
the lowest mean molecular weights as compared with other oxidizers. The chief dis-

advantages of ammonium nitzat~ are its low melting point (189.6°C), high hygrosco-~
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picity and its phase transfofmations. The low'nelting ‘point frequently ‘csuses the
ignited propellant to be. extinguished thrOugh»a flooding of the BurfSLe by the mol-
ten oxidizer which cuts the combustible. component ‘off from the’ resction zone. In

order to avoid this, substances which increasn the viscosity of fused ammonium ni—

trate are added.

In order to:elihinate-HygroscOpicity, certain hydrophobic agents are used.
Because they are used for éther hygroscopic substances also, they wiil-£efﬂiscgssed
separately. On.the other hand, phase transformations conétituté-én in&ividuélifea-
ture of smmonium nitrate. Although other‘oxidizerS‘undergo*the’séhé‘tfﬁhsforﬁaé
tions, they do s0 at temperatures much higher than room tempgréture,-whiéh does not
affect the quality of the propellant during storage. Ammonium hiffate“héé several
amorphous transformations which are a function of temperature; one of these dCCﬁrs

at room temperature (Table 5.6).

TABLE 5.6 AMORPHOUS TRANSFORMATIONS OF NH, KO
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- Heat of
Transformation Crystal structure [°C?-‘ transformation
[kcal/nole]
V— 1V —18 0.13
IV — III Rhombic 32.2 0.40
111 — 11 Tetragonal 84.2 0.35
II1—1 Isometric 125.2 9,99

With the transformation V~IV, the volume increases by abogt 3% and by about
3.5% with the IV-I111 transformation {43]. The IV-1II transformation is an important
disadvantage. 1f tﬂ; ammonium nitrate in the hardened propellant is in the 1V form,
the IV-I11 transformation takes place with an Increase in the volume during storage
at a temper:zture of 32.2°C or during functioning of the engine, if subsequent lots

(of the propallant surface) are heated above this temperature. High stresses arise,

which could cause cracks and a subsequent unstable, even expiosive combustion. On




Be———. |

the other naad, this traasformation in the suvrface laver acceleratss tue combustion.
This is the physicsl factor, alresdy discussed, which reduced the physical strength
of the surface, taken into sccount.in the COmbugtion schepe of afpropellaht contsin~
ing NH,NO, (see 1.2, The Mechsnism of Combustien). The IV-III ‘trapsformation zanmot
be prevented; however, this problem ie soived by different methods. "The entire pro-
pellant preparation process caa be carried.out'ésbve the ttﬁnSformafion temperature,
whereby.the III-IV transformation takes place after .cooling with a dec:eaQE'in the
volume. The nitrste is loosely arxanged in bubbles foraed in the éombﬂsyibié-cbﬁﬁo-
nent and screasses are thus avoided. Hhenrthe—proﬁellanf'ia-uséd, tﬁefammoniuﬁ ni-
trate, being heaced, pssses into phase III and,.upon returning, it completely fills
the bubbles, thus constituting a continucus solid phase ﬁith»tﬁe coibuétibie”compq-
nent. '

Another method is bssed on elevation of the-trsnsformation”tgmpgrature'by a

few degrees, which car. be done with the aid of certain compounds. Potassium nitrste

is of particular significance here, Together with other additives, such as Prussian-:

blue, silica and aluminum oxide, it exhibits a synergic acticn (i.e., thé effect ve-
sulting'from the addition of I substances togethef is greater than that of the addi-

tion of esch substance ceparately). Tsble 5.7 gives the trsnsforwaticn tempersture

elevation.

TABLE 5.7. TEMPERATURE VARIATION OF THE IV-III TRANSFDRHATIOﬁ
OF AMMONIUM NITRATE UNDER THE EFFECT OF VARIOUS SUBSTANCES

Tewperature of
Additives [%] transformation At,
' [°z]

- 32 0
Prussian blue 5 42 10
Trussian blue 4.3 . .

. 48 16
KN03 5.3;
SiO2 5 : 42 i 10
X
A1203 5 a8 6
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It is evident from the table that the addition or ‘Prussian blue with potassium
nitrate shifts the transformaticn témpera;u;e.up_féI48°C; a tegﬁetature_that_is,not
reached under ordinary storage conditioms. 'Coﬁgéﬁuently, the‘foIII trangformation
does not take place and no internal ;tresses arise téé]. |

The physical characteristics:of NH4303 are!

‘mol. wt. '80.05 enthalpy AR® = 87.40 kcai/molg

: 298
mp ' 169.6°C C, (273-293°K) 3.8

decomp. temp. 210°C heat..of fusion 1.46 kcal/mole
density g/ml 1.725' §

the mean molécular weight of the combustion products with tﬁé?binderifczﬂé)n is
21.8. .

The specific impulsze attained with‘the binder (C2H2)n is.210 sec:

The flaze temperature is 1730-2150°C [1], and the low burning rate is '0.1-0.3
cm/sec at 70 kg/cmz. | 7

It is readily soluble in ammonia, in ethanol at 20°C (3.8 g/100 ml), and in

methanol at 20° (17.1 g/100 ml). The solubility in water, in g/100 g, is
0°c - 118.3 20° - :192 .100° - 871.0

Ammonium nitrate is primarily used for gas-generating charges due to its rather
low specific impulse, low combusticn temperature and the non-corrosive prOpe;ties
of the gaseous combustion products. Propellants containing ammonium nitrate are al-
80 used for assisted take~offs. Propellants containing amines and ammonium nitrate
exhibit a high impulse value on the order of the impulse of ballistite and can alsc
be used for rocket propulsion; they may also be mixed with asphalt.

The use of the related nitrates of hydrazine and hydroxylamine is very problem-
atic due to the melting point, which is still lower than that of NH4N03, even though

many authors mention them as solid propellant oxidizers

173




N,H, “HNO, Wp o 70.7°C
uastable N2H4-2HN03 mp. '104°¢C
N, 08 ENO, wp 48°C

Other ‘nitrates
As already stgted, the nitrates pf élkali metals and alkaline-egrth_ﬁe:als ab-
sorb a large amount uf heat energy during their éndothg;mic'decompositioﬁ>and also
have a high mean molecular weight of the exhaust gases. Therefore, the sﬁécéfic‘imf

pulse of propellants based on them is also lower than in the case of NH, NO of

43
this group of oxidizers only LiNO3 is taken into consideration in_thetdesigﬁing_of
high~energy propellants because of its large active oxygen content. The physico-
chemical properties of some nitrates are given in Table 5.8. ,LiRO3, NaRO3_an&
Ca(N03)2 are very hygroscopic.

TABLE 5.8. THE PHYSICO-CﬁEMICAL PROPERTIES
OF THE MORE IMPORTANT NITRATES

Compound ::T' Densi;y {TEI AH°298 Cp Hydrates
{g/em”] :

LiNO3 68.95 2.38 261 -115.35 0; 3

NaN03 85.01 2.261 306.8 —111.71 37.2 (528-572°K) -

KNO3 101.10 2.109 334 =118.08 29.5 -

Ca(N03)2 164.10 2.36 . 561 —224.05 0; 3; 4

LiNO,, NaNO, and Ca(N03)2 are very hygroscopic

5,1.3. Other 1norganig cxidlzers
Oxidizers such as chromates, dichromates and polychromates are used as addi-
tives for other oxidizers in amounts up to 10%. Because they haﬁe the ability to
increase the burning rate, they will be discussed with the combustion '"catalyzers".

The persulphates have a low active oxygen content and a high molecular weight
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‘of the combustion produc;s {e.g., K20 and 502);-consequenply; they‘ate,L%tEle used.

Chioric acid salts explode more readily at-elevated temperztures théh'fhé.?e;é
chlorates; they contaiu less active oxyéén'and’a;e nqt very s;&ble,(gmmoniﬁm_cp;?i,
rate decomposes at room température, resulting in séif-igﬁitién after a certain pe-
riod ci time)L - .

Chlorites and hypochlorites can be used if an inexpensive oxidizer with a low

active oxygen content is desired.

5.2. Organic Oxidizers

Organic oxidizers do not occupy as important a position in solid propellant
production as the inorganic ones. Produétion of mést organic oxiﬂizers is very
costly. Some qf them, wannitol hexanitrate, for exanmple, are obtained:from,fhe pro-
cessing of food products; others, such as hexanitrcethane, requi;e.several-cogtly.
production steps. | |

Aside from the cost, organic oxidizers are not very stable, e5pecial;y_iﬁ mix-
tures with other combustible compomnents. Thgy“é;e very sensitive to impact and
temperature elevations. Most frequently, they are used as additives for colloidal

fuels and in composite fuels, mixed with inorganic oxidizers.

5.2.1. Hexanitroethane

NO, NO,
l

ON C -C—NO,
| o«
NO, NO,

mol. wt. 300.07 mp 142°C

»

It is obtained by the action of nitric acid on the potassium salt of tetranitro-

ethane.,

Ca(NOy);Ka + 4HNO; — Co(NOy)s -i- 2KNO; + 2H,0
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The amount of active oxygen is high: with complete gasification — carbon:oxi-

dized. to €O -- it 'is 53.32; and it is 42.6% in the tramsformation of carbon to COZ.
Hexanitroethane is less explosive than picric acid, is not very stable and be-

gins to decompose at 75°C,
5.2.2. Mannitol hexanitrate

O,N -0 ~=CH,~ [CH ] -CH,~ONO;
| .
' 0

==
Nojl,

mol. wt. 452 needles with mp of 112-113°C sp. gr. 1,604

It is obtained by the nitration of mannitol with nitric acid in the presence of
sulfuric acid. 7

Pure nitromannite is quite stable (similar to nitroglycerin). 1t dissolves in
ether and boiiing alcohol; it is insoluble in water. It explodes from'tﬁefimpact
of a 2 kg weight dropped from a height of 4'-,@;. With gasification to CO, the active

oxygen content is 28.37.

5.2.3. Other organic oxidizers

A number of new organic substances that serve as explosives have recently Beeg
obtained. Some of them have a positive oxygen balance and can be used as oxidizers.
However, most of them fall shortmgf the oxygen content required for complete gasifi-
cation. Because they have a high oxygen content in the molecule and a high heat of
decomposition, they are suitable as "catalyzers' of combustion that serve to in-
crease the burning rate and improve the oxygen balance of the constituents of the
solid propellants.

In summarizing, it must be stated that there is not much progress in the oxi-
dizer field; mosf of the compounds now in use were already known in the last cen-
tury. The reason for this state of affairs is the fact that the major emphasis has

been placed on cobtaining new binders, while oxidizer development has becn neglected.
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6.  COMBUSTIBLE COMPONENTS
‘The combustible constituents include the binders, inorganic combustible ‘compo-
nents, plasticizers and some fillers. All require special dis;ﬂssidn.excgpt‘the
latter, which are seldomused substances such as WQod'flqur..grainlflour or natural
resins, whose properties and composition are individual characteristics. ‘Carbon
‘black is also used as a filler; the different types76f,this substance will be dis-

cussed with respect to its influence on the burning rate.

6.1. Binders

In substance, the binding constituents can be almost any known polymer, pgly-
condensate or natural resins, waxes, rubbers, pettroleum processing pro&ucts.(tars,
pitches, asphalts, etc.).

Their purpose is to bind all the propellant constituents so strongly that Qhe
charge will not crack or become deformed during transport or during the iﬁpact caug-
ed by ignition of -the fuel or from the effect of other mgchanical factors. It is
also required that the graian not be capable to flow during long storage periods.

A condition on the usefulness of a binder is a large hydrogen content in rela-~
tion to carbon, low nitrogen and sulfur (it is better if there is no sulfur at all).
In.addition, it is desirable if the binder is not brittle, can wet the other consti-
tuents well and has a low viscosity during the propellant production process. In
the finished propellant the binder should have a very high viscosity or it should
not exhibit the properties of a liquid at all.

The following substances are used: polybutene, polybutadiene, polyisobutylene,
polyethyiene, polymethacrylates, nitropolymers,.polyurethans, polyamides, polyes-
ters, polyacrylonitrile, polystyrene, thiokols, cellulose esters, ethylcellulose,
polyvinyl chloride, polyvinyl acetate, nitrated hydroxypolymers, polysiloxates; co-
polymzrs, such as polyvinyl chloride-polyvinyl acetate, butadiene-styrene, acrylo-

nitrile-styrene, butadiene-vinylopyridine, etc. Sometimes, brittle resins are
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improved by adding plastic ornes, e.g., epoxy resins, by adding chiokols;*btﬁrcnej'on;
the othen-hand, by the polyesters.

Low-melting substances such as tar, pitch and asphalt can be thickened with
vn:iooS‘ino;ganic substances to preyent flooding by the non-burning:surfate. 5?ce£-
tain content of oxygen or fluorinc,(chlorinc is not;as_suitable because »f its high
molecular weight) atoms in the binder molecules is very beneficial and permits a re-
nuction in-oxidizer content. ‘Houener, a subotantial_addltion of these elements
causes a’ﬁigh stability of the compounds and a corfesponningly lcw'bnrning rate.
Therefoye, teflon is not suitable’'as a binder.

Furthernore, if a high specific gravity is desired'in the case of the oxidizer,
a low specific grav1ty is desired of the combustible components in order to increase
the ratio of combustible component volume to oxidizer. If this ratio is small, the’
propellant can then have inadequate mechanical propertien and the mothod of grain
formation is made very difflcult-’casting is imp0551ble because of the very low flu-.

idity. The weight ratio of the combustible component to the oxidizer is defined by

¢ and is called the mixture ratio

eight of the combustible component (6.1)
weight of the oxidizer e

The stoichiometric mixture ratio ¢s is determined for the case of complete com—

bustion as follovs

| . |
Hcombustible component E,I‘VI .
¢ = 1 oxidizer (6.2)
s M 1) T Iv : :

oxidizer 1 combustible component

where: I' and I the quantities of atoms of the given element in the compound
{oxidizer or combustible component),
vi and vy = valence of the element, taking the sign into account.

If the combustible component is composed of several compounds, it is necessary

to calculate the so-called specific equation, in other words, the gram-atom amounts
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£ the indZvidual elements in'l kg of cmnbus;ible.cqmpqpeg;;;likgwigg:for;the;cxidi-
zer. Because such a gram-atom amount i is equal tp_

16001

1= I

by multiplying the numerator and denominator of eguation {6.2) by 1,000 and substi-
tuting i and i', we oitain .

(ﬁHﬂﬁL idizer -

" L L
tml)(T'vl)combustible component

where: i, i' = the number of gram-atoms of the éiven elenent in 1 kg of combustible
componént or oxidizer. |

@S gives the combustible component-to-oxidizer ratio, assuming that tbe total car-

bon is oxidized to C0,, which, as is well known, is nb: exp;dient. Accordingly, ¢

must be somewhat larger than @S. When half of the carbon is oxidized to CO and

half to C0,, a carbon valeace value of 3 can be assumed for rough calculatiouns. The

@S value thus calculated is the most advantageous combustible component-to-oxidizer

ratio.

The divergence of ¢ and @s is characterized by the equivalent ratio ¢*

o

oo
@,

With a deficit of oxidizer, ¢* > 1, and with an excess &% < 1; it is most_de-
sirable that ¢* = 1. For most propellants the combustible component content ranges
from 50 to 10%, in other words, the value of ¢ is from 1 to 1/9 [7].

There are different ways of preparing propellants. After mixing with oxidizers
and other additives, the monomeric liquid binder is subjected to polymerizatiom by
the addition of appropriate catalyzers. Some (phenol) resins are thermosetting,
while others, such as polyvinyl chloride, the polyacrylates, polyethyleme or as-
phalt, are thermoplasiic. Several do not harden but remain soft and elastic, e.g.,
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polyisvbutylene.

It s necessary that the hardening temperatura2 Eg’lowl preférablj_aubisnt tem-
perature, which is understandable in view of'the resulting reduction,in the:mal
stresses. It is'necéssariithat‘iarge volume variations db'no£ oéénf as a result of
polymerizatioﬁ or hardening and that gaseous products aré,ndt evolved in order to:
avoid internal stresses and gas bﬁbblés. In Order to attafn tﬁiﬁ, it 1is nécessa;y
to use monomers with large molecules or, preferaﬁly,riiqﬁiﬂ polyﬁers with large

molecules, capable of further polymerization or ﬁdiyconhénsatibn. Spontaneous crys-

tallization, which can ‘cause cracking of the grain, is undesirable. The binder

should not dissolve the oxicéizer because then the proPeliant is subject to rapid
ageing. |

In order to improve the oxygen balance, an attempt is often made t¢ introduce
nitro groups into the monomers; however, they have en inhibitory effect on the pﬁly-
merization process and in many cases the polymerization of nitromonomers is impos-
sible. Consequently, the inverse method is used —— nitration of the firished poiy-
mers; however, the introduction of lerge amounts of nitro groups is not possible by
this method. The esterificatiop of polymers with a large hydroxyl group content by
means of nitric acid yields better results. Nitropolyurethans can be quite readily
obtained. They furnish a large specific impulse,but the presence of nitre groups
tends to decrease the stability; thus, the ageing procc.s is more rapid.

The binder itself in composite fuels and colloidal propellants sometimes prz-
sents a colloidal composition. The huge nitrocellulose or cellulose acetate mole-
cules form colloidal solutions in piasticizers. Solidification of a propellant of
this type depends on the appearance of a gel structure; therefore, after the de-
struction of this structure, these propellants can be extruded at high pressures

and elevated temperatures, and the original consistency will return during the cenl-

ing process.
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6.1.1. Epoxy reaina improved with polyamicea or thickola

Epoxv resins have a very important chagactaristic -- an_excellgp; ability to
bind many porous and nonporous matarials, which ia ptilized‘in pa;tlcular‘iﬁ §1pding
the individual provellant conatituents togethar. Howevgr, once hardening hqs_be;un,
this process is rapildly completed and thay becoma brittla upon ageing; this immedi-
ately limits their use as a binder of aclid propellants unlesa add;tiveu‘areuﬁp;ro-
duced to improve their mechanical propertiea. The additivea can be a yhplq geriea
of polymers, such as polyamides, polyaatera, polyvinyl acetqte_;nd thiockols. The
thiokole and the polyamidea have proved to be the best. The capolyners‘formed_with
them have excellent binding propertiea and, furthermore, retain their elastic;ty
within wide temperature ranges (-50°C to 80°C), which ia not the caae (particularly
at low temperatures) for other resim typea.

Epoxy resins are used in the form of liquid condensation products of epiéhloro-
hydrin with alirhatic or aromatic alcohiola. They are diglycidyl polyethers. In the
case of 1,2-epoxy-3-chloropropane they are compounds of the type:

CH, CH- CH, (O-k °, O R O CH,- CH-CH,

N,/ NS
QO [§]

= —CXI:“—', '—Cg}‘h—, —Cr,]"'g—— n= (),1,2,3

Condensation prcceeds in the preaence of NaOH or BF3 [107]). The liquid conden-~

sat

v

is subjected to hardening. Resins with the most divergent mechanical proper=~
ties can be obtained as a function of the condeiaate composition, hardener type,
time and temperature of hardening.

Other epichlorohydrins used are: 1,Z-epuxy—A-Ehlorobutune; 1,2-epoxy-8~bromo~
acetate; 2,3-epoxy-5-chlorododecane; 5,6-epoxy-7-bromoeicosane.

Aromatic .nd aliphatic alcohols are both used for condensation. The aliphatic
alcohols have 2-20 carbon atoms and 2- 7 —Cd groups in the molecule. Among others,
rhey are: ethylene glycol, glycerine; 1,8-dihydroxyacetate; 1,3,5-trihydroxydode-
cane; 1,2-ditiydroxyeicosane; diethylene and hexaethylene glycel. The aromatic
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alcohols are: resorcino;, pyro;atechol hydroquinone, ethylresorcinol, ox(é-hy-
droxyphenyl)methane (appearing under the name of Bisphenol F); ‘dimethyl- di(é hv-
droxypbenyl)methane (Bisphenol A 2 2-di(4-hydroxyphenyl)butane- _1,5»61hydro;y~
‘naphthalene; 3,3-di(p-hydroxypﬁényl)valerianic acid; 1,B-di(pfhydroxyph;ﬁyogén;a—‘
decane.. ' | |

However, aliphatic alcohols with 2-12 carbon atoms and 2 —OH groups-in the
molecule are best for condensation. Condensates with these alcoholq have the grrat-
est force of cohesion.

It can happen that the condensation products have too hig@ a viscosity, which
would te a drawhéck in subsequent operafions. In this case; salvggts are qseé,
which alsc have the ability of entering into the re;Etion during hardening. These
are substances related to the above-mhntioned'condens;tiog P;éducts, as, for exam-
ple, allyl glycidyl ether, bufyl glycidyl ether, phenyl glycidyl elhér_(the producta
of the reaction of 1 mole of 1,2-epoxy-3-chloroéropane with 1 mole of the corres-
ponding allyl, butyl or phenyl alecchol). - -

The hardeners for epoxy resirs are primary, secondary and tertiary amines,
.e.g., ethylene diamine, ethylene triamine, triethylene tetramin;, m;thylene diani—
line, m-phenyl diamine, 4,4'-dizminodiph~nvlsulphone, dimethylaminomethyl phenol;
liquid polyamides with the —NHZ and —CO0OH groups; acid anhyorides, e;g., phthalic,
hexahydro phthalic, dodecylsuccinic, boron trifluoride complexes with amines; liquid
organic polysulfides (thiokols).

Hardeners of active resins such as dimethylaminomethylphenol are used to the
extent of 2-3% while hardeners of polyamides are used 30-50%.

Liquid polyamides -~ the products of reactions between dimers or trimers of
oleic acids and diamines or triamines (ethyleng diamine, diethyl’ene triamine), have
proved to be the best for copolymerization with epoxy resins. Other polyamides that
are uzeful here are the condencaticrn products of the following constituents:

(a, Polycarboxylic acids with 2-36 carbon atoms in the molecule: oxaliz, ma-

lonic, succinic, adipic, cetylmalonic; fumaric, maleic, allylmalonic, dilinoleic
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(dimer); phﬁhalic, 1,3,5-bgnzenétricarbozylié} ethylphthatic,
I (b} M with at leact 2 axino groupq possessing at least onz bydrog_en'-atéa
at toe nitrogen atow. They can contain 2-5 aminc groups and 1-25 carbon atoms,
e.g., ethylene diamine, trimethylene diamine, tetramethylene diamine, hexagg@hylene
diamine, diethylene triaaine, triethylene tei.amine, tetraethyleqe peutamiune, ?heuf

ylene diamine, 2,2-di(p-asinophenyl)propane.

(c} Urea derivatives

Ri—NH-CO-NE-Rz Rl,Rzl- H,'hydrocarbén chains with 1-12 carbou atoms;ffqr‘éxample:
methyl urea, ethyl urea, tertiary butyl urea, g;grdimethyl ureé, gxg-diethyl urea,
N-ethyl-Nipropyl urea, Ne-ethyl-N'-pentyl urea; N-prepyl-litcyzichexyl urea, sym- '
dioctyl urea, sym-didodecyl urea, sym-diphenyl ufea, N-mgthyl—N'fphenyl urea,rN-
metiyl-N'-fnaphthyl urea. Urea dorivatives with 3-15‘carbon atoms in the molec#le
ahd with aliphatic suostituents are the best. Mixtures of various aminee or urea
derivatives are also used for polycondensatio;. 7

In addition to the polyamides, polyester—polyemide copolymers are also used as
additives to epoxy resine. Polycarboxylic acid is subjected to partial esterifica-
tion bv a polyhydroxy alcohol; and the resultant polyester, which still contains a
certain nu~ber of ~COOH groups, is subjected to condensation wiﬁh a polyamine or a
urea derivative. For example. esterification of sebacic acid gith pol&ethylene gly-
col (mol. wt., 400) is carried out in a molar ratic of 2:1. The esterification pro-
duct reacts with sym-dimethyl urea, yielding a polyester-polyamide copolym;r.

After intermixing the I resins -- epoxy and polyamide or polyamide-polyester —-
and aiter introcuzing the oxidizer and additivgs, the mixture hardens within a tem-
perature range of 20-9G°C, preferably 20-70°C.

Epoxy-polyamide resins, as already stated, exhibit a good breaking strength
within a wide temperature range; this is indicated by the example below.

Four resins with the following composition were prepared:
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Weight

‘percent ' ;'
A Araldit 502 30
Neasimid., W0 -~ ‘Araldit 502 - a condensate
Tri (dimethylamino- of epichlorohydrin with di-
methyl) phenol 3 'methyl-di-(Erhydroxvphenyl\
B Araldit 502 50 uethape:
Versamid 125 50 -
ORI ) 08 &0 Versamid 125.- a.polyamide with
Versamid 125 40 ‘reactive amino groups
D Araldit 502 70
Versamid 125 30

They harden at rcom temperature. Strips 2.5 mm thick and 13 mn wide were used

for the studies. The mechanical properties of these resins are glven in Table 6.1.

TABLE 6.1. SOME PROPERTIES OF EPOXY-POLYAMIDE RESINS

~54°C 2‘6°C - 7400
Resin | Impact Impact | Impact , e
strength Elo?gition strength Elo?thion strength Elo?g?tion
[kg/cm?] . {kg/cm?] [kg/cm2] |
B 232 4 197 35 11 32
c 148 4 352 33 42 48
D 86 2.5 337 13 24 46

As can be seen, the best properties are exhibited by resin-C with a composi-
tion of 60% epoxy resin and 40% polyamide resin.

Epoxy-polyamide ins are particularly well suited for inmhibition of the
charge surface (the purpose of which is to limit the burning surface) because they
achieve an excellent union with other resins as well as with the contalner walls.
At the same time, they retain thelr elasticity within a wide temperature ranée;

this is advantageous in preventing cracking or detachment of the charge coating
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layer. In order to izprove the impact strength at temperaﬁﬁyés higher thin room
temperature, fabrics or porous mat;rigls_fo:péd of polyamidé,_p@lyacryioﬁiﬁriie.
methacrylates, poiyes;ers, polyethyiene, cellulo;e aceiqﬁg,'ethylxcellq{ose, pb;y-
vinyl chloride; polystyrene or cotton are‘imptegngted with epoxy-pOIYamide_rciihq.
Such fabrics are fféqdently‘applied in several l;yers. Coatings formed in this wan-
lner ietaiﬁ the high adhesion and elasticity of the epoxy-polyamide-resins‘and im-
prove the impact stiength at elevated temﬁeratures. They are a}go very resigtantlto
continuous and violent temperature changeé. For example, a strip gonposeqnpf'3'1ay-
ers of polyamide fabric impregnated with-the above-mentioned resin C and hardened

exhibits the following properties [108,109].

—54°C - 27°C 74°C
Impact strength [kg/cm2] 661 633 422
Elongation [%] 36 39 52

Thiockols also bring about marked improvement in the properties of epoxy resins.
Thickols are the thioplasts which result from the polycondensation of sodium
polysulphide with the dichloroderivatives of hydrocarbens, ethecs, efc.

For example, the so-called thiokol B with B, B'-dichlorodiefhyl ether

- NaCl

C! CH,-CH, -O-.CH,- CH,~ CL+Na,S, — I CH, CH,—

--O0 CH,--CH,'S!'S .
S1'S

Both solid and liquid polymers can be obtained, depending on the initisl pro-

ducts and the degree of polycondensation.

Liquid polycondensates can also be obtained by the partial reduction of solid
ones. Then, t. ' long chains end in thiolic —SH groups.

In order to improve the mechonical properties, the tniokols are subjected to
desulfurizstion. The coordinately-boun& gulfur atcms are celectively removed by

the action of lyes {8].
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It 1s better if R ia a long hydrocarbon chain because‘theq'thi;ggfcqnlgit sul-

fur conteﬁf 1 reduced; sulfur is inconvenient due to ita low cdlorif1¢'vaIUe‘ihd
the-fprmation of combustign products with”a high molecul?r,wéighg_(502‘-;nq1, btfi

64). | : |
fhe thiokola ‘designated by LPézfgﬂd'LP13 are the best Enown. Thiokol LP-2 ia

a disulfide obtained from dichloro~diethoxy methar. (98%)

Cl—CH,CH;~0-~CHy—0—CH;CH:C}

and from 1,2,3-trichloropropane (2%), which has a suitable space lattice for the

purpose. The result is a polycondensate with the schematic formula

H(SCH,CH, -O- CH, O-CH,CH,- S--),,- $- CH,—CH--CH,

SH
~$--S- CH,CH, O--CH, O—CH(CH,-S-H ,

Thiokol LP-3 1is similar but its molecular weight is only one-third as great:

HS(CH;C Hy—O—CHy~-0- -CHzCHg—-S—-S-'-)s—-—
_CHQCHQOCHﬂ{)CHQCHQSH .

p-quinone dioxime and PbO2 are most frequently used as vulcanizers for these
thiokols. Their accelerants are salicylic and maieic acids, ZnCrG‘,‘, and diphenyl
guanidine. The plasticizers are: furfural, phenol, monc- and dinitroprenane, di-
(methoxy-ethoxy-ethyl)azelate aud o-nitrodiphenyl [45].

Hardening of the liquid thiockols depends on oxidation of the R—SH groups to
R=5—S—R. Due t6 the large linear dimensicns of tne liquid thiokel molecules, this
hardening scarcely results in any volumegric changes at all. 71t 1is thus possible to

form a grain with very large dimensions (even * 4 meters in diameter) without the
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appearance oI stresses. This s the greatest and most decisive advantage of using
thiokols aslbinders_in solid propellants. At the present time, thioavls are gener-
ally not used separately (by themselves) but: they afg_inp;oved'by égmbinatibn;wi;ﬁ.
other resins, particularly epqu'feains. |

Thiokols are capable of forming transverse bonds with epoxy resins, and thus

ed.by amines:

dimethyl-amino-methyl-phensl DMP-10
tri-dimethyl-amino-methyl-phenol DMP-30
diethylene triamine | DET
benzyl-dimethylamine BDA

These amines are used in amounts of 10% in relation to the epoxy resin. 4
greater elongation, a lower sensitivity to impact and a decreased brittleness [46]

are obtained in the polysulfide (Table 6.2);

TABLE 6.2. THE INFLUENCE OF THIOKOL ON EPOXY RESIN PROPERTIES

Thiokol LP~3 in parts
by weight to 100 parts | Tensile Elongation Coefficient of
No. by weight ot epoxy strength [g] F thermal expansion
resin + 10 parts by [k /cmz] [cm/cm°C'105]
weight of DMP-30 g
1 0 246 0.2% 4.5
z 25 : 387 1 T.5
3 33 457 2 6.0
a4 50 506 5 7.5
S 75 216 7 10.0
6 100 165 10 _ 13.5
7 200 10.5 300 | 15.0

Data for mixtures hardened for 7 days at 25°C

Hardening at room temperature ia carried out for 24-36 hours, and the optimal
properties are obtained aiter 7 days. Hardening at 121°C réquirés aocout 1 hour.
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16.1.2. Vinyl-based resine

Polyvinyl chloride

I H cr:; ]

I g
1
H H Jn

is.obtained by the polymerization of vinyl chloride ClHC = CHZ, which can be regard-

ed as an ester of hydrogen chloride and yinyl:glcohol. Vinyi;chloriQe-is obtained
by th: action of hydrogen chloride on acetyléne in the gaseous phase. The polymer-
ized product is commercially av=ilable primsrily as a white, powdered,suhstance.
Due to the low cost of the raw materials and the éimplicity of preparation, it is
one of the least expensive polymers. |

The best binders for solid propellants are prepared by mixing i part by weight
of polyvinyl chloride with 1 part by weight of plasticizer. Hardening t;kés plaCQ
at 160-175°C within several minutes. In order to increaée'the durability, it is
necessary to add an HCl-absorbing stabllizer because the evolution of ‘even 'small
quantities of HCl can cause polymer decompositionm.

Polyvinyl chloride is thermoplastic and its elasticity is retained from —50°C
to v 60°C, However, it has a significant drawback in the large chlorine content
{56%), which very disadvantageously increases the mean molecular weight of the com-
bustion products because of its high atomic weight. Consequently, polyvinyl chlo-
ride is used less and less frequently in rocket propellants [37, 47, 48],

Polyvinyl acetate

C~C-- O
C

%
I'I 0 C Ha n

can be used alone as a binder, but it is better in a mixture with other substances
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o= as a copolymer: for example, with the addition of 282 styrene-acrylonitrile ca~
polymer and possibly also asphalt [49]. However, the copblyn@r,consiating’oﬁ?lOiﬁ
vinyl acetate and 90% vinyl chloride {Vinylit VYNU, etc.) is more frequently en-

countered [37,50].

Polyvinyl aléohol nitrate is obtaihéa by the nitration of polyvinyl ;1cobq1'ip
a sulfuric acid solution at a temperature 05'40-50°c. ‘The product obtained is read-
ily #ulverized and softens at 40-50°C. ‘A uaximum of 13.5—1475!‘d£ nitrogen can be
inéorporated. Pdlyv&n&l alcoh@ilnitrate,fé_inflammable,-aﬁdWitfis.nét very durable.
Tt can be used s an sdditive’ for' other bipders bist fhissia aeldom done’ [36] becnuse
it has poor binding properties. :

: Polﬁstxreﬁe

1

- H H
| Lot
i ﬁf)}
L v

Styrene, or vinylbenzene, is obtained by the dehydrogenation of ethylbenzene
under a reduced pressure. The polymerization product is thermoplastic but so brit-
tle that it readily lends itself to grinding. It folléws from this that: polystyrene
cannot be used as a binder by itself. On the other hand, numerous copqume;s, such

as styrene-butadiene, styrene-unsaturated ester, styrene-acryionitrile, etc{,‘aré

used.
Polvvinylpyridine perchlorate N
N .
[—CH—CH,~
N
@)—CH—CH ~
! | (c109) 1 | g, (€109),
I H rn 1
, L H n

The corresponding polymers, which are not used by themselves, are obtained by
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the polymerization of 2wvin¥1pyridiﬂé or .4-vinylpyridine. Om the_dth;:3hanﬂ;‘ﬁﬁére
are references to the use of the perchlorates of these polymers. |

The salt of perchloric acid and pdly—z-vinylpyr£dine.is'g solid substance with
a melting point of 85°C, and it readily burms in aﬁ inert atmosphere. This salt is

bri;tle, but it becomes a thermoplastic mass in the presence of nitroglycerim [51].

Methyl polymethacrylate and polyacrylonitrile

b CH,
i
-—__CH,-- C-- _ -C;HI—‘GH—
| . and g
?=o oN L.
1 O CH’.I !

Methyl polymethacrylate can be used as a binder because it 'ias excellent binding

properties, its solutions in plasticizers exhibit a high viscbsity-andﬂit;is’reéis-

tant to impact. The monomer is readily polymerized by heating, preferably with
: g some polymerization c;talyzer (benzoyl peroxide). Il
Polyacrylonitrile is used less frequently because the monomer is a toxic éub—
stance and, donéequently, great care must be taken in its polymétizafion.
i Methyl methacrylate and acrylonitrile are both very expensive and, consequent-
ly, are not used alone in rocket propellants, but rather as copolymers. Théyrare
frequently added in small quantities along with other bonding substances for better

propellant particle bonding [52, 53].

. 6.1.3. Unsaturated amides and urethans
We inciude the ammonolysis products of acid chlorides, in which'at least one
reactant has a double bond, in this group. These are amides and urethans, in which

the ratio of oxygen to carbon 0:C is less than 1:6, and which are expressed by the

e

general formula

Q)
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where; B, alkenyl or alkenoxyl,
R“—Hr a lower alkyl, a I;wer-alkenyl or -ﬂOf,
R’*—H, a lower alkyi, a’ lower alkenyl.
Whereby at least oné R is unsaturated.
In particular, these compounds are: (;) N,N-dimethylacryl amide, (2) N-nepéyl-
acrylic amide, (3) N-nitro-H—méthylacrylicrqmide,_(4) acrylic amide,.(S)‘ﬁ,N-dialf

lylformic anide, (6} vinyl N,N-dimethyl-carbamate.

b ]

1, 2 and 5 are obtained by the condensation of the amine with zn acid chloride,

3 by the nitration of N-methylacrylic amide with nitric acid and 6 by the reaction .

of the amine with the unsaturated oxy-acid chloride.

These compounds have a very interesting property. 1In the monomeric state they.
dissolve from 5-30% of oxidizers consisting of pexchlorate, nitrate and chlorate
of ammonium or &mines such as:

. CH;NHa,
(CH;):NH, (CHa)lN, (CH)NH--CGH,, (CH,),N-CH,, NH, C/H,,
: .

&) ] . A Ly
(CHa)‘Nﬁ, {C,H,),N, (CH,),N—CH, - CH,, ((‘!H,‘]:,I\'@—CH_1 CH

In this case the dizrolved oxidizer is evolved during polymerization in the

form of a very fine suspension. The oxidizer introduced into the monomer is then

partially dissolved and partially dispersed and consequently can be incorporated in

amounts greater than the dissolved amount, which usually constitqtes a few percent

of the fuel. Because the dissolved fraction precipitates out during pelymerization,

a propellant prepared in this manner does not contradict the prerequisite thet the

oxidizer should be insoluble in the binder. 1
Other unsaturated compounds, such as styrene, methyl acrylate, acrylonitrile,

etc., can alsc be incorporated in the moncmer iu small amounts. However, oxidizer

solubility decreases with increasing content of these compounds. Consequently, the

above compounds are not added in amounts greater than 25% with respect to th: bind-

er.

Polymerization is carried out at 25-100°C, but preferably below 5(°C, utilizing

12




the commonly used polymerization catalyzers, such as organic patoxidéﬁ;iffaﬁi;fflé
hfesents'the‘propertiegfof*hgnaniun,nitrdte'solutibhafin'mononefidifN;di-gth§1:

acrylamide.

TABLE 6.3. NH,NO

N0, SOLUBILITY IN N,N-DIMETHYL ACRYLAMIDE
? N, N-dimethyl il Temperature ‘of
acrylamide 43 - solidification
(%1 § J it
100 ‘ .0 —25 to —26
96.85 3.13 -27
91.90 8.10 -32
§4.94 15.06 do not solidify
81.03 - 18.97 even at —75°C
75.06 2% .94 24.9
74.14 25.86 40

The zolubility of amsonium nitrate (NHAN03) in N,N-dimethyl acrylamide at 25°C

is 254, that of ammonium perchlorate (NHacloa), 32%. Héieover, these solutions are

readily polyuerized [54].

6.1.4. Furiuryl alcohol
A condensate which is capable of polymerization even in the presence of nitro
compounds is obtained bty the condensation of furfuryl alcohol with the evolution of
water, The above capability 1s s veiy significant characteristic because the pre-

sence of nitro groups renders the polymerization of most monomers impossible. This

is one of the few exceptions. Due to this characteristic of the condensate, high-
energy nitro~compounds, such as pentaerythritol tetranitrate, hexogen, tetranitro-
butane, etc., can be added to the propellant with no adverse effect on the harden-
ing process.

Polymerization of the condensate takes place with the aid of the double bhonds

of the furan ring under the effect of strong acids,‘strong bases, or salts of weak
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ring and form chain. amides

0
Y4
~C - 6=3,4,5
-Ho  ——C @=3.4
H,N ~ (CH,), — COOH ——— (CH,), |
B
0
# 0
n (cii/)/(lz [ ¢-(ciy. ~ N
TS —nNn iCdda~ MLl ny

The polyamides and the polylac;ams have both been mentioned mauy times as bind-
ers for solid propellants. However, both of'ﬁhem are rathér costly resins and hence
their use 1s:iimi£ed.

Lactams with 5-7 members in the ring lend themselves to polymerization. They

are readily polymerized even with large contehts of anﬁydroué-sddihﬁ perchlorate or

anhydrous potassium perchlcrate at a relatively low temperature in the presence of
a basic inorganic catalyzer and with an organic polymerization initiator.

The following lactams are used: pyrrolidone-2, piperidone-2, and e-caprolactam

CIH, CH,
e e
‘i‘”z (i:“= Gil,  CH, CH, \cu..
CH, C-0O CH &0 : E
\.\ ? / s '2 /)‘ (.AII’ (;H’
~H NH - NH-—-C-0
1 pyrrolidone-2 piperidone-2 e-caprolactam,

The ac.ive catalyzers are the alkali metals and the aikaliue-earth metals as

1 well as their derivativés: hyﬁrides, borohydfides, oxides, hydroxides, carbonatés
| and amides. These catalyzers are added in amounts of 0.05-5%, prefgr;bly fron 0.1
r to 1X with respect to the lactam.
f Polymerization initiacors are N,N-diacyl compounds of the type

oy
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#CH, = CH - (Ci-- CH, [ CH, -CH~CCl--CH, ,]
»

polychloroprenc.

All these polymers have good elastic prcperties; however, only carbon and hy~
drogen (sometimes chlorine) enter into their compésition. ‘Therefore, a very large
proportion of oxidizer is required for complete gasification {over 80% oxidizer),
and with such a content the properties of the propellant become uhsatisfactory from
the mechanical point of view [56]. |

Polyisobutylene is suitable for use here because all that is required is to
mix it hot with the oxidizer and additives. After cooling, the propellant is ready.
However, the high cost of polyisobutylene precludes its use on a large scale, al-
though references to its use in some rockets have been found. For example, the Sky-

lark rocket employs a propellant of composition:

ammonium perchlorate NH4C104

ammonium picrate
polyisobutylene
and has a specific impulse of 177 sec [56, 57, 58].

Polymerized chloroprene is known under the nawe neopreme. Of course, its use
is mentioned only in passing because it is rarely used due to its high chlorine con-
tent, which substantially increases the mean molecular weight of the combustion
gases [39, 58, 59].

Polybutadiene and other polydienes can be used independently &s binders, but,
as already mentioned, a stoichiometric amount uf oxidizer carnot be incorporated in
them. It follows from this that the specific impulses of these propellants will not
be high, especially when ammonium nitrate is used, which contains a lesser amount of
active oxygen per unit of volume than ammonium perchlorate, and the divergence be-

tween the required stoichiometric oxidizer amount and the actual content then in-

créases.




fome sources mention an NH4N03 content higher than 80X in fuels with poiybuta-
diene binders (10%) and 10% additives such as combustion catalyzers, garboh black,
plasticizer and vulcanizer. They state that about 91% ammonium nitrate is néedgd
for gasification of the polyﬁutadiene fuel.

In order to be able to incorporate stoichicmetric amounts of oxi&izer, it is
necessary to increase the.bonding ability of the polydienes. This is achieved by
copolymerization with other unsaturated coméounds-or by the addition of certain
types of pitches. |

6.1.6. Copolymers of dienes and aikenes
with other unsaturated monomers

The most importantlcopolymers are combinations of diénes with vinyipyridine,
vinylquinoline and vinylisoquinoline derivatives. These are rubber-like substances
which can be vulcanizeo and have excellent mechanical properties ~zven with large
dispersed substance contents. It is not strange that they have recently been class-
ed as the most desirable and "up-to-date" binders; they are superic: even to the
polyure*hans.

The follouving dienes are used for copolymerization: butadiene~1,3; isoprene;
piperylene; methyl pentadiene; 2-methyl butadiene-1,3; 2,3-dimethyl butadiene~-1,3;
chloroprene; alkoxy derivatives such as 2,3-dimethyl hexadiene 1,3; phenyl butadi-
ene; 2-methoxy-3-ethyl butadiene; 2-ethoxy-3-ethyl hexadiene-1,3; 2-cyano-butadiene-
1,3.

D;cnes with 4 to 8 carbon atoms in the molecule are most frequently used. Di-
eide mixtures can also be used, e.g., butadiene~1,3 with isoprene.

Heterocyclic N-bases should contain only one group

CH .<(;/R, where R’ H ., CH,
= G
whether it is a vinyl or an o-methyl vinyl, or an isopropenyl group.

Various heterocyclic N-base derivatives can be used, but the total amount of
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carbon in the chains attached to the carbon of the ring can not exceed the number 15
because the polymerizatién rate decreases with inureasing alkyllgroﬁps,

Compounds substituted with ~CH, and —C,H, groups are commercially ;vailable.
1 The heterocycl!{.: N-base derivatives in use are genéfally représentéd’sy'ihé

fcrmulas

where R = hydrogeun or any of the following groups: alkyl, vinyl, a-methyl vinyl,
alkoxy, halide, hydroxyl, cyanogen, aroxy, aryl and combinations of these groups
such as: halide-alkyl, alkyl-aryl, hydroxyl-aryl, etc.

In particular, the compounds are as follows:

2-vinyl pyridine 2-vinyl-5-ethyl pyridine

E 2-methyl-5-vinyl pyridine 4~vinyl pyridine
2,3,4-trimethyl-5-vinyl pyridine | 3,4,5,6-tetramethyl-2-vinyl pyridine
3~ethyl-5-vinyl pyridine 2,¢€ diethyl—4-v1nyi pyridine
2-isopropyl-4-nonyl-5-vinyl pyridine 5-viny1.pyridine

2-methyl-5-undecyl-3-vinyl pyridine

2,4-dimethyl-5,6-cipentyl-3-vinyl

. pyridine
. 2-decyi~5-(a-methyl vinyl) pyridine 2-(a~-methyl vinyl) pyridine
| 2-vinyl-3~-methyl-5-ethyl pyridine 3-vinyl-5-ethoxy pyridine
z-methoxy-4-chloro-6-vinyl pyridine 2-vinyl-4,5-dichloropyridine
2-(z-methyl vinyl)-4-hydroxy-6- 2-vinyl-4-phenoxy-5-methyl pyridine
cyanopyridine

2-cyano-5-(a-methyl vinyl) pyridine

3-vinyl-4-methyl pyridine




3-viryi-5-(hydroxy phenyl) pyridime 2-vinyl ouinoline

2-vinyl-4~ethyl quinoline ; 3-vinyl-6,7-di(n-propyl) quinoline
2-met§y1—4-nonylf6—vinyl quinoline 3-vinyl isoquinoline

4-(a-methyl vinyl)-S»dodgcyl quinoline

1,6~dimethyl-3-vinyl isoquinoline

2-vinyl-4-benzyl quinoline

3-vinyl-5-chlorocethyl quinoiine

3-vinyl-5,6-dichloro isoquiﬁoline

2-vinyl-6-ethoxy~7~-methyl quinoline

3-vinyl-6-hydroxymethyl isoquino’ine

l-vinyl isoquinoline.

The most advantageous copolymer is the one with 902 butadieme-1,3 and 10% 2-
methyl-5-vinyl pyridine; in c¢ther words, there are about 18 butadienz molecuies,
more or less, for each 2-methyl-5-vinyl pyridine molecule. This copolymer has the

following schematic appearance:

(\\J — CH—ClI,~(CH,~CH=CH~CH, =)~
H.C ‘\],

although the number of butadiene molecules (or parts of molecules) between the py-
ridine rings is variable, depending on the instantaneous concentrations and the ar-
rangement £ the moleculgs of the 2 constituents at a given location at the moment
or copolymerization.

This copolymer is designated as 90/10 Bd/MVP.

With respect to the quantities of the 2 copolymer constituents, some recommend
75-95% dienes and 5-25% heterccyclic N-bases [39,60], others, 50-95% and 5-50%, re-
spectively [36,61].

It is also possible to use 3 constituents. Then 50% of the dieme amount is re-

placed with styrene, acrylonitrile, etc. [39,60].
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- folymerization is carried out in a mass or an emulsion. Tt is desirable to
add up to 35 parts carbon black for each 100 parts of comonomer.

Various vulcanizing or quaternizing agents ard hardeners are used to facilitate
harde1ing.

The vulcani;ers are the same as those used in natural or svathetic rubbers,
Generally, they are sulfur, p-quinone GMF-di~xime, etc. The accele-ants afe di-

. phenyl guanidine, dithio korbaminate derivatives such as Bufyl Eight and SA-113, or
benzothiazole derivatives, such as NOBS Special; while among inorganic compounds,
zinc oxide Zn0 and magnes(rm oxide Mg may be used.

The hardening temperature ranges from 21 to 121°C and, depending on the temper-

ature, the hardening time i{s from 3 hours to 28 days.

Quaternizing agents are cdmpouﬁds which cooperate with the nitrogen of the PYy-
ridine ring or other heterocyclic N-bases. They are alkyl halides, such as methyl
iodide, methyl bromide; alkylene halides, such as methylene iodide and ethylene 5:0-
mide; substituted alkanes, such as chloroform and bromoform; alkyl sulfates, such as
methyl sulfate: and others, e.g., benzoyl chloride, methyl benéeneéulfouate, benzyl-
idine chloride, benzal chloride, benzyl chloride, hexachloro-p-xyleme, etc. {62],

The quaternization temperature used ranges from 0 to 175°C.

‘It 1s said that nickel and cobalt salts in the presence of magnesium or:zinc

oxides are excellent hardeners of copolymers of dienes with heteracyclic N-bases.
These salts induce instantaneous hardening if they are used in small amounts. Only
water~soluble compounds are effective; thue, c¢nloriies, nitrates, suifates, etc.

These salts are added in amounts of 0,05-10 (preferably, 0.5-5) parts by weight
to 100 parts by weight of the propellant. The hardening time can be regulated from
a half minute to 8 hours in a temperature range from 29.5 to 85°C.

It is necessarv to form the copolymer before the addition of nickel and cobalt
salts because these salts form complex compounds with the heterocyclic N-bases and
these complexes do not have the ability to harden.

By way of example, a propellant with a composition (in parts by weight) of
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83,5 parts of NH4N03. 16.5 parts of compustible component and 4 parts of (NH4)20r207
hardens instantaneously after the addition of 1 part of amhydrous mickel chloride
NiCl2 to 100 parts of the mixture. The combustible component of this propellaﬁt

has the following compositioh:

100 parts of the 90/10 c0polymer'cf butadiene with
2-methyl-5-vinyl pyridine,

22 parts of carbon black,

20 parts of plasticizer ZP-211 (section 6.3),

3 parts of flexamine as the stabilizer ‘(section 7.1.2),
3.3 parts Mg0, '

2 parts of Milori blue as the burning rate catalyzer
(section 7.2.1). ' = gl :

On the other hand, 18 parts of this same combustible component with 82 parts of
NH,NO, will not harden after 48 hours of heating at 82°C without 4 hardener. In a
propellant of composition: 18 parts of combustible component, 82 parts cf NH4N03
and 2 parts of Milori blue, the tensile strength barely doubles after 12 hours of
heating at 82°C. The tensile strength also doubtles in a propellant with th? compo-
sition: 18 parts combustible component, 82 parts NH4N03, 2 parts Milori §1ué and
0.5 part Mg0, when heated for 24 hours at 82°C. A aickel chloride complex with 2-
methyl-5-vinyl pyridine, added in the amount of 2 parts to 100 parts of prqpellant,
does not induce hardening after 24 hours at 82°C (the tensile strength scarcely in-
creases by 1/4).

It is evident from the above that nickel and cobalt salts are excellent harden-
ers and can be used at room temperature, a feature that is very important with re-
spect t¢ avoiding thermal stresses [63].

Compustible components with copolymers of dienmes and N-bases can be improved
by the addition of a special type of pitch. Then, larger oxidizer amounts can be
incorporated, whereby the propellant retains excellent mechanical properties.

Combinations of butadiene-1,3 with styreme, called GR-S,IBuna S, or Buna S5

rubber, depending on the ratio of the 2 constituents, are among the other fréquently
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encountered copolymers. This copolymer has the following schemai !« appearance:

at

? i (CH. -CH ==
nr CH, == CH--CH - CH, 4 ny CH=CH,
N\ -
’ CH-CH,). | CH CH,
%
\Q‘/ ¥ AR e

GR~S rubber contalns from 1 or 2 to 257 styrenme; the best type is GR~S 1505
with a composition of 90Z butadiene and 10% styrene. Here copolymerization proceeds
readily at a temperature as low as 5°C in the presence of a catalyzer: actigate&
iron oxide.

This copolymer is vulcanized in the same way as other synthetic or natural rub-
bers. It is used in many rocket propellants [39, 58, 59, 61, 64].

The styrene copolymer with acrylonitrile, frequently modified with asphalt, is

also used. It has the following schematic formula:

. CH -CH,,
/X CH--CH, _
my { 4+ mCH;=CH - CN - »
N
]

‘CH, CH') :
[ 4.

F

Most frequently, its composition is 15-40 mole X acrylonitrile and 60~-85 mole %
styrene; most preferaﬂly, however, 29 mole % acrylonitrile and 71 mole % styrene
{39, 49, 65].

Among the other copolymers used, we should mention isobutylene-isopfene [58],
acrylic acid-butadiene (used in the first stage of the Minuteman rocket with oxi-

dizer NH,Cl0, and with aluminum dust) [66].
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6.1.7. Polyeaters and their copolymers
Polyesters are condsmsation products of dicarboxylic aclds with di- or higher
hydroxy alcohols, in which with the wost frequently used alcohols the folymerizatiqn
products (of ethylene oxide or other alkylene oxides with the glycols or the so-

called polyglycols) are rich in oxygen (from the ether bonds)

1{CH,),0 + HO—(CH:),—OH — .
- H[~—O0~—(CHa), ~ },—O—{CHy),—OH

in which a, b= 2.3, n = 1.2 and so on, untii the value, M = 300-450, is reached.
The glycol corresponding to alkylene oxide is most frequently used, aﬁd then a = b.

The esters themselves are not used as binders, but their copolymers with ole-
fins are. In order for this copolymerization to be possible, the pdlyeéter should
possess a certain degree of unsaturation. This is achieved by the incorporation of
a certain amount of unsaturated acids, usually in the amount of 10 t; 30% of all the
acids used for the polycondensation. The acid dissolves in polyglycol aﬁd is heaied
in 2 stages:

() below 150°C and (b) 150-200°C.

At least 70% of the theoretical amount of water should be removeé. The amount
of water distilled off is a measure of polyesterification progress. The heating
lasts for 6-30 hours. The pressure is reduced toward the end.

The molecular weight of the polyester depends on:

(a) the molar ratio of alcohol to acid,

(b) the degree of over-reaction (this indicates the amﬁunt of water),

(c) the molecular weight of the alcohol and the acid.

1t is most preferable if 80% of the water i1s distilled cff. The greater the
alcohol excoess, the more cowplete the reaction. With 208 molar excess of alcohol,
the reaction is B85-95% complete. With 30% molar excess of alcohol, it is 90-100%

ccuplete. Therefore, a2 20% molar excess of alcohol is most frequently used.
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:’ The elefiu{monomer is used in amounts of 1:4 to 1:1 in'relation to the polyes-

o : ]
? ter. 50% olefin and 50% polyeater is most fréqueﬁtiy‘used.. i

b dith larger numbers of_transyerse bondé.these resins‘ére thermosetting and with

smaller aumbers, thermoplastic. - The hardening takes place at 104°C. The presence
of olefins induces the formation of a space lattice.

The copolymerization catalyzers are: tertiary-butyl hydrogen peroxide, cumene

e e P L

1 hydrogen peroxide, benzoyl peroxi&e, lauryl perokide, acetobenzoyl peroxide, di(t-
butyl) peroxide, methyl ethyl ketone pefoxide, cyclohexanol l-hydrogen peroxide,

and cycloalkane peroxides. Some catélyzers, such as dyclohexanolhl-hydrogen_pér-

oxide and cumene hydrcgen peroxide, have the ability of induéing polymerization at

room temperature. The catalyzer content is 0.5%.

The polymerization accelerants are cobalt salts, particularly cobalt naphthe-
nate.

4 large oxygen content in polyester resins is advantageoua in that the stoi-
chiometric amount of oxygen necessary for their oxidation can be achieved with a
lower oxidizer content than, for example, in the case of synthetic or naturgl rub-
bers. The frequently excessively high brittleness of these resins is a disadvan—
tage, however. Some fractions of saturated liquid polyesters (which have proved to
be excellent plasticizers and sometimes also function as surface-active agents) can
counteract this imperfection.

The following acids are used for polyesterification: oxalic, malonic, succin-

ie, glutaric, adipic, pimelic, sebaci¢ and citraconic; the unsaturated acids: ma-

leic, fumarie, citraconic, mesacoric, itaconic, etc., and also the anhydridea: ita-
conic and phthalie.

The polyhydroxy alcohels used are: ethylene glycol, diethylene glycol, tri-
ethylene glycol, propyleme glycol, glycerin, erythritol, pentaerythritol, arabinol,

adonitol, aylol, mannitol, sorbitol, dulecitol, persitol, wolamitol and the polyeth-

ylene and polypropylene glycols.

Olefins which undergo copolymerization with polyesters: prizarily styrene,
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and then vinyl acetate, the acrylates, the methacrylates, acry}onitrile,-diéllyl
glycolate, diallyl digly olate; diethyleme gliyeces dia#rylate,.ethylene_glycdl acry-
late, diethyiene glvcol.diallyl cerbonate, giallyl pﬁihalate,'diallyl maleate, pro-
ryiene glycol diacrylate, butahdiol%l,3;diacryiate: propylene, butadiene, ete. [5,
67, 68, 69]. ' A

6.:.8., Polvurethans
The polyurethans arise from tha reactionrof'diiso;yanates with di- or higher

hydrexy alcohols, depending on whether linear or spatial polymers are obtained R

AH0-R- O H4n0-C-N R NGO =

i G O

—»l-¢c R0 CcxH R NRC- ),

Tne diisocyanates arc obtained from diamines by reaction with phosgene.

Some American firms have recently synthesized nitropélyurethans. These are
polyurethans whicn were Iob’cained from nitrodiisocyanates ‘or from polyhydroxy nitro-
alcoiwols, or from both at the same time.

Nitroisocyanates have a low sensitivity to moisture at room temperature, and
they can be cbtained by a simpibr methnd than by the reaction with phosgene. It
was learned that the nitroacid halides reacf'readily with an agqueous solution of so~

dium azide ~ith the liberation of nitrogen

R’ 0 ©R
R C A € CpNaN,—oR C A NCONGCGL N, \
NO, No, 1

& = slkylene,

R alkyl, carboalkoxvl,

L}

R' = nitro, alkyl, H.

Accordingly, it is assumed that the necessary nitrodilsocyanatcs are obtained

in an analogous manner in the reaction of sodium azide with nitrodicarboxylic acid
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cbloride.

When aromatic_qiisocyapates:arg used, the nitro'groups can zppear at the ring.

1t has been fpupd:thatg;hexbest_pdlyurethans'ﬂaye 1dﬂgl}inear molecules and :
that any branching has an adverse effect. Consequeﬂtly,'bolyglycols‘ﬁifﬁrgtfaight
chains are the most useful.. Polypropylehg“glycbl doea-not'homply.dith‘this'co;di-
tion because it contains many sécondary hydroxy groupé.

. 1n order to obtain a suitable.polygIYCOl, the copolymerization qf-ethylene_ox-

ide with tetrahydrofuran in the presence of BF, and ethylene glycol has been carried

out in more.recent times.

‘N0 CH, CH, ‘Ol “wCH, G, oCH, CH,
) CH, U,
0
-~ +HOCH,CH, - O (CH,CIH, O CHCH,CHCH, O H

The molecular weight of the diol depends on the amount of catalyzer used: the
larger this amount, the lowéf the mﬁlecular weight. For example, with a 1 mole %
BF3 content, M of the diol = 52?0; with 6 mole %, M = 1220. The diol obtained ié
polymerized with 4,4'-diisocyanate of diphenyl methane. This latter compound also
serves to increase the linear dimensions of the copolymer molecuies.

1n addition to the diisocyanate mentioned, there.are references to the use of

toluene diizocyanate, which is a mixture of the 2,4~ and 2,6~isomers in-a ratio of

80:20. Of the linear aliphatic diisocyanates, hexamethylene diisocyanate is used.

Obviously, this does not exhaust even an infinitesimal proportion of diisocyanate
compounds, and a few data on this subject are required to explain the industrial and
State secrecy, because polyurethan binders are greatly superior to most other sub-h
stances due to their many advantages.

Polyurethans are obtained by mixing diols with diisocyanate and heating with

or without a catalyzer, during which time hardening takes place. Depending on the

—NCO/—0H ratio, the resins range from viscous syruj: {for low values) up to rubber-
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like products (for high values).

: The optimal properties are obtained with an excess pf‘diisocjana;es, at least
20 mole %, at the most, 30 mole X. .The.reaaon an excﬁig is necessary is probably
the partial app;arancﬁ of diisocyanate dimeréfduring copolymerization with the diol.

If space iéttige formation is necessary,” certain amounts ofétriql are also add-
ed to the reactionm.

The polyurethans are elastomers that adhere well to container walls, have a
good elongation capability and an increased amount of ox&gen in tﬂe moleculg: and
they furnish high specific impulses with ammonium perchlorate. For the ?olarisipro—
pellant based on polyurethans and NHnCIOA, the Aeroject-General firm pbtained a spe-
cific impulse greater tham 250 sec,land vith the addition of light metala, grééter
than 270 seconds. |

The Aerojet Company also synthesized nitropolyurethan, which can develop a spe-
cific impulse of 250 seconds; and with oﬁly 65% oxidizer content, it possesses a
stoichiometric amount of oxygen. A reduction of the oxidizer améhnt results in'bg;-
ter physical properties of the'bropeliant. However, this improvement is accompanied

by a greater sensitivity and a lower chemical stability of the propellant [40, 56,

70, 71, 72, 73, 74].

6.1.9. Polyamides and polylactams
Polyamides result from the condensation of polycarboxylic acida with poly-

amines. Most frequently, one or tae other is an aliphatic compound

0 O
7 Vi
# HN-~(CH,)g—NH,+ nHO : C (CH,)a- (1/-()”- .
- ' O 0
2nH,0 ] & %
——-—>» 1--NH-- [CH,)s—NH . C (CH,), C n .

On the other hand, lactams are already Intramolecular amides. They result from ithe
dehydration of the corresponding aminoacids. The molecules thus formed under the

influence of appropfiate catalyzers have the ability to break the amide bonds in the
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ring and Jorm chain amides

0 1]

4 2 8
HuN—(CH,).*COOH:E*(Cﬁj:I il 1
' ' _‘-\CNH_ g
7 3 |
n(dijﬁ? “*[-JLWHJ.%NH-} -;
TT—NH LT SN

The polyamides and the polylactams have both been mentioned mauy times as bind-
ers for solid pfOpellants.r However, both ﬁf them are rathéf costly resing and hence ; a
their use is limited. '

Lactams with 5-7 members in the ring lend themselves to polymerization. They

are readily polymerized even with large contents of anhydrous-sodium ﬁeréhlorate or -

anhydrous potassium perchlcrate at a relatively low temperature in the presence of

a basic inorganic catalyzer and with an organic polymerization initiator.

The following lactams are used: pyrrolidone-2, piperidone-2, and e-caprolactam

/(:u, CH,
YR ] e
; (l.u, ?Hg CH, }:uz CH, CH,
|
CH, C-0 CH, C O CH, CH,
7/
NH NI © NH - -C-0
pyrrolidone-2 piperidone-2 g-caprolactam

The ac.ive catalyzers are the alkali metals and the alkaline-earth metals as

* well as their derivatives: hydrides, borohydrides, oxides, hydroxides, carbonates
and amides. These catalyzers are added in amounts of 0.05-5%, preferably from 0.1
! to 1% with respect to the lactam.

Polymerization initiaiors are N,N~diacyl compounds of the type




al b SO

4 C/ i
A N--B where A is the acyl radical e T *)""§ i
R : 0o
o s ©
B is the acyl radical g A -'S‘.-.O:z'l\'—-
| 0

R is either A, or B or the aryl, alkyl, aryl-alkyl, alkyl-aryl, Cyclo-aikyl, pyri-
dyl, quinoyl or other groups containing carbomyl, N-substituted carbamyl

s £
RHN -C )

5 ]

alkoxyl, sulfonyl, tertiary amine and other groups which would not react with the
lactam or with the polymerization catalyzer.
" The A and B radicals can be Joined together, forming a ring witn the.nitrogen

{cvclic imides). Sometimes the A radical and tertiary nitrogen can form a ring

without the B radical (lactams). The best ones are N-substituted imides with 2 acyl

groups
0 0
S s
-G N--C .
R q

N-acvl lactams, such as N-acetyl-~-pyrrolidone-2, N-gcetyl-s-caprolactag, N-ben-
zoyl-e-caprolactam, N-toluoyl-u—decanolactam, etc., are ﬁarticularly effective.

Another type of N—substituted‘iﬁides contains cyclic imides of dicarboxylic
acids, for example, N-phenyl sucqinic imide, N-pheny} ﬁaleic imide, N-methyl succin-
ic imide, HX-benzoyl succinic imide, N-methyl phthalimide, N-acetyl tetrahydrophthal-

imide and N-benzoyl phthalimide.
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Compounds with larger aumbers of tertiary nitrogens are N,N', N''~-trimethyl es-
ter of 1spcyénuric acid and.H,N'—di—fphenyl—c&;bagjl)-N;ﬁ'-dimethyl urea, ;
Other imides a}e N,N-diacetfl methylamine, N;N—dibenzoyl aniline, triacetamide,
N-acetyl—N?formyl ethylamine, N4propioﬁy1 saééharin; etc. . :
The:sulfamidés are N-acetyl-N-ethyl-p-toluene kulfamidgi N-ethyl-N-Lauroyl-
ethyl sulfamide, N,N-diabétyi—methyl sulfamide; N-(phenyl éulfopyl} succinimi&e,
A N-méthyl saccharin, N-acetyl saccharin and N-acetyl-N-methyl Begzene sulfamide,

The disulfamidgs are N,N—di(p-toluene sulfonyl)‘aﬁilide;gﬁ,N-di(bénzene sul-
fonyl) méthylamine énd‘other'N,N-di(benzene sulfonyl) alkylamines and N,N-di(alkyi
éulfonyi) alkylamines, for example, N,N—di(ﬁethyl sulfonyl) ethylamine. -

The N-nitrosoamides afe‘ﬁ-ﬁitrosofpyrro;idone~2, N—nit;osuccinimide,'N,S;di-

acetyl nitrdsamine, N-nitroso-N-methyl urethan, etc.

The K-nitroso sulfamides are N-nitroso—N-methyl—benzene sulfamide;'anitrqso-

i-methyl-p~toluene sulfamide; N-nitroso-N-ethyl-methane sulfamide; N-ditrpso-ﬂ-

o S

phenéthyl-butyl_3ulfamide, etc.
One or more acyl oxygens can be replaced by sulfur without reducing the effec--

tiveness of these compouﬁds, e.g., N-thio~benzoyl pyrrolidone-2; N-thiopropionyl-

centration is used.

: maleic imide; N—phenyl-dithiosuccinic'imide and N*(n—octyl—catbamyl)-tﬂiop;;roli-
done-2.
i ; Polymerization initiators are used in amounts of 0.01-5 mole %, better 0.01-2
1 ‘
E ; mole %, best 0.1-1 mole % with respect to the lactam.
’ § . 1f a polymer with a larger molecular weight is desired, a lower initiator com-
[ .

The entire polymerization process may proceed at a temperature uprto_259°c,
preferably up to 190°C, and most preferably from 130 to 170°C. For lower-molecular-
weight lactams (pyrrolidome) this process can begin to take place at a temperature

as low as 35°C [49, 75]. . : _, \
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6.1.10. csters and cellulose derivstives
Cellulose is a nstural pelycondensste consiétiqg'of‘byclic d~glucose molecules

joined (sfte; removal of the water molecules)ﬂby_etber bonds

2 pp s
2RCJLgx;£2LJlﬂ£1;H[

In general, we can sssume the cellulose formula to be (C6H1005)n, because the

H- and Of— chsin terminal groups have little significance in view,of=thg euormous

molecular weight of cellulose, defined ss from 300,000 to 500,000.

There are only 3 hydroxy groups for 6 carbon atoms; accordingly, only a corres-

ponding number of acyl or alkyl groups can be incorporated.

Cellulose nitrate (nitrocellulose)
Nitrocellulose rzsults from the esterification’ reaction of cellulose with ni-

tric acid or with nitrating mixtures or with nitrogen oxides.
(CsH19Os), 4 nv HNO;— (CsHjp -, 05 (ONOy)Ja - nrH,0

where x can have a number of total and fractional values from 0 to 3, corresponding
to a nitrogen content (the so-called nitrogen number} or from O to 14.15%.

Pure nitrocellulose is chenically stable; but the impure subsianqé, psrticular-
lv the nitrating mixture, is resdily decomposed, is very sensitive to impact and ex-
plodes with ease. The cellulese sulfates snﬁ sulfate-nitrates which ariée'during
nitration (in the stod—HN03 nitrating mixture), and some cellulose deéomﬁbsition
and oxidation produ-ts comtribute to this instsbility. In order to avoid Ehege” Al
verse properties, the nitrocallulose is subjected to stabilization. The sulfate es-
ters in question readily undergv hydrolysis by boiling in dilute acids during pre-‘

paration. Thus, the nitrocellulose is boiled in 1Z HZSOA' then in water, later in a
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weakly alkaline solution and finally again “n water. The density.of the'vafiqus b

nitrocellulose types is about 1.65 glcm3.
Nitrocellulose dissolves in-many solvents, depending on the degree of nitrstion
as well as the method:of nitration. Colloidal solutions result. Organic and inor-
gaﬁic-estefs (nitrates, phosphates, silicates), ketones, ethers, aldéhydes,;glcOH
hols, nitrocompounds'and hetérbcyciic compqdn&slare good éqlvents:
The viscosity of the solutions 6epends on fhe size of the mqiecules as well as
the degree of nitration. Nitrocellulose with a Higher nitrogen content has a h;gher‘

viscosity in solution.

Nitrocellulose burns readily without detonstion. An'explosion can occur if it

is burned in a closeéd space.

|
3

When it is used for colloidal fuels, i.e., the so;called'smokéless powders, it
ususlly contains more than 12X N. However, the nitrogen content should not be. too
i high, in_order for the nitrocellulose to be capable of dissﬁlving when hot in poly-
hyd;oxy a;cohol nitrates and forming a homogeneous gel after cooling. Iq.somé meth-
@ ods of producing nitrocellulose and nitroglycerin powders, the nitrocqllulose must
g also dissolve in the solvents used. Usually. the most suitable substance is one
| with a nitrogen content of 12.6%.
The nitrocellulose content varies widely in different propellants, from a low
value of 20% to a high value somgwhat beloy 90%.
Explosive substances (nitroglycerin or ni;rodimethylene glycol, nitroaromatic
. and nitroaliphatic compounds) as well as nonexplosive substances (phthalates, or-
£ ganic phosphates, organic silicates and mixtures of thgm) are used as plasticizers.
Nitrocellulose is an excellent binding agent. It is very elgstic when plasti-
cizers are added. It readily binds solid substances and forms a gel of liquia con-
stituents.
The disadvantage of ritrocellulose is the impossibility of casting powder

charges due to the fact that colloidal solutions with large nitrocellulose conteuts

have such a high viscosity that it is possible to obtain only grains with small
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dianeters even by employing extrusion methods. Other‘methodsiare based on the

use of a solvent, but even in this case it is not possible to form grains of large
diameter hecause it is very difficult to evaporate off the solvent. A new method is
similar to that long used for mitrocellulose pqwdgrs\wi@hout a plast;gizgr. This
method consists of the introduction.of nitrocellulose, nitroglycerin, sﬁéb;lizers
and o.her additives to an ethyl acetate emulsion in water. During-intensivé mixing,
these constituénts dissolvg'in the ethyl acetate. Then the soivent,ististillgd
of{ and spherical particles of homogeneous propellant remain in the water. These
particles are drained aﬁd dried and .then molded (by comp?ession) into a grain of

appropriate form [6, 53, 67, 76, 77, 78, 79].

Organic esters and cellulose ethers

‘Esters of the lower aliphatic acids and cellulose are frequently used as bind-
ers for propellants. The best of these are the ;cetates. pronionates, butyrates,
etc. The esters can also be mixed, e.g., acetate-propionates, acetate-butyrates,
acet;te-sorbates, etc. They are obtained by the actio; of aﬁhydridés of the app;o-
priate acids on cellulose. .

These esters are classified by the percentage of the given acid obtained after
hydrolysis and by the viscosity of the 20% acetone solution at §5°Cf

The cellulose acetate used c;ntains 51-57% acetic acid, most preferably, 54-
56%; the viscosity in acetone at 25°C is 2-80 cp; The best ceilulose'acétate—
butyrate contains 7-55% acetic acid and 16-61% butyric acid and has a viscosity in
acetone ‘of 10-40 cp at 25°C.

The céllulbse ester particles should be spherical or nearly so, with a maximal
diameter of'lbO microﬁa and be nonporous. The best density is 1.2-1ﬂ3'g/cﬁ3.

" Like nitroceliulose, cellulose éstérs are cabable of forming a gel with the
liquid constituents and binding the solid ones. After mixing at a low tempéréture
(preferably 35°C), all the ‘substances entering into the propellant mixture'éomposi—

tion are heated to 100-155°C, depending on the composition, whereby the cellulose
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ester dlsqolves in the plasticizer, then gelation begins and the propellant hardens.
Thiq process is alsc possible at lower temperatures, but it requires a much longer
time. This is complicated by the fact that the plasticizer diffuses to the interior
of the cellulose ester partioles,‘resuiting in diminisﬁed homogeneity of the mix-
ture. If nitroglycerin is used as the softemeér, the hardening temperatures cannot

exceed 115-120°C. The propeilants obtained with cellulose esters have thermOpiastic

. properties.

The use of cellulose ethers, the so-called alkyl celluloses, as binders has
been mentioned more than once. Alkyl—group derivatives with a carbon atom content
of less than 6 are used. Most frequently encountersd  is ethyl cellulose. Alkyl

celluloses are obtained by the action of alkyl chlorides on cellulose

tn e A5,
'10i(‘110¢-l—6nC1!(,l il ,ocu\

in which the degree of etherification can be different, depending on the reaction

conditions and the amount of alkyl chloride. The monoalkyl celluloses are the best

[38, 40, 43, 44, 49, 67, 80, 81].

6.1.11. Nitrates of hydroxypolymers

Attempts have long been made to obtain highly nitrated polymers. However, as

., is well known, nitroalkenes polymerize either very reluctantly or not at all. Con-

sequently, satisfactory results could not be obtained by this method. Recently, in
vestigations have followed another course. Well known and widely used polymers con~
taining double bonds were subjected to hydroxylation by hydrogen peroxide in the

presence of a catalyzer (formic acid)
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The hyd;oxy—pplkmers obtained are subjected to esterification by nitric acid.
The resulting polymer should have a molecular weight of at least 350 and up to

500,000, and sometimes even higher, and the lodine number (Wijs' method) should be

150-625. The molecular weight is determimed by the cryometric metbod in benzene for

polymers witb a_mplecular welght of 350-2000 and for tbose with 200C-500,000 by
measuring the osmotic pressure.

These polymers result from tbe high-boiling fractioms after refiming or crack-
ing of petroléum; they are also formed by the action of acidé‘on‘cracked kerosene
as well as during the conversion of.hydrocafbons in the presence of'hydrogen fluo-

ride (the by-products are the ones that dissolve HF), porticularly in the reaction

of isoparaffin with propylene, butylenes, amylenes and olefin mixtures boiling above

260°C.

Other important olefins are the liquid dienme polymers and the copolyﬁerq: pol-
ybutadiene, polyisoprene; copolymers of diemes with other monomers, sﬁch;as’rubber-
like substances with styrene, acrylonitrile, metbacrylates, acrylates, etc.

The liquid olefin polymer should have a molecular weight less than 5,000, and
it is‘best if it is less than 2,000. These are liqgids with a Sgybolt viscosity of
106-6,000 sec at 37.8°C. A polyﬁer of tbis'tjpe can be prepared by the polymeriza-
tion of 1,3-butadiene using sodiunL

Hydroxylation is carried out wiFh hydrogen peroxide or a substance capable of
forming it, with or witbaut the presence of a sclvent, and with a catalyzer, which
may be formic acid or etbyl or methyl formate. The best conditions are a tempera-
ture of 10—?5“0 and a time of 1-60 hours. ‘ l

It is necessary to hydroxylate at least 107 of the double bonds, yreferably
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20%; out ié should not exceed 30%. Tuming HN03 is mixed with acetic aﬁhyﬂridé at a
temperature of =10 fo +10°C. The h&droxyfpolymer is gradually added to the mixture.
The amount-of nitratiné mixture is‘such tﬂat zt least 257 of the —ﬂuigroupszare-enf
terified:and that up to 1007 of the —OH gfoups can bg estefifiéd.

The pqiyﬁeré thus obfaiped can be extruded or cast under pressure into forms;
they can also be mixed with inorganic oxidizers in amow.ts of 10-50Z polymer and
SO—QbZ 6xidizer. |

Partiaiiy nitrated hydroxypolymers with a rclatively low molecular weight can
be condensed with compounds such as maleic and phfhalic anhydrides or d;isbfyanates
(nitropolyurethan resins are formed). This condensation can be carried out “in the

presence of an oxidizer [41].

r

6.1.12. AsPhalts and pitches

Products resultipg from the processing of petroleum or coal -- various types
of tars, pitches and asphalts -- are quite frequently_u;gd ?é,bindeps. ‘Formsgly,
these substances were used alone as propellant bindinyg agents, with the mere addi-
tion of p}asticizers (various 0ils) (GALCIT, the propellant of the.Polaris rocket
projectile, had the composition NHACIOA, asphalt and oils). However, at the présént
time they are improved with various polymers. Our attention is primarily dFawn to
the low cost of these substances and, depending on the production method, the_gumber
of excellent properties such‘as the good bindipg capabilitieg, elasticity. when cold,
Plasticity vhen hot, which facilitates the formation of the charges.

Asphalts are obtained by scavenging the distilled fractious or residues.with
air after the distillation of petroleum. Asphalts with a softening temperature of
66.5-149°C, preferally however 80-107°C; with a penetration greater. than 0.8 mm at
0°C and less than 4.0 mm at 46°C (accerding to ASTM); and with an ignition tempera-
ture lower than 288°C, are used. }

The drawback with asphalt is the flociing of the propellant surface dﬁr;ng com-

bustion, which can lead to an extinguishing of the flar'. This can be remedied by

215




L

AT N AR SRS P R R TN gl it o

adding thickeners; this will result in the asphalt having a high viscosity after
melting.

The pitches are especially useful. In some propellants they comstitute 50-90%

priate pitches. Their properties depend to a great extemt on the method of prepara-
:ion,  | |

Petroleum is crgcked at a temperature of 454~538°C under a pressure of 3.5-
10.5 atm. The_broductﬁoptgined is fractionated and the residue is gpackgd in anoth-
er cracking unit at 2 temperature of 482°C.and under a pressure of 3.5-28 atm. This
is the way the cracking is carsied out insofar as it is possible. The residue is
placed in a vacuum distilling unit and distilled at 315-482°C and 0.01-20 mm Hg,

preferably at 0.01-8 mm Hg. The undistilled substznce is the desired pitch.

Another method is as follows. After a weak cracking stagé, the prodﬁét is sub~
jected to distillation, the residue is further cracked and again distiliedhin a
§ vacuum. In ofder to reduce the amount of coke, an afoﬁatic solvent iS'Qdded to the
cracking and it is further treated as above.

The pitches obtained have a softening temperature of 88-121°C and a penetration
of 0-5 mm at 46°C [100 g in a period of 5 seconds]. Tﬁey contain 70—75z_a§phéltenes

and 25-30% malthenes. The asphaltenes are insoluble in light hydrocarbons.such as

n-pentane, cyclopentane, n-hexane, n-heptane, light petroleum;'efc.; on the pthgy.
hand, the malthenes are soluble. Pitches have a high aromatic coﬁpound content’ and
are lacking in naphthenes. Asphalts, on the other hand, not having such good pro-
perties as pitches, are characterized by a 25-50% asphaltene content, 3 small amount
of aromatic compounds and the presence of naphthenes.

A typical pitch has the following properties:-

softening temperature 115.6°C
density at 15.6°C 1.1 g/cm3

b e
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of the binder, preferably 60-802. There are several methods of producing the &ppro-
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penatration (100 g in a period of 5 sec)

solubility in CSé
in benzene

in'CCl4

analysis

“w o2 om0

ash.
water

oxygen and others

At present, bindera of pitch improved with the copolymer 90/10 1,3-butadiene

with 2-methyl-5-viayl pyridine (this copolymef'isideﬁoted'by tne abbreviation 90/10

Bd/MVP) have the best properties.

A neasure of the strength of a prOpellant with respect to mechanical factors ia

the cyclic ‘est, based on alternate heating and cooling of the charge, by which it

propellant, the more suitable it ia. In carrying out this‘study, the grain is sub-

jected to a temperature of —56.7°C for 24 hours, after which the temperature is in-

stantaneously raised to 76.7°C for another Z4 hours.

appear after several, a dozen or several score of .such cycles, depending on the pro-

pellant.

2117
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3.8
46.1
54,4
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87.3
7.4
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ia exposed to great thayrmal stresa changes. The more such.cyclea tolerated by the

This 1s one cycle,




The superiority of the binder, pitch + S0/10 Bd/MVP, over pitch alore is indi-

cated by the following data:

:
Propellant of composition NH4N03 82.95
KNO, " 9,22
Pitch 4.11 (pitch:Bd/MVP ratio, 70:30)
90/10 Bd/MVP 1.76
(i) ,Cr,0, 1.96

tolerates 65 cycles ghile an identical propellant withfpi:ch alone tolerates only
15 cycles, e

On the other hand, the superiority of pi;;h over asphalt is indicated in the
data of a number of propellants (Tables 6.4 and 6.5).

It 1s evideﬁt from Fhe above ‘that }n sgite of crystal transformations of ithe
ammonium nitrate, the propellant with the binder, ;itch + Bd/MVP, tolerates as many
as 65 cycles, i.e., more than 4 times more than in tﬁe‘best‘casa.involving the use

of asphalt. It 1s also worthy of note that the binder amounts to less than 6X cf
: i
" TABLE 6.4. THE PROPERTIES OF PROPELLANTS CONTAINING
ASPHALT AND FORMED BY COMPRESSION MOLDING .

Combositioa_i%)

Constituents : : ‘
N 111
*NH,NO, 82.95 | 82.95 | 82.95
kN0, C9.22 | 922 | 9.22
Asphalt with a softening point of 76.7°C 5.87 - 4.11
Asphslt with a softening point of 132.2°C et V45,87 -

90/10 Bd/MVP (containing 20 parts by
welght of carbon black and 3 parts by
welght of stabilizer per 100 parts by

weight of copolymer) - - 1.76 .
(NH4)20r207 . 2 S B [ e ) 1.96
Number of cycles 15 5 10
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‘TABLE 6.5. THE PROPERTIES' OF PROPELLANTS CONTAINING ASPHALT
OR PITCH FORMED BY THE METHOD INVOLVING SOLVENTS :

Cb!pdsition-(Z)
Constituents B sty o e o
- NH N0, 82.95 | 82.95
KNO,, \ 9211 9,21
Pitch with softening point of 115.6°C 3.92 -
Asphslt with softening point of 132.2°C - 3.92
90/10 Bd/MVP | 1,96 1.96
(NH,) ,Cr,0, ; 9.96 1.96
~ Number of cycles ko §5 ; 10

of propellant.

The follcwing can be used in a mixture with pitch instead of Bd/MVP: polybuta~
diene, polyisobutylene, iscprene, the copolymer icobutylene + isoprene; copolymers
of dienes with ;tyrene, etc.

Asphalt is used in a mixture with the copélyme; styrene + acrylonitrile (15-

40 mole ¥ of acrylonitrile) in raﬁios of 70:30 to‘10=90, or from 10 to 70%, prefer-

ably from 33 to 66% (44, 49, 52, 58, 65, 71, 82].

6.1.13. Other substances
As already mentioned, there are propellanta --réithe; solutions, sugh as
NH4N03 in methylﬁminé, or mixtures, such as hexogen with nitroguanidine -- in

which the axidizer and the combustible component cannot be distinguished.

Amines
It was learned that methylamine and other amines form solutions with ammonium

nitrate. Thus, there are a number of: compounds with the formula
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H--N -
. \\R”
where: R = alkyl, hydroxyalkyl or —C,H, N,
R' = hydrogen, alkyl or —C, 4,5,

The physical properties ofiFH4N03‘solutions in‘CHjNEZ are given in Table 6.6.

TABLE 6.6. SOME PHYSICAL PROPERTIES OF NH,NO, SOLUTIONS .IN CH,NH,
| ' N, (2]
Physical properties Units s
18.1 27.1
n%s - coefficient of light refraction - 1.4462 " 1.4344 -
Density at teﬁperaturg 1570 I N -g/ﬁl a 1.2434 . 1l1505
2 P L = 25°% 1.2397 1.1463
-Viaébsify airtgmpe;éture i0°C - 7.8
W T ow " 15°¢C : 11.47 - 6.9
" " . 20°C cp 10.06 6.2
o & 25°C 8.86 | 5.5
ukls - D 2 30°C 7.96 5.0
E. Vapor pressure at 40°C: : 567 ' 1,126
" = " 30°C 375 763
1 b R ZUTC | mm Hg - 691
" " t 10°C | ‘ 243 447‘
" 1 7 176(+0.9°)- 333
" " " _30¢C , | . 44 : 79 »
Ffeezing (SOIidification) point °c | 17 - 1,3'
Ignition temperature : 400-450 400450

Let us turn our sttention to the universality of the use of NHaNua‘aolupiona

in H,CNH,. Solutions with 2-6% methylamine content are solid and, with various
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a¢ditives such as alundinum dust, carbon black, etc., they can perform as solid pro-

¢pellants;forsprojectilgd‘and_roékgts._:Hiitures with 6~15% methylamine have the con=

sistency of mud or.bludge'éﬁd-can*be énp19y¢a és'sihglefconstithent‘liquid7fuels.
With contents of:lS'towéoz;rthey-are'iiqgiﬂsfuled for ctwo-component p?opeilint'enf
gines. Solid and'n;ﬁﬁgflgixthrea»are conﬁ;rable.wlth;ballistite‘ﬁith respect to
both_thé,sp%cific:imbhlag!apdfthé'dgnqity.ihd'escape‘vélocity.

With a lower methylamine content, the explosive properties come to the fore.
5-10% solutions are most sensitive to impact. Liquid sdlutioh@-have‘the'same?ﬁrder
of sensitivity to 1mpac£ as pure Nﬂaﬁos. 6~15% miitﬁreé have a specific impulse
higher than 200 seconds and a-gpécific densitykiﬁpulse ~ 300 sgcondé,

| The density of granulated NHANOé used for eﬁplo;fvea is qual to '0.90 g/cm3.
The density rises to 1.5 through the addition éf 7.0-8.0% methylamine. This density
yise increases the'sensitivity.of the charge to impact.

A very positiﬁerfeaturg of solutions of the gbove type is the high stability
with respect to chemical properties, without the use of stabilize:a. Nevertheless,
the physical stability is not éreat due to’the'high vaﬁsf pressure of metpylamine
over these solutions, which arises from'thé‘ptépertieg of the methylami;e'itaelf;

Its boiling point.is —6.5°Q;nconséquedtly the charge must be protected against a

methylamine loss [83,84].

Hexogen with nitroguanidine

Hexogen is cyclotrimethylene triﬁitgoamine.

NO,

It is an explosive material with a rather high sensitivity to impact (2 kg

from 30-32 cm). if is a white, crystailine substance which exothermically
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decomposes (21.3 kcsl/mole).
By itself, compression-molded hexogen does not have great nc;hanidalﬂitteékth,
On the other hand, it has been qbserved,;hat;itflcquiteauﬂ;hish atrcngﬁh:qﬁdvii‘
Suifable for use in the,prepgration,ofq:pcket‘ch;rges’uhen,it.is~caupr¢ssion‘nbi¢ed
with nitroguanidine. The nitgpguanidineaidditive'ialespeciglly:éffective in reduc-
ing the impact semsitivity and lowering th? temperature of combustion.
Nitroguanidine is also an e;p}osiye-bgp-it;has a-much lower sensitivity to im-
pact. When 10 kg is dropped on it from.a ﬁéightzof‘lQO.cn, 1t,dog§anp“¢xplaae;

Two tautomeric forms are known.

NH-NO, TH,
& = NE and C N~ NO,
NHz NH!\

In order to obtain a solid propellant, nitroguanidine with well formed crys§éls,
20-100 iong and 1.5-5 y thick, is compression molded in amounts of 25—502‘w1th
hexoéeﬁ [85].

Dimethyl sulphoxide
The applicstion of dimethyl su}phoxide'(CH3)2SO is based on its ability to
form, with sodium perchlorate (and with or without water), édduc;s with a low melt-
ing poiﬁt, which makes cssting the grain much easier.
These are the adducts: NaC10, +2(CH,),50, mp 101-102°C and NaC10, - (CH,),S0*

H20, mp 69°C [86].

6.2. Inorganic QOmbustiblé Components
These constituents, such as finely gfound metals or metal.hydrides, gre.added
to propellants for the parpose of increasing the amounf of energy. per unit of weight
snd volume, which in turn incresses the specific impulse. -
The usefulner; of the individual elements or some compounds $s high energy ad-

ditives is best indicated by the calorific effects (Table 6.7.and Figure 6.1) [48].
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It follows from the table that beryllium and decaborane are the best of the
solid substances. However, beryllium is one of the rare elements and its reserves.

are very limited. Moreover, its tompounds are very toxic aod therefore are ndt

5

used,
TABLE 6.7. THE CALORIPIC EFFFCTS OF HIGH-
ENERGY ELEMENTS AND_CHEMICALbeMPOUNDS
" R 3 (Gross) calorific value
Subatance Formula ?87:15? e T ~
| 1 kcal/kg keal/l
Decane' c10§22 0.729 10,573 7,700
JP-4 (hydrocarbon
propellant) 0.77 10,390 8,000
Trimethyl aluminum AL(CH;) 0.73 10,550 7,710
Triethyl aluminum AL(C,H.) 4. 0.835 10,114 8,450
Boron B Thee | s 13,670 31,400
Beryllium Be 1.81 15,000 27,800
Diborate (gas) Bzﬂé 0.44 17,800 7,712
¥ Pentaborate (liquid) Bsﬂg 0.63 15,340 9,630
; Decaborate (aolia;, | B H - 0.92 15,310 14,100
Trimethylborine B(CH,), 0.62 11,500 7,400
§ Alumipum hydroboride | AL(BH,), 0.558 13,750 7,670
g " Lithium hydroboride LiBH, 0.666 14,300 9,500
: ‘Liquid hydrogen - LK 0.07 28,900 2,110
Lithium i 0.53 10,300 5,450
Aluminum Al 2.7 7,290 19,700
Magnesium Mg 1.43 6,000 8,550
Silicon si 2 7,160 14,350
. 0f courae, decaborane is used, but aa in the case of‘boron the combustion pro-
& ) )
g' duct is 3203; which has a low melting point. It coats and corrodes the nozzle, thus
L ; causing considerable &{fficulty. The properties of the oxides of ccme metals are
i given in Table 6.8 [48].
l : The most frequently used elements are: aluminum (4l), magnesium (Mg), boron
T .
1 % , i
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Figure 6.1. The calorific effect of chemical ele-
ments as a funct;on of .the atomic numbeF
(B), titanium (Ti). They are relatively nonreactive. Other high-energy elements
such as lithium, sod;um, calcium, potaspium, gan‘be used only in exceptional cases
because of their high sensitivity to mﬁiéture. The same is the case for most hy-
drides. b | | - : 1
The -pulverized metals are added to.prOpellantslin amounts of 2-25%, preferably
5-10%. It was learned tﬁa; thé addition of up to 20% aluminum increases the speci-

fic impulse by n 7% and also has an advantageous’effect on the uniformity of com-

bustion. Theoretical calculations indicate that the velocity of rockets or missiles
can be increased 10-20% by the addition of aluminum. Propellants which usually fur-

nish a specific impulse smaller than 250 sec can attain 260-270 seconds with boron

i
1

or decaborane,
¢

In dfde;‘to assure their rapid and complete combuation, the comninution of the
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TABLE 6.8, PROPERTIES OF THE HIGH-CALORIE OXIDES OF METALS

: e ¥ : ‘ 5 ﬂeat of
mp [°K] bp [°K] : H?:E#iiﬁ§;:§°n vaporization
; Ty I {kcal/mole)
ALO, | 2320 3250 (L ata) | 26 | 11507
3845 (20 ata)
B0, | 723 2520_ . 5.5 71.8
BeG 2820 4200 17.0
LiéO' 2000 2600 18.0

Mg0d 3075 3350 ; 18.5

metals must be precise and thorough. This is particulacly true in the case of bo-
;op because, during combusfion, the metal particles become coated with a thin film
of difficultly volatile liquid 3203, which could result in incomplete coﬁb#s;ibﬁ
for the larger particles. The size of tbe metal particles should be of the order
of 10-50 u, preferably 20 u, and it has also been shown that the parfiéie shape is
of prime importance. The metal dusts most frequently encountered have flat and lonmg
particles; this is not advantageous because they can form long dbnterﬁinﬁus;chainé
which rapidly conduct heat from the combustion surface to the interior'of the
charge. This phenomenon is capable of ‘causing cracks’in the charge, with a result-
ing nonuniformity of combustion, and even rupture of the graiﬁ. 'Tﬁq'most suitable
particles are those that are spherical or nearly so. In this case they make contact

with each other at only one point;'and this makes heat conduction difficult. How-

ever, the problem of obtaining.a apherical configuration of the metal ﬁar;iél@é'is
a very difficult one. It haa not,yei been solved on a:larger industrial gcalé be-~
cause most of the present size~reduction mgthods‘are based on grinding, which tends
to produce flat particles.

Metallic elements have yet another important p.:.perty in addition to those
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mentioned_abave. Their burning ténperature.is nuch'higher-than_fﬁif”bf carbon and

aydrogen, particularly 1&.;he%cqse,of3e1¢nentu;with'higheraatanic numbers (Figure

6.2) [48].
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0004 ¥
g §
a } .
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Figure 6.2, Temperature of the adiabatic combustion of chemical
elements as a function of the atomic number !
Due to the high combustion temperatures of these elements, such as Mg, Al gnd ,
Ti, they have enjoyed wide application for so-calledhaqxiliari thafgeé; which are
for the purpose of generating gases of ﬁigh temperature and pi;ssufe so .that the
‘ & :
main. chdrge is ignited and continues to burn uniformly (especially if.the proper i
burning rate is not msintained under normal pressure). !
, #
In addition to the metals mentioned,-hydrides are also frequently employed,
partiﬁularly if they are also polymerization.catalyzers, e.g., Mgﬁz; AlH,, Al(BH4)3,
NaH, etc. [40, 47, 50, 56, 59, 66, 71, 75, 79, 86]. '
6.3. Plasticizers
Plasticizcrs are one of the.most important propellant constituentsr 3Zecause
226 k
’
—— = i -NW}'
3

&




i e e |l R TS e AT o B

liquiq-plasticizers are,uséd_for tbe most part, they facilitate:mixing'of the com-—
ponents by increasing the fluidity of. tbe mixture. The most importany chariacteris-
tic, however, is their ability to improve the properties of the finished griin by
increasing its elasticity or plasticity. Quite frequently,.plast@cizersjinprnvg

thé cxygen balance of tﬁé propqliant if they contain g;ygan‘atom§ ipﬂthe,molec?le,
particularly in the forr of qitro,;nifrite or nitrate groups.’ Some of tbem even
have a positive oxygen balance; thus,-those that have‘a‘qertqin amount of-act;ve oX-
ygen are oxidizers (e.g., nitrqglycerin).

It is true that plasticizerg are matched to the binder, but quite frequently
the saﬁe plasticizer may be use& fdr'differeﬁt binders. They constitute the fdilqw~
ing group of compounds: organic nitrates and éliphaticznitrocomPOunds; qrumatic
nitrocompounds, aromatic nitroethers, esters of‘polycatboxylic acids, esters of wol-
ybydroxy alcobols and phenols, phosﬁhoric and giiicic acid este;a;.aiﬁpbplg,:glyA
cols, polyglycols, glycol and polyglycol ethers, liquid polymers, oils, arvl—al#yl
compounds , aromatic ketongs,_petrpleum-fractio;s, ete. : \

Organic nitrategs are quite freduently used, particularly in colloidal fuels,

as plasticizers of uitrocellulose; tbey are uged also for other binders,fbuthgluayg
in a mixture with n&ﬁ-self—oxidizing plasticizers. Thé organic nitrapes.ﬁsed are,
primarily: glycegin Frinitrate, ethylene glycol qihi;rate, dié;hylene'glycql dini-
trate, butanetriol trinitrate; n-propyl, i-propyl, n-butyl, 2-methoxy ethyl, 2-eth-
oxy methyl, nitro-n-pr:pyl and nitro-n-butyl nitrates, etc. | 7
The trinitrates and the dinitrates both have strong explosive propertiésf As
a plasticizer of anitrocellulose, glycol dinitrate is a better solvent than nitro-
glycerin; conmsequently, it is capable of providing gelslwith a_higher nitrocellu-
lose content. _However,_glycol dinitrate has a higb vapor pressure at foom tempera-
ture and thus has been replaced by diethyleme glycol dinigrate, which islless vola-
tile, but nevertheless more sc than nitroglycerin: [6, 33, 37, 38, 51, 52, .76, 78].

Aromatic nitrocompounds. These primarily include the singla-ring nitro deri-

vatives and nitro ethers. The most important nitro derivatives are fhE'salts of
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picric and styphnic acids (2'&,6-£r;n1tro:esorcin61); these'aré:fbilbﬁtﬁ}by\fﬁé,§§nr
-zgne;gnd toluene deriva;ives such as: 'q;trotoluené;.nitrobgnzené,-i;&iﬂiaitroéaluv
ene, o-dini;fébenzgne, et¢,;,and_the_derivatlvea,of ﬁiphenjl,'auéh‘gs_o—niiraﬁif
phenyi.

The nitrophenol ethers are of very great interest. They should .contain an
average ‘of one to 3-nitro grshﬁs pef'beﬂzéné ring, preferably not more than 2 nitro
groups pe; ring and not less than 545 groups to 2 rings.

These include 2,4-dinitrodiphenyl ethe;, di(dinitrOphgnyl)triglycdl.éther (re-
sulting from the .reaction of triéthylene glycol with QiﬂittochidroSénzeﬁé), dif2,4-
dinitrophenyl)propyl ether,fdinifrophénjlailjl'ecﬁer,A2;5-din1tro an1501e,f2,&46i—
nitro phenoxy .ethanol, di(dinitro phenoxy) eihahé,'é;t; [1, 36, 43,‘49,'53, 65, 80,

81].

Polycarboxylic acid eatera are the most frequently encountered plasticizers:

phthalic, sebacic, adipic, citric{ succinic, ete. acid derivatives, aanin particu~
lar, the phthalatea: dimethyl, diethyl, di(éthokjethyi),‘etﬁyliethylrglycol,
methyl-ethyl glycol, dibutyl,’ dioctyl, di(methoxyethyl), butyiebenzyl and others
containing from 1 to 8 atoms of carbonm in the alkyl; dibutyl, dioctyl, glycerin,
etc. sebacates; dioctyl, di(3,5,5-trimethylhexyl), Hibutyl adipates; ;rimethyl and
triethyl citrates; trimethyl and triethyl aéetylcitratgs;‘and dibutyl succinate [37,
38, 39, 51, 53, 64, 67, 77, 80, 811.

Polyhydroxy alcohol esters. The most important ones here are glycol and poly=-

glycol esters, although the esters of other alcohols are also encountered, aslfor
example, nitromethylpropandiol diacetate or creayl-glyceryl diaéetate, or.therso-
called acetynes, i.e., glycerin mono-, di- and triacetate.

The following glycol esters are used most frequeﬁply: diethylene glycol di-
propicnate, butylene glycol diacetate; triethylene glycol --'di(2-éthy15ufyraie),
di(2-ethylhexoate), dihexoate (Flexol 3 GH); polyethylene glycol == di(2—efhy1ﬁexo-
ate), dihexoate, di(2-ethylbutyrate), etc., and the glycol and polyglycol esters of

the higher fatty acids [37, 38, 49, 67, E1].
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‘Thq g}vcol'pdlyesters.ﬂn& theipplycarbcxylic-acids~areip1asticizer§ that are

cspecially ‘used for polyester binders, but frequently also for many other substanc- 1
es. Their greatest advantage lies in the fact that because they are compounds with
a high molec:lar weight, they remain;liqnids»with£#isc031tiegzwhicﬁrcghgBg‘adiﬁ:ed 1
within broad limits, depending on the initial substrates, :the degree of over-reac- w
tion and even the molecule size.
. The .alcohols are selected ;from tbe groups: ethylene glycol, pr’opjl'eﬁ'e, g'lycd]_.,-
polyethylene glycol, polypropyiene.glycol aﬁdlglycol mixtures, in which the molecu-

P

lar weight should be less than 200. Le] O

+

The polycarboxylic acids used are diglycolic acid IHOC—CH;—OL-Cng?C%DT;{),

0 o

ol 3 Ny
oxy-aceto-propionic acid  (HOC~—CH,—O-—CH,CH,COH)
' ¥ [o) B [o]

1

! i , : i
and oxy-dipropionic acid (HOC——CHyCHy—O=-CH,CH; C OH).

1.08-1.3 moles of glycol to 1 mole of oxy-dicarboxylic acid are used in ‘the re-
action. An excess of alcohol is necessary in order :to- increase ‘the degree of over-
reaction. The esterification product should have a mbie cular weight ‘between 250 and
1,000, preferably between 350 and 600. |

The most frequently used ethy.ene glycol diglycolate has a specific'gravity.of
1.35; refraction,.1.475; M = 300-400 [1, 49].

The most highly recommended:-aliphatic glycol ether is the plasticizer ZP-211,
the fraction TP-90B of which is di(butoxy-ethoxy-ethoxy) methane with the structural

formula

,C—0—CH\—O0-—-CH—0-—CHz—O0~—CsH{—O- -, ] i —0—C, Hy

This compound goes under various nemes such as: di(butoxy-ethoxy-ethyl)
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formal; di(l,4,J-tripxyéundegy})umEthgne.L.Jdi(3;§°¢1cxﬁdecylj'forﬁdi%-.Ifjis a very

important plasticizer for many binders [60,87}.

Phosphoric acid esters are universally known plasticizers. They are: tricre-
syl, triphenyl, ethyl—diﬁhenyl, tributyl, and octyl-diphenyl phosphates. The plas-
ticizer Cellosolve with formpla-OP(OCHZCHi—O%Céﬂ-)3fiqvalso a representative of this
group:[38, 50, 77, 87]. b

Sulfonamides. Plasticizers of this type are suitable for only a few binders.
Thus, for_gxample, ghe plastiéizers, N4ethy1-o-folueﬁé sﬂifonaﬁide‘ot'Niethylfp;
toluene solfonamide, can.be.used with the cellulose esters ‘or éhe-pdlylaétaﬁsAfés;

75].

The group of hydrocarbons, oils, petroleum derivatives and others includes:
the plastiéize:s, Pen;ar§1 A - monoamjlfdiphenyl;‘Parafluxr--;a mixture”gf_satu-
rated hydrocarbon polymers; Circosol-2XH -- petroleum hydrocarbons with a sp. gr.
of 0.94 and' Saybolt .viscosity of about 2,000 seconds at 37.8°C; and castor oil (most

frequently, a softener of asphalts) and benzoPhénone [3, 40, 58, 61,;63, 64, 71].

The alcohol group contains nonvolatile liquid aliphatic‘alcdhoiaaof theﬂglycdl
type, such as ethylene, diﬁ, tri-'and polyethylene gljédis,'polypropjlene glycols,
etc.; aromatic-aliphatic alcohols as, for example,-bénzy1 é1coho1"(a goqupléStiéi-
zer of polyester-styrene resins) [39, 59, 67, 69].

Plasticizers are added to binders in quite different amounts, depending on the
softener, the binder and propellant constituent§ as well as on thé‘desiredipropeln
lant properties. Nevertheless, the plasticizers should be more than“?SZ by volume,

preferably 50%, but not more.than 82% of tie combustible component.
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7. OTHER SOLID PROPELLANT. CONSTITUENTS
In addition to the oxidizer,,the combuatib;e:cogponen: and the.{no:gapiijqnf
bustible substance,~other‘cdnSkituents are present in ?;ppellants“in mucﬁfqngllér;
quaniifies,bugeareiﬁy 0o means less imﬁortaﬁt; Some of these, such as_vulﬁénizeré
or-polyﬁetizati&n catalyzers, do ﬁot‘fgquife”a great deal of discussion because they
are substances that are already universally known in the field of polymer or natural
rﬁbﬁgr'eﬁémiStfy. Other additives are specific for solid propellants, hoﬁéver; and

will ‘be  discussed more thofdﬁghly.

7.1. Stabilizers

Stabilizers are substances that counteract'ageing of the propel}ant and thus
extend the time of usefulness, reckoned from the time of manufacture of thc grain.
Stabilizers are differenF types of compounds which act in different manners, matched
to the meckanism cf ageing of the given propellant. After all, there are a great
many fac;ors.;hat affect the ageing; frequently, several of them at the same time.

Ageing is defined ;s ;hénges in the physicaliand chemical propertiea cguséd by
depolymerization effects, breaking of the binder chains, binder crystallization,

phase changes, oxidizer activity, etc., whereby the following phenomena are mani-

fested: an increase in the fraction dissolved in the correspbnding solvents (thg
fraction being extracted from the binder), aqd.a decrease in the number of trans-
verse bonds (measured by the swelling method). Chain decay-ig caused byAOxidgtion,
reduction, hydrolyai_s, etc.

A certain amount of volatile compounds results.frqm the depomposition regction;
this leads to an increased porosity. The rate of crystallization is greatest,jgét
below the melting point; thus, it is necessarj to avoid keeping the propeilant at
these temperatures for z prolonged period of time. The oxidi?er causes ageing by l
reacting with the combustible component at the interfacg_;nd by reaction of the oxi-

dizer fraction dissolved in the combustible component. Moreover, it has been shown
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that hardening or polymerization catalyzers can have an influence on binder decqﬁ#
position (e.g., organic peroxides decompose rubber).

In order to:counteract ageing,-thermaily:and.chem;ca}lylstablg,bipngS'shoﬁld
be chosen, weak_bondsjshould,be;aﬁoided,.g;qus with a high resonance energy :.are to

be desired, readily crystal}izing substances must be avoidéd;,pqumgrigatibnaor

hardening catalyzers should be used in small amounts .or.mot at all, inert (meutral)

oxidizers must be used and, finally, stabilizers must b used.

-
»

Stabilizers. act in different ways, some chemically and‘others phy§ica11y, ' The
chemical method is based on the binding of the propellant decomposition products,
which ﬁould be autocatalyzers of further decomposition. Another group of stabili-
zers includes anti—oxidizérs which counteract biﬁdervdxidation by reac;ing_kith‘the 1
oxidiéing agents (these ﬁﬁdergo oxidation themselves)}. l
StabiliéerS'with”a'physical action are priﬁari;y surface-active substances and
will for the mpét part'Be discussed with that group of compounds.frqy'the_viewpoint
of their other prdpertiesE which are more important than their stabilizing activity.
It is néceésary only to menti;ﬁ thelmech;nism of their action. Upon being adsorbed
on the oxidizer-combﬁstible component interface, surfadé-éﬁtiva substances form a
layer which separates these 2 substances, thus‘making an oxidation reaction impos-
sible.
5 measure of the stability of rocket pr0p;11ants is the gassing test. The |

quantity (by volume) of gaseous products liberated from 1 g of propellant at 135°C

when heated for one, 2 and 3 hours is detgrmined [86}. If ~ 2 cﬁB of gases per

gram of substance are evolved after the first hour, the prOpeilant should be stable

for 30 days at 77°C. Stabilizers called gassing inhibitors are added to reducé‘gés—

sing [49,80]. ' - ' & '
Stabilizer research began with the discovery of nitrocellulose powders. The

reason for this was the problem whica arose concerning the binding of acid decompo-

sition products, which had a éatél&tic dction on Further decomposition, frequently

leading to self-ignition or éxplosion. Both inorgamic and organic substances were
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used in this case and some of thgm-are:still‘beingtused.

7.1.1. Inorganic stabilizers

Inorganic stabilizers are primarilylca;boniclécid salts. This is understand-
able because prOpe%lant'decomposipion_p;oducts'have an_acid_naturg;an¢;wh?nig§ngés
sz.is liberated, salts are formed which do not qorrp@g the grain. ihus,gtﬁéifglv
lowiﬁé aré used: sodium; Eélcium, magnesium and ammonium carbonates, as wellzaslsof
dium acid carbonate. It is rarely possible to employ §odigm-carbonate (Ngzcejl
without undesirable results bgcéuse its high alkalinity can‘:cause binder 'decomposi-
tion; it is not suitable for nitrocellulose powders. Sodium acid carbonate does
not have such an alkaline reactiom, which makes~it.bétter‘than dibaSic soqium car-
bonate. Being difficultly soluble, calcium and magﬁesium cérbonates‘do.ndt =2xhibit
an #lka;ine reaction and can be successfully used even for readily;soluble binders;
however, they have a stabilizing action only in larger amounts. Sucﬁ iﬁcreases in
inorgani; substance contents have an adverse effect in that éhey reduce the specific
impulse. Moreover, all carbenates have one drawback in that tﬁey evolve gaseous
CO2 when reacting with the acid decompdsition'produéts of the propellant and this in
turn.increases the porosity of the grain [33; 64, 76]. . .

Magnesium oxide (Mg0O) is an inorganic stabilizer which eliminates the above in-
convenience. It is a propellant constituent vhich is very often'ﬁsed Qecguse it is
also capable of increasing the burning rate and counteracting the production of
smoke. It is present in propellants in amounts of 0.2-0.5% and it is adﬁe& in 0-5

parts by weight to 100 parts by weight of resin [36, 58, 61, 63].

7.1.2. Organic stabilizers
These stabilizers are universally used and basically they form 2 groups of com-
pounds: 1inorganic salts of weak brganiﬁ acids and amines or amides.
The salts of weak organic acids have an action similar to that of the inorganic
carbonates in that the organic acid evolved is a liquid or a solid. '!nus, :.g.; a

propellant containing polyvinyl chloride evolves a certain amount of hydrogen
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chloride (HU1), which has alpprtosiyéiaction,On thé’grﬁlﬁ,'wﬁéh 1fiharﬁéna¢gtj£%‘

elevated temperature. The addition of 0.5-1% of barium castorate goﬁpletéiy;§r¢¥:

vents cqtrosidn‘[37].

Compounds of ‘the amile-urea derivative type are familiar stabilizers and they :

i

i

aré good, particularly Centralite I (sym-diphenyl-diethyl urea) and Centralite Ii 4
|

(sym-diphenyl-dimethyl urea) and the mixed Centralite (N-ethyl-phenyl-N'-methyl-

phenyl urea) as well as Acardite (asym-diphenyl urea). i‘.: :
)
3
: ‘'
CH, - CH, CH, C,H.
X X W X ;
I 3 i i ' y
| CeH, | C,H, c.H, L CH, B
0=C 0=2C. 10 Eli O=C ] :
. i . ¥ c | 3
/C'zl,'_li -'l /CoHs | (‘sHb [ .H } ;
N N \< N b
B T 0 ,
© C.H, CH, "¢ H, i :
Centralite I Centralite II Mixed Centralite Acardite PEr ot
4 i
They are used for colloidal fuels. They exert a,stabilizing_effect'byéfqrﬁing 1

compounds with the nit;ogén oxides arising in the‘prOpellant_du;igg the ageing pro-
cess, Namely, the arﬁmatic rings undergo nitration; also the_bbgds‘between the ni-
trogen atom and the —CO~ group often break and nitrosoamines are formed. The'CQn—
tralites and Acardite are most freqqent1§ employed in ;mount§‘of lﬁ‘in‘relatibn;to

the entire propellant [6, 16, 77, 178].

Quite frequeﬁtly, the stabilizer nti-oxidizer is Flexamine. This 1s a mixture

of 65% diarylamine complex with ketone and 35% N,N'-diphenyl-p-phenylene diamine :
ZTION (RH N NH |
k w

This mixture is used in amounts of 3-5 in relation to the resin; in relation
to the entire combustible compoment, ~ 2%; and in reiation to the propeiiant, ™ 0.3%,
whereby yet another stabilizer is frequently added (e.g., phenyl—B-naphthy;amine);

The stabilizers-gassing inhibitors are aromatic or alkyl-aromatic amines with
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the formule‘RZ(NR‘R")'; where. z = an aromatic phenyl or naphthyl ring, R= H or.
alkyls with 1-12 C; R' and R'' ='H or alkyls with 1-4 C; and X = 1-3.

In particular, they are::

aniline +.  diphenyl amine
dinaphthylamine (a or B) PhenylwnaphtHYIhmiﬁef(u.of'8)
l-naphthylamine ' toluidine

xylidine p-dodecyl aniline.

N-methyl aniline N N—dimeihyl aniline
N-sec-butyl aniline dodecyl diamino naphthalene-
diaminoBenzene N—sec—butyl diamine benzene
dlaminonaphthalene N-methyl dlaminonaphthalene
methyl dieminonaphthalene ‘triaminobenzene
triaminonaphthalene tfiaminotoiuene

triaminomeﬁhyl r.aphthalene

These amines are used in quantities of less than 10Z of the binder; in relation'
to the entire propellant, between 0.5%. and &Z
The effectiveness of action of some amines as inhibitors of gazsing for a pro-

pellant with the composition

e
ammonium nitrate (NH&H03) 73.00
ingoluble Prugsian blue 3.00
Norit A {(a type of carﬁon black) 0.80
carbon black 0.20 !
cellulose acetate ' 4.76
ethylene glycol diglycolate 7.97
2,4-dinitro diphenyl ether 7.97 |
acetonylacetone dioxime 2.30

is guven in Table 7.1 with a 2% amine content instead of dioxime.
It is evident from the above that N-alkyl derivatives of aniline, 2,4-diamino-
toluene and N,N-dimetnyl—p-toluiaine'have the bYest stabilizing properties, It was

also learned that carbon black and Prussian blue cause an increase in gassing.
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TABLE 7.1. THE INFLUENCE OF GASSING INHIBITORS

Inhibitor Gassing rate iﬁrcmSIg/hour |
1 hour - 2 hour@lb' 3'hoﬁg§3;
- Standard 2 ' :ﬁfﬁ I '5,8 ‘
Diphenylamine 8.8 4.2 -
Diﬁhenyiamine,with a-pro- :
-pellant without carbon ,
black 0.5 1.8 4.0
Phenyl-g-naphthylamine [ 0.0 | 1.0 ¥
N,N-methyl-ethylaniline 0.0 | o0 | 1.1
Aniline 0.6 ¥ 0.0% ~F 58
N-methyl aniline 0.6 0.3 | 0.3
N,N-dimethyl aniline T OFO 0.0 1.5
2,4—&iaminqtoluene 0.0 0.0 0.6
N, N-dimethyl-p-toluidine 0.0 0.0 | 7.0
p-phenylene diamine : S 198, 0.4 - 2.5
o~phenylene diamine . 1.3 Og4.. 1+, 308
p-dodecyl aniline 4.0 - . -

Diphenyl amine is a stabilizer that has been widely used formerly and is still
widqu used today. However, it does not furnish satisfactory results in the pre-

sence of carbon black and oximes. On the other hand, a propellant of composition:

A
NH,NO, ?4.00‘
cellulose acetate 8.05
ethylene glycol diglycolate 5.75
2,4~dinitro-dipﬁenyl ether 9.2
Prussian blue -__ 3.0

thus without carbon black and oxime, exhibits a gassing of 2 cm3/g‘after the first
hour; after the addition of 2% dfphenylaﬁine, the géssing amounts to only 0.5 dm3/g

/hour, which is eztirely satisfactorv.
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then as follows:

x

NH,NO, 73.00

i insoluble Prussian blue 1.00
(N#,),,Cr,0, 2.00

. Norit A (a type of carbon black) 0.80
carbon black ek E 0.20

cellulose acetate 4.76

E ethylene glycol diglycolate 7.97
2,4—din1;:o-d1pheny1‘efhér 7.97

! acetanylacetone dioxime 2.30

The influence of Prussian blue is even more_strongifdmarkcd, -Q;i?gp@};;ntliﬁ;
which 2/3 of the Prussian blué‘was.gepiacéd by anotherugomﬁﬁstion cataiyzér,,nagélj;

ammonium dichromate'(NHA)ZCr207, was s;ud;e&; “Thé*composlgibn‘ofzthe_prqpéilqgﬁéﬁéi

This propellant does not produce gas during the first hour. 'During;the second

hour, 1 cmBIg of gas evolves and after 3 hours, the evolution is,3-7.cm3/g/hour.

Following addition of 2% diphenylamine, the mixture does not produce gas until

after 6.5 hours and scarcely 1.9 cm3-of gas 1s evolved after‘?_B}ﬁ_hours.

In selecting appropriate amines, close attention must also be given to their

alkalinity. Thus, e.g., aniline cannot be used as a stabilizer of colloidal fuels

! because of its relatively high basicity {49,80].

N-phenyl morpholine

in a ratio of 5:1 can be added to the sromatic amines.to improve stabilization [113].

4

7.1.3. The stabilizing action of surface-sctive agents

1 As already mentioned, surface-active agents extend the useful life pf propel-

lants. For example,
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Propellant 1.

i
cellulose acetate 6.75
2,4-dinitro-diphenyi ether 7.88
ethylene glycol dig}ycolate 5.85
diphenylamine 2.02
Arlacel C (a surface-active

compound -- one of the

sorbitan oleates) 0.10
carbon black , 0.5
insoluB}é-Prugsian blue 1.0
(RH,),Cr30y 2-0

i

does not produce gas for 2 hours and is stable for 80 days at a temperature of 77°C.

Propellant 2. Ais;milar_pfOpellant without ‘a 'surface-active agent and having :
the following composition: :_;
Z
cellulose acetate 6.9
2,4~dinitro-diphenyl ether 8.05
-ethylene glycol diglycolate 15,98
.diphenylamine 2.07
Prussian blue 1.00 {

(NHA)ZCr207' 2.00
carbon black -0.50
1 NH4N03~ 73.50

does not produce gas for 1.5 hours and is stable for only 7 days at 77°C.

Propellént 3.

-

F4
cellulose acetate 6.57
2,4—dinitro-dipheny1 ether 7.66
! ethylene glycol diglycolate 5.70
1 diphenylamine ' 'it97
inéoluble Prussian blue 1.60
(NH4)2C1:207 ] 2:00
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. 1
carbon black 2,00
Span 85 (a surface-active g
- compound of the sorbitan
oleate group (Sorbitan 7
trioleate)) 0.10 5
NBaN03 73.00 |
is stable for 30 days at 77°C. I

Propellant & with a'composition like that of propellant 2 with the eddition of
0.1%Z Nonisol-250 or 0.1% Pluronic L-62 (an etpyléne polycxide momoester and an ethy-
lene oxide copolymer with proPyléne oxide, :espectiveiy)‘is stable for Bb days at
77°C. :

It is evident from the above that the addition of 0.1% of a surface-active

agent is capable of extending the "life" of the propellant by &4 or more times [43]..

7.2. Subatances that Influence the Burning Rate r
These are combustion "cataly;ers“,dmoderators,-combustionfmodifiera.and the

substances that influence the burning rate indirectly.

7 2N Combustion‘"catalyzgrs"
As already discussed in detail, the mechanisms of action of combustion “cata-
lyzers" are quité divergent and frequént;y composite. It is not yet always posaible
tc determine the mechanism of action of a specific "catalyzer", nor is it-ﬁlwajs

possible to determine the predominant mechanism of action. Furth:rmore, the term,

combustion “catalyzer', is not a very precise definition and it is retained oniy be-

% cause of its universal ucage.

Strictly épeaking, the term, combustion "catalyzer", should be applied only to

-

those substances which are added to the propellant frr the splezputpOSe of increas-

ing the Burning rate. The limitation imposed by the word "sole" signifies that many

substances added to propellants for another purpose have ‘a secondary action similar

to or the same as the combustion "catalyzers" but belong to other constituent groups
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because of their principal applications.

l Substauces that increase the burning rate ;an-be.o;ganic or inorganic cempoun&s
as well as elements. Qfgaqu'compounds exert an action here by absorbing high-
energy fadiation, by decomposing exothermicelly,ana producing chemilgminescen;icg'
molecules, etc. If. these are organic salts of metals, chemllumlne*:ence of the
metals can also be expected (if, of course, the metal possesses a high-energy exci-
tation state).

lnorganic compounds have a similar mechanism ¢f action. On-the otber hand,

metallic elements exert their influence either"through:cheﬁilumineecence or .by .an

exothermic reaction with the oxidizer.

Chromates

Chromates, dichromates, trichromates aed tetrachromates are widely used as com-
bustion "catalyzers". Chromium itself does not exhibit chemiluminescence and is not
effective; thus, it is not used. On the other haed, the chromates and polycﬁromates
underge exothermic decomposition, and they possess the well known property of ab-
sorbing high-energy radiation. To this can be added the chemiluminescencezof;ex—
cited potassium or lead atoms if K2Cr207 or PbCrO4 are used.

Ammonium dichromate has proved to be the best of this group. 1t has the high-

; +
est heat of decomposition due to intramolecular oxidation of the NH4 groups

(NH4)3CI‘2O1 - Na + 4H30 + Cr,O;,

It is added to the propellani after mixing with the oxidizer. The comminution
should be of the order of 0.02-40 p particle size, most preferably u 15 u. The
amounts used range from 3 to 10% of the propellant. "owever, it is better to hold
to the lower limit. Ammonium dichromate can alse be used in mixtures with other =
"catalyzers', but then it is used in smaller quantities. |

In addition to the above, ammoniug chromate, (NHA)ZCIOA; sodiuﬁ chromate,

NaZCrOA; potassium chromate, chroa; and sodium dichromate, LaZCrZO, &re used.

-
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Among the organic salts, aliphatic and cyclo-aliphatic amine chromates, e.g., éth;é

lene diamine or dimethyl piperazine chromates, have proved to be effective. The or-

. ganic chromates are used in amounts up to 4% of the propellant {36.,39,.43,,44,£49ﬁ
My Ty 't

61, 62, 63, €5, 67, 80, 81].

Among'ghe polychromates, ammorium tricﬁ;omate:(Nﬁq)ZCr3olo and -ammonium tetra-
chromate (NH4)2Cr4913 in amounts up to 1% of the ptdpellant'Qci toJincrease the
burning rate by.about 45%, to reduce ;he_;emperature'coefficiept‘of the_burﬁing‘;ate
at constant pressure u by about iS—#Oi and to reduce the temperature coefficient of
pressure ﬁp by about 30-~40%.

This effect on a propellant- of composition:

%
NH‘!'CIEJ.4 75.00
polyester 12.35
ethylene glycol 47.00%
adipic acid 49.457%
maleic anhydride 3.55%
styrene . 12.35
cumene hydrogen peroxide 0.25
" lecithin . 0.05
100.00

(hardened at 104°C) at a temperature of 15.6°C and at a pressure of 70.3 kglcmz is
given in Table 7.2,

Tri- 2~d tetrachromates are used in amounts of 0.10-4.0% of the propellant.
Their decomposition -temperature is higher than 238°C [S,Sb].a

As in the casz of the chromates, ammonium molybdate,,(NHa)-zMoo4 exerts its ac-
tion through exothermic decompositionm; however; it is rarely used [60].‘ Among the
other chromium compounds, we have C:(N03)3,.which is also‘rsrely‘gseq;-og the .other

hand, chromium oxide, Cr203, merits -grester, discussion.
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TABLE . 7.2. THE.IHELUﬁNQE-OFi(EHA)ZCrBQlo_ON;IﬂE' e g ' :
BURNING RATE AND ON THE COEFFICIENTS u, v, AND n !
) 7 S P :
: i
r 5 gt d
Burning % 1
‘rate r : z”ug z,pu R j
[cm/sec] (#/1°c} | [2/1%C] ]
l . [ & 9 3 - 4 - : 5 27, e |
' Standard 1 0.693 0.25 0.45 0.42 :
: : i : 3
Stendard +1%
(W) )Cr 0, 1.803 | 0.16 0.27 10,40 ’
‘Standav? IL 0.688. | 0.27 . 0.56 0.51 | !
+0.10% (NHL)ZCI3010 0.864 0.22 0.38 :0.45 |
; 1
+0.25% (NH ) Cr3 10 0.930 0.23 G.38 0.41 i
= - = , ' s
+0.50% (NHA)ZchOIO 0.915 0.29 0.54 }‘O.AA t
+1.00% (NH ) Cr3 lOl 0.947 0.23 .. 0,40 0.40
l.
Metal oxides
Chromium oxide, Cr203, is a stable compound and reacts only by-absorbing radi-~
ation. This effect can be significantiy increased by various addiiives. Therefore,
Cr203 most frequently appears with other oxides, which are primarily derivatives of
; metals capable of chemiluminescence. “These are Fe203, e304, TiOQ,'SnOZ, Cu0, PboO,
szo3 and Zn0, AIZOB’ etc. These oxides are added to chromium oxide ‘In amounts
from traces to 50%. A mixture of Cr 03 with aluminum silicate (acid-activated), 5
available under the name "Filtrol", is also effective. The above 'catalyzers' are
used in amounts of 1-4%. With'a 1% content'the increase in the burning rate is Y
about 0.3 cm/sec [36, 59, 80, 82].
Soméloxides, such as Fe203, Fe304, Pb203,'Pb0'and Cu0, can 'be used inﬁepéndentm
ly in amounts ranging from 0.2-7% and with a comminution to about:15 p particle size
[61, 76, 771.
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Chromites

Cupric: chromite Cu0-Cr,0, has been shown to be one of 'the moét-effecfivé‘tqm&
bugt?pn “catalyzers" [36, 39, 58, 67, 80,.88).

Other chromites arz less effective; nevertheiess, they are also sometimes usec.
The activity of cupric chromite iz a funct;onﬁqf its: purity, .The‘;qpq?e chromite
with incompletely reacted Cu0 and Cr)0, is more effective than the pure compound.
However, ‘these differences are not gfeét,,bédause cupric chromite is very a;tivéf;g
‘all fof;é. This activity is also a function of the parti¢1e,si;g,_ag_inﬁicqtgd'in
Table.7.3 for prOpgliants based on NHQCIOA (orﬂKClOA)-and with a.qombustible_tgmpot
nent compoéed of polyvinyl chloride and dibutyl sebacate in a ratio of 1:1. SQﬁe

of the above data are given in Figure 7.1.
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Figure 7.1. The influence of oxidizer size-
reduction on the effectiveness of CuO-Cr,03.

Key: (a) = burning rate r (cm/sec) at 70.3

kg/cm2 and at 21°C and (b) = particle size
v of NH,Cl0,.

i 47774
§ It follows from this that the greatest increase in the burning‘rate is observed

with CuO-Cr203 contents of 0.1-0.15%: A lowering of the particle size of the oxidi-

¢ zer from 133 u to 60 u causes an increase in theé burning rate of 14%, and a lowering
1 to 23 u results in an increase of 42%; at the same time, a decrease in the particle
| size of the oxidizer leads to an fncrease in the effectiveness of Cu0:Cry05. Thus,
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a i% addition.of chromite in the case of particle sizes of 133 e increases the burn- 4

ing rate by 29%; with particle sizes of 60 u, by 32%; and with 23 T by 392. fﬂqul

# W-! P T
ever, this same chromite (by {tself) has no effect or nay even lowrr the burning

,4;(
rate in propellants based on potassium perc hlorate (KClOa)

In Table 7.4, we present the data on other chromites as. compared with’ CuO Cr2 3

in propellants with a composition of NHacloa, polyester and styrene 1l:1 and. with ‘an
oxidizer part;cle size of 60 u. It is immediately evident that no other. cnromite
exceeds the.éffect1v2he§$ of cupric thcmite.

The'abovelﬁbrbmites are obtained in the following manner: 72.6 g of Cu(h03)
34,0 are disSolvéd'in'ZAOvml of water. This is heated to 70°C, and a solution of
37.8 g of (Nﬁ4)20r207 s

After mixing, there is a precipitation; this is the 1nert=ammoqiocup;ié chromate,

in 180 ml of water with 45 ml of-28% aq. NH iS'éAQQa,tb it.
which is dried at 110°C. The so-called unleached gup;ic chromite appears after

roasting ip a crucible. If the precipitate had previously been washed twice

TABLE 7.3. THE INFLUENCE OF CuQ- Cr203 ON THE BURNING

RATE OF SOME PROPELLANTS BASED ON POLYVINYL CELORIDE

Oxidizer ﬁﬁiﬂicle CuO-Cr£03 i::gi:§ Increase | . 4¢ 70.3
i [%] size 3 70.3 kg/cm2 1nr§] . kg/cﬁz
| f11 [cm/sec] =

¥i,C10, 75 60 : 1.102 e 0.42

0.05 1932, 0 . 12 0.41

0.10 1.283 16 0.37

0220 okl o A2 25 0.37

0.50 1.407 28 0.37

1.00 1.455 32 .45l 0i3e

1.50 1:526 38 0.38

2.00 1,600 65 | 0.3

g | 3.00 1.557 41 0.36
{775 1" 60 : 10219 ] 0.43
| 1.00 1.575 29 0.36

|80 | 60, 1 A LBu L . 047
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‘:TAB_LE 7.3, _(continued)

_ | Mean L Burning Increase of o 7o oo
Oxidizer | particle _'CuO_-Cr203 | rate at SR n at ?0.3__5 :
%] size ;3 .70.3 kg/em© = ; .

L3 (%] T il 1) kglen® |
0:05 . 1,473 12 0.41
0.08 1.499 13 0.41
0.14 1.549 17 0.39
0.2¢. 1.600 21 0.39
0.60 1.600 33 gz
1.00 1.778 35 0.38
75.0 23 - 1.372 - D485
10,10 1.628 19 0.387
0.20 1.758 28 0.38
. 0.50 1.831 3% 0.38
1.00 1.900 39. 0.41
75.0 133 - 0.965 < 10.45
i “0.02 0.983 2 0.39
0.05 1,073 ffensqy 040"
0.14 1.138 - 18 0.37
0.20 1.112 15 -0.39
0.50 1.168 21 0.38
0.95 1.214 26 0.38
1.00 1.250 29 0.38
70.0 60 - .0.800 - 0,60
0.10 0.965 17 0.32
60.0 60. - 0.541 & 0:64
0.10 0.678 25 0.21
1.00 0.838 55 0.37
60.0 60 - 0.325 - 0.64
0.10 0.419 29 1
1.00 0.565 73 0.41
1((3104 80 ground - 2.485 - 0‘._ 70
VT, 0.10 2.485 0 0.69
(6900 rpm) 0.50 2. 485 0 0.63
70 - 1.778 - 0.85
0.50 1.676 6 0.76
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<ith dilute acetic acid, the sofpalledfleachgd_chromite; Cuo:c:zoj“'ﬁi:le?dﬁld% g B
- > ) x 3 ."é .gl e "-“‘,
have been obtained after drying and roasting. ;

The cupric chromite Cud:Cr,0, = 84:15.2 is obtained by roasting the precipi- é%
tate which appears when solutions of 127 g_of_Cu(NOB)z-SHiO‘infwatgr andf;gfgfg;qﬁf ﬁ& 7
(NH4)20f207 are mixed and aq. NH, is neutralized. | oty da.

]
TABLE 7.4.  THE EFFECT OF VARIOUS CHROHATES AND CHRDHITES OX THE -“P{%
BURNING RATE OF .SOME PRDPELLANTS WITH POLYEbTERPSTYFENE BIhDERS ! . *-;
el
: . F’
Burning
‘rate Incresse ;
Catalyzer 1 {at70.3 | inzx 28t 103 |
: ‘.kg/cm2 %] kg/cm
'~[cm/sec]
| . B T e ’
- 1 - 1.103 = -0;42
Ammoniocupric chromate 1 '1.354 23 0.402
Leached Cu0-Cr 03 (1:1) gL 1 1.387 26 ' 0.381
Unleached Cu-Cr0y 1 1i4A3eunls G- 30 - 0.37
Cupric~cadmium-zinc chromite 1 g, 35T 21 0.415 '
Cu0-Cr,05 (84:15.3) 1. 10484 3 Mz 0ng92.
Cupric-magnesium chromite i . L. 417 29 5 00826
Ferric chromite - 0.25 | '1.255 | 0.39
Ammonio-cupric-cadmium~zinc chromate 1 1.293 I 0.42 ‘
‘ : |

Cupric-cadmium~zinc chromite 1s obtained Py.roaéting the precipitate occurring »

from the mixing of solutions of 4.6 g of Cd(N03)2‘3H20, 4.8 g of Cu(NO3)2f3HZO=and :

47.4 g of ZnSOa-7H20 in 100 ml of water and 25.2 g of (NHQ) Cr207 in 100 ml.of water

and then neutralizing with 15 ml of a 28% ammonia solution.

Magnesium-cupric chromite is obtained by roasting the precipitate resulting
from the mixing of solutions of 63 z of MgClzf6H20 anc’ 32 g of Cu(N03)2-3H20 with
3.2 g of (NHQ) ,Ct505 and then neutralizing,with-équeous'NH3.

Due to the good Qolubility of ferric chromite, it is obtained in & somewhat
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different manner. 67.33 g of Fe(N0,),-9H, O“istdissolved;innSOOfniléffﬁgterlﬁﬁﬁitﬂg*

hydroxide is precipitated with annonia. 'Then, an aqueous solution of 50 g of C!O

is added. The chromate crystallizes during evaporatien, ‘the’ ﬁroduct obtained il

subjected to roasting [89]. 28 v b e “d

Perchlorates < ‘ :
The perchlorates of such metals as chromium (é{),cobalt.(gé)s j¢°h;(?3)s;§§§‘
ganese (Mn), siiveg (Ag) and- copper (Cu) have proved to ﬁecvery active ca;QJy;egg,
Some of them increase the burning rate by more than 100% (ferric-perchloratg?.

The activity of the above perchlorates.is given in Table 7.5 [90] for aipro-

pellant of combosition;

b4
(Nﬂa)2 f207 }1‘9?
NH4N03 72.79
polyester 9.79
diethylene glycol 43.00 parts by weight
adipic acid 44,95 n moow
maleic anhydride 1,75 " " o
styrene el 2.66
metﬁyl acrylate 12.28
polymerization catalyzer + lecithin 0.49
100.00

TABLE 7.5. . THE WFFECT OF THE PERCHLORATES OF VARIOUS
METALS ON THE BURNING RATE OF A PROPELLANT WITH A BINDER
‘CONTAINING POLYESTERS, STYRENE AND METHYL ACRYLATE

Burning réte_;laf
70.3 kg/qmz?[cﬁlgeclg
E - 0.178

'Perchlorgtgs i

- Chromium (Cr) (ic) 1 0.305
Cobalt (Co) 1 0.330
Ferric (Fe) 1 0.381
Manganic (Mn) '11 0.330
Silver (Ag) 1 0.305

1 0.279

Cupric (Cu)
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‘Sii:l.cat'es_. and titanates £ S L

Organic silicates: methyl, ethyl, propyl, i-propyl;. titanatee: .methyl, ethyl;

some inorganic silicates such as calcium silicate; and earths treated with amines.
have the ability of increasing the burning rates of propellants based on amzonius

oxidizers by 100 % and even more. In thia case ‘they exhibit a° synergic action with

ammohium.dichromate (NHA)ZCr207 The best "catalyzer 1is one with a composition of

S BHB

1-50% (NHA) Crzo? and 50-99% silicates or titanates.

By way of example, the infiﬁence of ethyl silicate on a prbpgilaﬁt of cdmpo;

sition:

’ 4
NH,C104 85.00
polyester 358

ethylene glycol 43 = parts by weight
adipic acid 44.25- " P by
maleic anhydride 1975 " " v
n-butyl acrylate ’ 9433
methyl acrylate 1.44
methylethyl ketone peroxide 0.40
lecithin 0.:25
100.00

is presented in Table 7.6

TABLE 7.6. THE EFFECT OF ETHYL SILICATE ON THE BURNING RATE OF
A PROPELLANT WITY A BINDER CONTAINING POLYESTERS AND ACRYLATES

X “ Burning rate r at i
‘Catalyzer e 70.3 kg/cmz and at [zl
15.6°C  [cm/séc] ‘

- " S 1.016 £

Ethyl silicate 1 2.184 s

(NHA)éCr207? 1.270 25

Ethyl silicate 2/3 1.5 2.438 140
(NH,),Cr,0, 1/3 '
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‘propellant, composition but, because of the slight difrerence, they can also be as-

£l by 2

*(Sea Table 7. 6) 'The'datc for'(NHA)ZCr 07 are correct for a soncw&at different

"
%
4"“-—'“- z
i

sumed for the above compOSition.

." ek

} ¢
r- 0
i

It follows from tbis Table that the addition of 1.5% of the mixed “cazalyzer
has the same effect as the combined effect of 12 (NH,},Cr,0, and 1% ethyl silicate.
[91].

Lead salts
Because lead is an element with a higo chemiluminescence, it induces an in-
crease in the burning rate both as a metal and in the form of salts. In this re-
spect, one of its best compounds is plumbous chloride (BbClz). Whén-aqded in the
amounts of 0.05-3% to_pcopcliants'based on-ammonium oxidizers, it increases ﬁhe
burning rate by almost 100Z. 1In the case of these propellants, it is more -often
used together with ammonium dichromate (N§4)2C;207.

For example, for propellants of compositions:

A B
4 2
(¥H,) ,Cr,0. 1.99 2.00
NH4N03 72.79 76.00
polyester 9.79 5.82
diethylene glycol 43 parts by weight 47.00%
adipic acid 8425 % MM 4945y
maleic anhydride Jhe75 Mt 't ' 3.55%
styrene : 2.66 2.79
methyl acrylate 12.23 ‘12.49
oolymeriza;ion catalyzer + lecithin 0,94 0.80
cobalt octanoate e — 0.10

100.00  100.00

The effect of PbCl, is as follows:

1249
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.u_k-';_
Propellant PbC1, Burning‘rqte;at”70.3;kgf¢mz _
2 cm/sec 'ff'

A - 0.178 BRI SR

A 1 0.330

B - does pot burn

] 0.5 0.279

The lead (plumbous) chloride is ground and added to the binder at ‘the same »

time as the oxidizer [92].

Other lead'sal;s used as "catalyzers" are lead sulfide (FbS), lead azide (?bﬁﬁ)’
and lead stearate [76, 78, 92].

Metallic elements
Metallic elements such as powdered copper (Cu) in amounts of56:§%7z and ‘with a
particle size’ of '15 u, powdered iron and aluminum are also capable of increasing the
burning rate. Titanium in amounts greater than 2% increases ;he:bﬁrningfrate,7ééd

at the same time it is a good inorganic’ combustible component [36,.50, 59, 6, 78].

In addition, metallic soaps; e.g., aluminumw stearate in an amount of about 2z,

facilitate the oxidation of metallic combustible components such as aluminum.{Al),

magnesiuﬁ (Mg), etc..[79].

TheiPrussian.blue group
A group of combustion "catalyzers" universally used today consists of substanc-
es analogous to Prussian blue, that is, derivatives of fétri¥ and férro-cyanides.
There are a great number of them and they are of divergent effectiveness. They are *

Prussian, steel, bronze, Milori, Turnbull, Chinese, mew, Antwerp, mineral, Berlin,

1 B
Hamburg, water, Williamson, Erlanger, Paris and other blues. Milori and Prussian

er———

[ blues are the ones most frequently encountered.

Milori blue is the oxidation product of-potassium ferrocyanide,K&Fe(Ci\l)6 paste
and ferrous sulfate FeS0, in the presence of small amounts of naphthenic acids. An

electron microgram, enlarged 50,000 times, shows that ‘the particles are of uniform
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size, are almost spherical and forn short -chains. If naphthenic acids are noi used,

.

the particles are more crystalline, agglomerated and -much larger. \Bgcguuiﬁi1ﬁi§[
difficult to.rqppve'thg;wayer.from the -paste obtained in.thewusua;jngnpet;»:befﬁq?:
method is to mix it with the,plhaticizer.and:tpeatait withra‘surfa;gfagtivef;ggPt‘ f
qapable.of‘driving-the‘ﬁapei out of the "catalyzer"'sufface;@thsafacilitadidgﬁifi
removal during Aryiﬁg. ‘ﬁthomeens, an ethylene oxige subétituted'with‘alkylamiéis,
is such a surface-adctive agent. Naphthenic aéidg_a;g‘added to Milori blue in
ey, o 1.5 005k,

Prussian blucs are of 2 types: soluble and iqsolubie in water. -The‘ihqpiuhle
type is represented by ferric ferré-cyanide-FeAIFe(CN)GIB;‘whiig\the soluble ferro-
cyanides are: iron-potassium (ic),_iron—sod%um (1c), iron-ammonium (1c)‘and‘itog;
ammonium~sodium (ic).

The insoluble blues are most effective, but propellants containing them‘in
amounts less than 6% are difficult to ignite, although they;are ééédily'ignite&'ug—
der an increased pressure. On the other hand, soluble Prussian blues facilitgte’ig—
nition under normal presgﬁre. ‘

Another type of Prussian blue is known: ammonia Prussian blue. It has the
"catalytic" property of insoluble Prussian blué in addition to the property‘éf.fa-
cilitating fgnitiog, like the soluble blue, in contgnts above 3-4Z.

Ammonia Prussian blue is obtained by causing gaseous ammonia to react.on_igsolm
uble P?ussian bl;e. The rate of reaction between these 2 substances increases only
up tb 60°C. The evolved ammoﬁia Prussian blue has a strong ammonia smell after
cooling; however, this smell can be removed by heating for several hours at 70°C.
The activity of odorless ammonia Prussian biues is no different than that of‘those
with the odor.

By treating various insoluble Prussian blhés,'haviné different activities and
obtained in different ways, with ammenia, ammonia blues wigh idenpical properties
result.

Other ferro-cyanides used are nickel and copper ferro-cyanides.
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All che above ferro- and ferri-cyanic "catalyzars" are dddéd?in;quantitiep of
0-15 parts by weight to 100 parts by weight of prdpellqﬁt, preferably 1-4 g;rtslib
100 ‘parts by weight of propellant. They are active via‘absorption, p;imariiy due

2
particles or —CN radicala, etc. [1, 36, 39, 44, 49, 60, 61, 63, 64, 65, 67, 80, 81,

to-their darkiColor, and‘aiSQ.via cﬁemilﬁminescence:offtheniron'atoms;-exditédvt*

871.

Nitrocompounds

The organic "catalyzers" used arel;alts of picric and stypﬁnic acids (2,4,6-
trinitroresorcinol). They exert their action via exothermic decomposition or via
chemiluminesceﬁce of the metals entering inte the composition of the compounds.. -The
picrates are: prtassium (X), calcium (Ca), lithium (Li), chromium (Cr), aumonium
(NE:), sodium (Na), copper (Cu), zinec (Zn), cadmium (Cd), nickel (Ni). aluminum
(Al), iron.kFe), strontium (Sr), cesium (Cs), beryllium (Be), urea, n—hgptylamine
salts; tetraethylamine and N-methylpyridine picrates. f;e styphqates include: the
salts of sodium (Na), lead (Pb), ammonium (NHZ), silver (Ag), petassium (K), cal-
cium (Ca), barium {(Ba), rubidium (Rb), magnesium (Hg); pyridine, guanidine, guanyl
urea aﬁd isopropyl amine. |

Ficrates and styphnates are added iﬁ amounts‘éf 2-20% and their particle size
is of the order of about 0.04~2 mm [36].

Trhe influence ot some of the above described catalyzers is given in Table 7.7
for a propellant based on a composition of 16.5% combustible component and 83.5%
ammonium nitrate (NH4N0

3"

The combustible component composition is as follows:

parts by weight

the copolymer, Bd/MVP 90:10 100

rbon black 22

stabilizer | 3

di (butoxy-ethoxy)formal 20

Mg0 3
252
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This propellant was formed in a rod. with a dianeter of ﬂ.ﬁ?ﬁ cn and hardened
at 32.2°Q_for 24 hours. These rnds were cut into 1engths 17. 78 cm long, entireiy
covered, except for thefend{‘with,a:noﬁinflanmabngSubstancel_anq-placed in & oresg-
sure bomb under the desired pressure in a:plt;ogen'atmbSphere. The bomb wasdplaged
in.a batn a;la_temperatu;e of 23.1°C and the burning tire of 3”12.7¢cm*1png roc was
measuyed.

Table 7.8 presents some data, which also takes other picric or styphnic salts

into dccount.

TABLE 7.8. THE EFFECT OF SOME PICRATES AND STYPHNATES ON. THE BURNING
RATE OF -A- PROPELLANT WITH BINDER CONTAINING THE COPOLYMER Bd/MVP 90:10

~ ] ) . Myt wl. ¥ x .
y (NHA)ZCr T CuQ+ Cr203, ‘ , Parts by wti Burn¢qgﬁraten£.
o [ e e B L A : . Al 7 - -
o ~parts by wt.} parts by wt. e to 100 parts e iy
o b | to 100 parts j to 100 parts Tr.j::;zzhenol by wt. of &g 4252 : at.70£3
2L | by wt. of b vt of - "basic pro- | kg/em” | kg/em
M 2 | "basic pro- | "basic pro- pellant" ’ .
B E ; .
‘ pellant" pellant" [lesec]_ [cm{sec]
Urea styphnate 4.0 0.516 = | 0.688
2 4 4 Urea picrate 6.0 J
Potassium } 0- 20 .0'777
styphnate 4.0
3 Dipicrylamine 6.0 0.571 0.749
4 4 4 Sodium picrate 10.0 . 0.920 | 1.168

The influence of some 'catalyzers’ according to data for propellants with the
composition given in Table 7.9 can best be compared on the basis of Table‘7.10,
wherein it is evident that ammonium dichromate induces the greatest increase, while
cupric chromite increases the burning rate by less than half. odium’'plcrate equals
the effect of cupri¢ chromite only with additive quantities 2.5 times greater. Omn
tha other hand, all the "catalyzers' exhibit a greater increase in the burning rate
when mixed together than would result from the sum of the increases for the indivi-
dual constituents. Thus, a "catalyzer" rixture furnishes a synergic action [36}.

Other organic compounds used as combustion "catalyzers' are: monosodium
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TABLE 7. 9 “THE COMPOSITION UF SOMY -PROPELLANTS
WITH BINDER CONTAINING THE COPOLYHER Bd/HVP 90:10

; : Composition (ﬁaits.by.weightS’ |
Congtituents { E E SRy e — - e

N AR | e

1 {2 4 3| 4 | 5

STl i T g

. Combustible component | 16.5 | 16.5 | 16.5 | 16.5 | 16.5

: NH,NO, § 40 " | 3.5 835 | 83.5°| 835 | 83.5 |
1 om).cr o #1549 R WO | VA0 T e g S g
- %472 " :

Cu0~Cr o a 4y § .0 | o | &0} o | 40

Sodium picrate
(0.23~0.15 mm, 1 9l vy 41k ¥
65-100 American sleve)| O 0 -0 'l 10.0 10.0

TABLE 7.10 THE EFFECT OF. SOME COMBUSTION "CATALYZERS" ON
THE BURNING RATE OF THE PROPELLANTS GIVEN IN TABLE 7.9

. Burning rate r
Propellant 'indreasélin o . ' zli iqcfédsé in
no. at 42.2 kg/cm -burning rate at 70.3 kg/cm” | burning rate
[em/sec]” BAT [em/sec] Ar
[em/sec] . ‘ | :lem/sec]
1 (standard) 0.175 T - - 0.272 -
T 0.488 0.313 0.641 0.369
3 0.315 '0.140 0.463 ' 0.191
4 0.317 '0.142 ' 0.429 0.157
5 0.889 0.714 1.125 0.851
. barbiturate (1-10%), pyridine N-oxide 1-5% (exothermic decomposition) and orgsnic

dyes [65, 67, 81].

Organic dyes
The organic dyes merit a broader discussion Lacause they can successfully re-

place the inorganic "catalyzers'.

These dyes are: aniline black, the indophenols and a different type of Blue.
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They all act by absorbing radiarion because they all have géep-éolérs, ranging
to black. When added in amounts of approximately 2.5%, these d?géfcqp,increagefthh‘
burning_rate by 30-40%. In mixtures with inoréanic ﬁcatalyze:;";"they exhibit a
synergic ‘action.

One of these indophenol dyer. can be obtained by beating 10 parts by weight of
2,4-dinit?b—4'-hydfoxjdipheny;_amine_with 18 parts by weight of dry sbdi?m;tetraf
sulfide in 50-60 parts by weight of alcohol at a temperature of 135-145°C for 3-4
hours in an autdglave under a pressure of 8-10 atm. The alcohol ;s,distilledzoff'
and ‘the dye crystallizes from the mother solution.
| ,‘Hoﬁevgr, commercial dyes such as: direct Blués -- Pyrogene Direct Blue RL—Cﬁ
and Pyrogere Direct Blue GLR-CL, Sulfogene Direct Elue‘BN, Sulfogene_Brilliant Blue:
BCL and Sulfogene Navy Blue ARCF-qura, are most f;equently used.

TABLE 7.11. THE EFFECT OF ORGANIC DYES ON THE BURNING RATE
OF PROPELLANTS WITH BINDERS CONTAINING CELLULOSE ACETATE

ﬁurﬁing‘rété £ at ! y : l
; L 12 _Burning
Dye il “rate 2
. > | increase :
(golor index in parentheses) Tt ey Ezzsziéant. T3
[em/sec] -

Sulfogene Direct Blue BN (956) . 0.203 0.279 38 0.83
Sulfogene Brilliant Blue BGL (961) 0.203 0.279 33 0.78
Suifogene Navy Blue 4RCF Supra (959) 0.203 0.254 25 0.76
Pyrogene Direct Blue RL-CL {956) 0.254 0.356 40 0.70
Pyrogene Direct Blué GLR-CL (959) 0.254 0.330 30 0.73

Tabl.: 7.11 gives their effect on the burning rate for a propellaﬁt of composi-

tion:
4
cellulose acetate 5.8
ethylene glycol diglycolate 9.6
2,4-dinitro-diphenyl ether 9.6
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Prussian blue 2.0
in which-log pf_the binder (which-comstitutes 2.5% of the propel;iht)nisfrqpiiQ?@‘
5 : : : e
by the dye 149]. ?

T

Salts of aromatic amino-carboxylic acids

It was learned that during propellant combustiom the imorganic ﬁcdiéijiersh
p;odugerhigh-m21ting heavylmetfl dxides.(C;203, C@O,-Fezdi,fctc.)' which}ha#¢3a1§Qb-
stantial‘corroaive,effectron the“noézle gtﬁfough friction caused by the ‘expulsion
of solid'particles). On the other hand,;potaSsium-gfbup oxides have a lower nélting
and boiling or sub;}mation Pbint, and they pass into the gaseous phase ét?tﬁé.;em-
perature qf combustion. When a uniform (mass) discharge is necessary, the nozzle
must not changg its diameter nor undergo corrosion (for example, in gas gemerators).
In that case potassium-group éalts.andramino—carbqtylicracidSyare used'as combus-
tion "catalyzerg"; these are, e.g., salts of o-aminobenzoic and anthtani}?c‘aeids.
The amount of these salts addgd is dependentron the binder, oxidizerxand‘fhe desired

burning rate; for ammonium nitrate and cellulose esters with s self-dxidizing plas-

ticizer, it is 1-6% [113].'

7.2.2. Moderators

Very often it becomes necessary to decrease the burning rate in the -ase-of a
number of prope.lants,.particularly those with perchlorate oxidizers. This is ac~
complished By adding a moderator. .However, in most cases the substances that are
moderators for rgpidly.burning propellants containing perchlorgtes,are,-at the same
time, combustion "catalyzers" for propellants containing nitrates (NH4N03,‘in-parti-
cular). Accordingly, the term "noderator" should be taken to mean é substance which
decreases the burning rate of propellants contsining perchlorapas. The appliéation
of moderators to propellants containing nitrates would be completely useieés, be-

cause these propellants have such a low burning rate that most frequently ‘it is
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necescary to adc combustion “catalyzers” in order. to suppert combustion. ‘ e

‘1t 1s possible to 'clisfiuguish 3 groups of nbdérato’ﬁ:r ‘salts of imrjﬁic ae.i.it

T
and hydrorylamines or semluarbazide, heterouolybdates and aliphatic dlaninc dini—

Tad
Lrates. /! S ‘n&t R

‘?‘-

Bydroxylamine or semicarbazide can serve as the moderator. However:‘their ,éﬁ

salts have proved to be better; in particular, these are:

ori

.ﬂHZOB°HC104 = perchlorate: _ Héﬁ*ﬂbrﬂﬁﬂﬂi‘ﬁClqg o
NH,OH'HC1 - hydrochloride H,N~CO-NEHNH, *BCL' el *
2ZNH 0H9H2SO = sulfate QHZN—CO~HHB32°HZSOA

NH, OH B 950, - acid sulfate

_NHZOB'HNO3- - eitrate Hzﬂ—COfNHNHZ'HNos

3NH OH'H3B03 - borate

SNH OB B3POA = phosphate

2MH,0-H,S1F, - ' flucrosilicate

These salts are added in amounts df 0.1~20 parts'py weight‘to 100 parts by
weight of propellant, preferably 0.5-10 .arts by weight. As in the casé of combus-
tion "catalyzers", éhe moderaﬁors are ground together yith:the.oxidizer.

Table 7.12 shows the action of hydroxylamine and ;emicarbazideﬂhydrochloridesj

in a propellant having a composition: 15% copolymer 90/10 Bd/MVP and 85Z NH
[114]..

Cl10

47774

Phospho- and.silico-molybdate compounds with the gemeral formula. X 2, Mo 0, !
where X = NHa,-Na,'K, Li, Rb, Cs; n = tha valence of the Zaﬂbboc anion, whiéh'may
be 2-8; 2 = P,-Si; a = 1.2; b =.6~18; ¢'= 24~62, are good moderators.

¥ 1
In particular, these compounds. are !

K481M012040 = tetrapotgss1um—silico—12-molybdate

1See page 284
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TABLE 7.2, THE EFFFCT OF HYDROXYLAMINE AND'Sk  ARBAZIDE
HYDROQHLORIDES-ON,THE'BURNIHG'RATE OF A PROPELLANT WITH
BINDER CONTAINING THE COPOLYMER, Bd/MVP 90:10

| Pares by we. | Burming rate ¥ | Moderation
Pro?gifant . Moderator ,g; igofggrts“ at 21 .“'at'3043 A Taflii,f%éizibfjﬁ
- prOpeilént : kg/pmz _3kg/cmg‘ :kg[éﬁ%?;kgléﬁz
' lcn/sec] | [cm/aec] | [2] 1z
1 < 2.286 | 3.505 | - -
2 HCLH,NOH 2 1.245 | 1.854 46 | 47
3 - 1 1.651 - S B
4 | HCL+H,N-CO-NENH, 5 IERT A LA e B T

In propellanta 1 and 2, the-b_'m&cm4 ia present with 2 particle sizes:
74 y and 18 u, 70 and 30%, respectively.
In prbpeilants 3 and 4, particle sizes 200 1 and 40 u, 70 and 30%,

respectively.

(NH4)481M°;2°40 tetraammonium~silico-12-molybdate

- 4 ) (1] "
Na451M012049 tetrasodium

. e o n n
Rh481M012040 : tetrarubidium

C5431M012040 - tetracesium

i1 n

;_ R s " "
LiASiM012040 tetralithium
Na3PMb12040 ~ trisodium phospho-12-molybdate
W, L i n ]
K3Pu312040 | tripotassium

n "

(NH4)3PMb12040 = triammonium
(NH4)5PM°9032 = pentaammonium phospho-9-molybdate

CsésiMb9032 - hexacesium silico-9-molybdate

(NH,) _PMo,0 - heptaammonium phospho-6-molybdate
477624

K7PM011039 =~ heptapotassium phospho~ll-molybdate

Na881Mio12042 - :octasodium silico~12-molybdate
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(““ﬁ)2?2"°12°42 - diammonium z-bhosphoflz-gblybqate
'(ﬁﬁa?é?znflepfz - 7ﬁexaam@oniumiZ—phb8ph0718;ﬁq1ybdate

Na.P Mo -0

i i & g K " : "
58 adh 1 i o
I Hetermolyﬁda;es are added in amounts of 0.1-15, preferably 0.2-5 parts by
l weight to 100 parts by weight of propellant. The effect of 2 hetéromdiybdg§é5'§h a
l propellant with the composition: 15% copolymer 90/10 Bd/MVP amc'l.'t'aaw;._zwmlic1c)£i is

given in Table 7.13.

TABLE 7.13. 'THE FFFECT OF FETEROMOLYBDATES ON THE BURNING RATE OF
A PROPELLANT WITH BINDER CONTAINING [HE COPOLYMER, Bd/MVP 90:10

" Moderator | Bﬁfn%pgiiaté_g : Mode;g;igﬁ_{i)
No. | ToT00 pareaty |2 21 | e 422 Tae 05 gy b iy fae 70,3
::i%:;tOE Pro_ ‘-?Eéizgc]_ TEQ;EQCI }E;?:ec], kg/cﬁz kg/cm2 kg/cm?
1 - 0 1.753 2.769 3 581 | 0 : 0 . 0
é N:-.l!‘S:ll'lit)]'z()!‘0 2 1.118 1.549 1,987 36 44 45
3 | NagPMo 0,0 2 | 1.676 | 2.476 3.277 4 11 g

Diamine dinitrates with the gemeral formula

R’ R’
W>N"R'N<at
where: R - an alkylene or alkenylene with 2-14 carbon atoms, R' - an alkyl with
1-4 carbon atoms, are 2ffectiva moderators for prOpellaqts containing perchlorates.
The total number of carbon atoms in the molecule should not exceed 18. The
nitrates of these amines are effective in small amounts (0.1-20 parts b; welght tu
100 parts by weigh& of propellant), are stable and do not yield harmful residues.
after burning.

In particular, they are the dinitrates of the following amines:
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N.N.N',N' ~ ‘tetrametnyl-2,3-diamine butane
N,NyN',N' = 'tétramqthy;-3;4fdiaming hexane
N,N,N',N' = tetramethyl-1,2-diamine ethane

N,N,N',¥' -~ tetrameth 1-1,3~-diamine propane
g ciyd=l,. Pane

N,N,N*,N' -~ tetramethyl-1,8-diamine octane o :e
N,N,N',N' - tetramethy1f1,14+diamine'tEtradecéne

N,N,N',N" - tetramethyl-1, 3-diamine dodecene-1

N,N,N' N7 - tétramechyl-;,G-diamine_hexane

N,N,N',N' - tet:amethyl—l;3-diagine—2,2-dimethyl’propane
N,N,N',N' - tetramethylfl,?»diaﬁinefZ%Ethyl!propane
N,N,N',N" - ,tetrameth9142,4fdiam;ne octane

N,N,N" N' -~ tetramethyl-1,3~diamine butane

N,N,H',N' - tet:amethy;—l,4-41amine butane

N,N{H',N' - tetramethyl-2,5-diamine hexane

-N,N;Nl,N' - tgtramethyl-i,4=diamine buteneJ2

N,N,N',N' - tetrametﬁyl~1,5—diamine‘tetradecane
N,N,N'",N' - tetramethyl#l,5-diamine—2,4-dime;hy1,pentane
N,N,N',N" - tetramethyl—l,BLdiamine-3;6¢dipropyl octane
N,N,N'",N" - - tetraethyl-1,3-diamine butane

N,N,N'",N' - tetraethyl-1,3~diamine decene-2

N,N,N',N' - tetraethyl-1,2-dizmine ethylene

N,N,N',N' - tetra-niprOpyi-l,3—diamine bufane

N,N,N ,N' - tetra~i-propyl-1,4~diamine butane

NN = dimethyl-N',N'-diethyl-1,3-diamine butane

N,N - dimethyl—N',N'-diethyl-l,lG—diamine-Z,B-dimethyl decane

Table 7.14 shows the effect of one dinitrate of these amines on a propellant

of composition: 15% copolymer 90/10 Bd/MVP and 85% NH4C104 (116).
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TABLE 7.14.. THE EFFECT OF N,N,N',N'-TETRAMETHYL-1,3-DIAMING
BUTANE NITRATE ON THE BURNING RATE OF A PROPELLANT WITH
BINDER: CONTAINING TEE COPOLYHER Ba/MVP -90:10

.é N,N,N',N'~tetramethyl- % Burning rate © Moderation (%) e

o IS s 1w Foobilpty at 21.1 [at 42.2 |4t 70. 3 at  -lat” | reduction

2 - | (parts by weight to 2 .l 217 20.3 |8 clo

& |100 parts by weight “kg/cm kg/cm -kg/cm T | R

b of propellant) [cm/sec] [em/sec]. [cm/sgq} kg/em” { kg/em

iy - 1.600 - 2.78L  F b e 70% 74
2 1.245 - 1.869 22 33 |30z 154
- 1.524 2,783 |« <20 Ea 702 210 u

1.295 1.762 2:034" .| <15 26 {307 40 y

5 1.219 1.524 1.829 20 331

7.2.3, - Burning rate modifiers

Depending on their amounts or methods of application, some substancesjmay‘hage
a number of effects at the same time: they influence the burning rate; improve oth-
er properties of the propellant such as the mechanical-stremgth, or increase the
chemical energy reserves, etc.  These substancgs.may-either increase or decrease the
burning rate; and sometimes, depending on the other consfituents, :he.sa@e_subs;ance
can cause either an increasg Or a cecrease, This'type.of additive,:used to.vary rhe
burning rate, is called "burning rate modifiers". There are frequently inaccuracies
in the literature: in particular, the term fmodifierﬁ is: used to mean "modifier of
the exponent n". One must distinguish betwgep.these‘2-concepts.betau§g‘the first
refers to variation of the burning rate at constant pressure while the secohd‘;efers
to variations in relation to the burning rate.under different pressures 6# a propel-
lant without a modifier.

Burning rate modifiers‘in&lude different types and grades of carbon black;
graphite; silicon dioxide; somé powdered metals such as boron, magnesium, aluminum;

and mixtures of these. Of course, the carbon blacks should be inclngdfamong‘the
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combustion "catalyzers"; nevertheless, it is c.:-.t_st;c:unar:,i1tct_f@:all‘_thai.i‘:fl.'odvi'f'ii'f7:_;“z ghis:§

S it

terminology can be supported by the fact that they'are-yniversa1¥y uéeé,)go%jQS'
ﬁcatalyzérs" but;as'filleré{ to improye.the_méchanical properﬁieg,qf,the'p;oégigggk
rather than to increase thegbg;niqg'ra;e. The latter also occurs, but it_isiééi}u
an auxiliary or secondary effect. Frequently, however, ca:bon‘b}aﬁks\afé‘éddgﬁjfo;‘
the sole purpose of incréasing.thevburgiﬁg'rate. [

The mechaﬁism of the action of carbon black hasfhotrbeen’studied'é-‘certa%ﬁiy i
there muét.be an absorption of the radiation. Moreover, the efféCtiveﬁess.of‘E;fﬁoh
black ie a function of the degree“bfﬁsurfecé development. Thus, }or"exampie, ac%ii
vated charcoal from animal remains has proved to be the bgst:—-'uhdoubted}yfbéc;usé
it has the most highly developed surface. Ve dhould Bintiod Blker types of carbon
'blaék and- carbon, such as channel (gas)‘bléck; furnace black, Iampbihck, petroleum
coke and graphite. :

Gas blagk results from the incomplete combugtion of natu;al gas, furnage‘black‘
from the.partial combustion of gaseous hydrocarbons in a closed furnace, thermal
furnace black from the Qecomposition of such hydrocarbﬁns'as’agetyleﬁé;iﬁra‘éuper-
heated furnace; and lampblack is formed by burning liquid fuels such as petroleum,
tars or the residues remaining after the distillation of petroleum. These carborn
blacks contain a very small amount of ash {less than 0.5% and usually less than
0.15%Z). In addition, they are in the form of very small éarticles, 50-5000 K. and v
contain certain amounts of adsorbed oxygen and hydrogen.

Petroleun coke should have less than 1% ash, it should be ectivated, and it
must be reduced in size to a particle size of about 0.044 mm. Graphite is als> sub-
jected to grinding; it should contain no more than 5% ash. l

Carbon blacks,.graphite Jr petroleum coke are added to propellants in amounts

of 1-10%; preferably, howéver, 2*6%. It should pass through at least a No. 20 Stan-

dard American 3ieve (mesh: 0.84 mm), better through a No. 200 (mesh: 0.074 mm), and

most preferably through a No. 325 (mesh: 0.044 mm).

Table 7.15 [1} illustrates the effect of the various carbon.types on- the
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surning rate of a propellant of compositiorn

Z

cellulose acetate 4.75
2,4~-dinitro~diphenyl cther 8.00
ethylene plycel diglycolate B.00
insoluble Prussian blue 3.00
acetonyl acetone dioxinme 2.30
carbon black 1-5
‘ NHaN03 69-73

Itris evident from the table that the most effective carbons arc those with
well developed surfaces. A further Increase in the amouunt of carbon produces no
great changes in the burning rate. For example, = 4007 incrcase in the amount of
activated charcoal resulted in only an increase of appreoximuately 5307 in the burning
rate in propellant Nos. 2 and 3 [1, 3, 43, 49, 61, €4, 65, 6¥, 77, 78, BL, 93].

TABLE 7.15. THE EFFECT OF VARIQUS CARBON TYPES ON THE BURNING
RATE OF A PROPELLANT WITH BINDER CONTAINING CELLULOSE ACETATE

Propellant ! Carbon zuzzlgg ;ate | Increase in the
°p ! Type of carbon content § = : burning rate
no. . 2 a1

‘ (1 kg/em (%]
l ‘ [em/sec]
1 Standarc {without carbon) - 0.356 -
Norit 4 (activated carbon),
sieve 325 (mesh, 0.044 mm) 1 0.483 35
3 | Norit A 5 (.559 37
4 Carbon black, sieve 325 ‘
(mesh, 0.044 mm) 1 0,483 35
5 ! Petroleum coke 0.8
Carbon black 0.2 Dot 21
6 Graphite 1 (.406 | 14

It hos been shown that silica in the form of a finely ground gel (10-20 1),
acded to increase the modulus of elasticity in the amount of 1-20 parts by weigzht to

100 parts by weight of binder, also induces a lowering of the burning rate (Table
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TABLE 7.16. THE EFFECT OF $i0., ON THE BURNING RATE

2
Parte by weight to 100 parts
DREETE 1 by weight of copolymer
1 2 3

Copolymer Bd/MVP 90:10 100 100 100
Carbon black 20 - 20 20
Sio2 0 1 3
NH4N03 753 758 768
Di(butoxy-ethoxy-ethoxy)formal 20 . 20 20
Milori blue 18 18 18
AnQ 3 3 3
Flexamine (stabilizer) 3 3 3
Aerosol OT (surface-active agent) 1 1 1
Sulfur 0.75 0.75 0.75
SA-113 (dithiocarbamate derivative) 1 1 1
Burning rate r [cm/sec] 0.419 0.409 0.268
Burning rate lowering [7] - 2 12

7.16). It follows from the table that an addition of about 0.3% 5102 lowers the
burning rate by almost 127 [3].

It was also learned that some retallic elements, when added for the purpose of
increasing the chemical energy reserves in the propellant, either increase or re-
duce the burning rate, depending ¢n the amount of oxi{dizer. Thus, for example, bo-
ron decreases the burning rate when there is 82% NH&NO3 in the propellant and in-

creases it when there is a 92% NH&NO3 contetit. This effect 15 exhibiced not only by
boron but also by magnesium (Mg), a mixture of boron with mapnesium, mixtures of bo-
ron or boron with magnesium and with 50% of such elements as aluminum (Al), beryl-
lium (Be) snd lithium (Li). Thesz substances are added to the propellant in amcunts
of 1-10%. The particle size should at least be below 50 u; it is better if it is

below 20 u and most preferable 1if it is below 10 ©. The cffect of these metals on
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the buviaing rave {s given in Tatle 7.17.

Nonhsrdened propellants prepared in sccordance with Table 7.17 were burned in a
pressure bomb. The incrcase in the burning rate is almost directly proportional to.
the boronm content, as is evident from the table. With each 2% boron addicion, the .
burning rate increases by about 30% in the presence of about 907 oxidizer.. Magnesi-
un ig less effective, and aluminum exhibits only a weak reduction in the burning

rate; while a mixture of boron with magnesium is more effective than boron alone.

In the presence of 82.5% oxidizer, boron reduces the burning rate [62].

7.2.4, Other substances that affect the burning rate

This group includes those substances that do not have a direct effect on, the
burning rate, but act indirectly by improving the properties of other constituents.
An improvement of this type is required primarily by propellants with the composi-
tion: ammonium nitrate (NH4N03) with various asphalts, tars or evenlpitches. Ié
these propellants the oxidizer and the combustible compoﬁeﬁt both have a low melting
point and thus have a tendency to spread over the suris-z of the burning charge.
This results in an insulation of the propellant from the flame, which more thapn onca
has caused the charge to stop burning or led to irregular combustion and low burqing
rate, In order to prevent this occurrence, thickeners are added to both the oxidi-
zer and the combustitle component. As a result, neither the oxidizer nor the ﬁom-
bustible componen: has a tendency to spread after the melting point is reached, out
rather maintain the consistency of paste. The burning becomes stable and the burn-
ing rate increases.

The thickening agents are generally inorganic colloidal sgbstances such as car-
bon black, Prussian blue, jewelers' rouge, various types of natural earths (improved
with -onium or hydrophobic compounds), and synthetic earths, e.g., zeolites (alu~
mino-sodium silicates with different Nazo contents), cxldes and hydroxides of sili-
con, aluminum, magnesium, vanadium, iron, alkaline-earth carbonates (CaC03), etc.

Some of the best thickeners -- ~onium earths -- are obtained by the reaction
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of natural earths with quaternary ammonium salts in amounte of 25-190 nilliequiva-
lente to 1,600 g of earty, The following ammonium compounda are used: naphthy1-
ammonjum hloride, di(cyclohexyl)-ammonium bromide, laﬁryl-dimethyl-ammpniuh chlo-
ride, tetragethane-ammon{um bromide, octadecyl-ammonium iodide, lauryl-phosphonium
bromide and dimethyl-dicetyl-ammonium bromide.

The natural earfhs are also improved by the adsorﬁtidn of hydrophobic substanc-
es, such as primary, secondary and tertiary aliphatic amines with at least 16 ca;bbn
atoms in the chain (e.g., d~decylamine, hexadecylamine, octadecylamine and their
mixtures), naphthylamine, pyridine, pyrimidine, tetrahydropyrimidine derivatives and
polyamines and amide amines. -

The varicus types cf carbon blsck used here include furnace black with a sur-
face area of 3-100 mz per gram and with a particle size of 0.4~0.5 u; and gas black
with a surface area of 100~200 m2 and with a particle size of 0.2-0.4 y.

However, thé‘best ones have proved to be colloids of the aerogel type. They
have a surface area of the order of 100 mzlg or more. They can be prepared by vari-
ous methods, as, e.g., by burning SiCl4 tc SiO2 or by su' ent exchange. The. latter
method results in high porosity gels. The water in the inorganic hydrogel is re-
placed with alcohol and the resultant alcohol gel is heated in an autoclave above
the critical temperature of alcohol. Ther the finished aerogel is obtained after
the pressure is lowered.

The method of adding the thickening agent to the aumonium nitrate is very im-
portant. For example, adding 5% jewelers' rouge or cslcium silicate by mixing the
dry substances has no effect on the viscosity of fused ammonium nitrate. On the
other hand, when these same substances are added to a 50% aqueous solution of am-
monium nitrate and the mixture obtained 1s then desiccated, the substspce obtained
is a paste above the melting point of the nitrate, Moreover, the mixture thus ob-~
tained does not readily separate from the asphalt at the melting point during the
combustion process. In order to obtain very fine particles duricg the desiccation

process, an immiscible liquid in the amount of 1-5% (in relation to the solid
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fraction) is atJed to tme solution in question along with an emulsifying agent. The
resultant emulsion is desiccated an¢ then the remaining liquid is driven off.

The addition of a thickener to one phase of the propellant.is not sufficient.
It is better if the oxidizer and the combustible component are both treated in Fhe
above manner. .

If 15% asphalt is mixed with 85% ammonium nitrate, the flame ie capable of be-
ing extinguished very readily. An addition of 17 of the reaction product of ocento-
nite (a type of natural earth) with dimethyl-diethyl ammonium chloride, available
under the trade name "Benton 34", to asphalt results in stable combustion with a
rate of 0.152 cm/sec. Moreover, the addition of thickemers to ammonium nitrate in-

creases the burning rate nearly 3 times [44].

7.3. Modifiers of the Coefficients n, " and u

The literature contains comparatively little data on substances which affect
the coefficient%, n, np, and u. Undoubtedly, this is the result qf governmental or
industrial secrecy due to the féct that these coeffiéients are decisive in the bal-
listic properties of propellants. 7

So far, 5 groups of compounds have been mentioned tnat affect the aboyg coef~
ficients. They are plumbous salts of the higher fatty acids; polychromates (already
discussed in section 7.2.1) and chromites; calcium and barium phoséhates; oximes
and heteromolybdates. |

Obviously most important are the substances which influence the coefficient n
in the equation r = Q_EP. The influence of the coefficients ﬂp and u depends on the
temperature difference, At = (tl'- to), in which tO is the st..ndard temperature agd
tl' the rea: temperature of the propellant. Because standard temperatur: is usually
room temperature or relatively close to it, At will either be equal to zero or Hévea
small value. In other words, the influence of the coefficient ﬁp on the pressure
and that of the coefficient u on the burning rate are negligihle at temperatures

cluee to standard temperature; consequently, substances wnhich act to change the
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values of these coefficients induce no real changes in the burning rate or the pres-
sure under these conditions. The prob;em_ahsumes & greater importance only wi;h
higher At values.

On the other hand, changes iﬁ the coefficient n under the influence of various
substances are essential and very important. After all, it is frequently desirable
to iower the value of this coefficient. A decrease of this type induces a smaller
variation in the burning rate as a function of the pressdre and, consequertly, the
combustion becomes more stable. Obviously, it is most.advantaéeous to achieve the‘
so-called plateau effect, where the burning rate remains the same (n = 0) for a def-
inite pressure range. 1ln that case, even rather significang random.var;dtions in
the pressure (taking place within the given pressure range) do not cause a variation
in the burning rate, which is undoubtedly quite advantageoﬁs.

Substances which radically reduce the coefficient n ané frequently also result
in the plateau effect are plumbous salts of organic acids such as the N,N-di(2-

ethyl-hexyl)-B-aminopropionate, l2-ketostearate, 9- or l0-acetamide stearate, cyclo-

hexyloxyacetate, butoxy acetate, etc. The acids should have at least 6 carbon atoms

in the chain.
1n amounts of about 3% of the propellant, these salts induce a practically con-
stant burning rate in the pressure range, 70.3-140.6 kg/cm2 {Table 7.18) for a pro-

pellant of composition:

%
nitroglycerin 24.7
nitrocellulose 57.8
triacetyne 9.2
dioctyl phthalate 3118
2-nitro-diphenylamine 1.7
plumbous salt © 3.3

To be sure, the example in Table 7.18 concerns colloidal propellants, but it is
also possible to achieve the plateauv effect in composite fuels, particularly those

bssed on ammonium perchlorate {6, 67, 77].
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TABLE 7.18. THE EYFECT OF LEAD SALT ON THE .
BURNING RATE OF A NITROCELLULOSE PROPELLANT

Burning rate y at
. 70.3-140.6 kg/cm2

at 21.4°C . at . 60°C .
{em/sec] [em/sec]

EE

N,Nw~di~2-ethyl~hexyl-p- _ )
amino propionate .838-0,99° | 0.838-0.991

.660-0.838 | 0.813-0.940

.711-0.889% 0.813-0.940

0
12-ketostearate 0
0

9(10)-acetamide stearate 0.686-0.736 0.787-0.864
0
0
0

Basic 12-ketostearate -

0.864-0.864 | 1.09 -1.07
.940-0. 864 0.940-0.914
.737-0.991 | 0.889-1.19

Cyclohexyloxy acetate
Butoxy acetate

Tetraphenylide

Oximes, pa}ticularly those in which the oxime group or groups are bound with
acyclic carbon atoms, are especially effective in lowering the n value. Cyclic ox-
imes, such as benzoic or salicylic aldehyde derivatives, have proved toc be excel-

lent. 1In this respect, the oximes that are generally better are those with the for~

mula:

R- C- (CHy),- C- R’
X NOH

where: R and R' = ~CH3, ~C2H5 or H; y = 0-2; =X = =0, =NCH, The repres.atatives
here are acetonylacetone dioxime or monoxime and succinic aldehyde dioxime.
Acetonylacetone monoxime and dioxime arc formed by the reaction of acetonyl-
acetone with a hydroxylammonium salt (sulfate) in stuoichiometric quantities in the
presence of & strony base in aqueous solution at a temperature of 65-70°C. After
reacting, the mixture is cooled and stirred until room temperature is reached; then

it 1s drained and, after washing with a small amount of water, is subjected to
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drying.
Oximes are used in amounts of 1-4% of the propellant, and they not only reduce
the exponent n, but also facilitate ignition of the propellant. Oximes are mixed

wich the binder -before the oxidizer is added.

The effect exerted by oximes on the exponent n is shown by & propellant of com~

position:

. %
' cellulose acetate 4.75
‘ 2,4-dinitro-diphenyl ether 8.00
eihyle.e glycol diglycolate 8.00
insoluble Prussian blue 3.00
acetonylacetone dioxime 2.30
NHANO3 73.95

in which n = 0.58, and without the dioxime, n = 0.8 [1, 49].
Phospnates, pyrophosphates and metaphosphates of calcium aqd barium are very
i effective in lowering exponent n when added in amounts of 0.5-2%Z. The coefficients
ﬂp and u are lowered at the same time by them. This actine is given in Table 7.19

| for a propellant of composition:

1 h..,NO 75.00 72.79 76

4773
(NH,) ,Cr,0, 1.99
Cu0°Cr203 0.15
polyester 12.35 9.79 14.11
‘ diethylene glycol 477
adipic acid 49.45%
: maleic anhydride . 3.55%
styrene 12.35  2.44 8.59
$ cumene hydrogen peroxide 0.25 B 0.25
: tertiary butyl catechol ) 0.25 0.40
methyl acrylate c 1222
methyl-ethyl ketone peroxide 0.49
sodium salt of dioctyl-sulfo-
succinic acid (wetting agent) 0.50
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lecithin 0.05 0.03
TABLE 7.19. THE EFFECT OF PHOSFHATES ON THE COEFFICIENTS u,

ﬂp AND v FOR PROPELLANTS WITH A POLYESTER—STYRENE BINDER

| i vl £ 5 Lok o
Propellant Modifier 4 {hr!?l'C] [ApZ/E’C}‘ n 'T;zjz:;?
A - - .22 0.40 C.44 15,15
A - - 0.27 0.49 0.44 10,3
A ca,(P0,), 1 0.16 0.22 0.22 | 35.15
A L 1 9.20 0.25 0.22 70.3
A - 1 | o3 0.16 0221 - | B515
A : 1 ! 0.8 0.23 gl 70.3
A ¢ 0.5 0.22 0.34 0.39 35.15.
A " 0.5 0.23 0.23 0.0 7.3 |
A ¥ 2 0.13 0,38 0.31 | 35.15
A ¥ 2 0.18 0.27 0.31 70.3
A - - - 0.49 0.45 35.15,
A Ba,(P0,), 1 - 0.31 0.38 | 35.15
B - - 0.38 0.74 0.50 70.15
B Ca,(PO,), 0.5 0.14 0.9 0.25 70.15 -
c - - 0.38 0.72 - 56.24
c | Cay(P0,), 1 0.25 0.54 - 56,24
c - - 0,54 0.76 - 56.24
c ! Ca,(PO, ), 1 0.29 0.38 L 56.24
c J| G2 P05 1 0.34 0.45 - 56.24

It 1s cvident from this that calcium phosphate 15 the better one; in amounts of

1%, it lowers the coefficiént u by about 30-60%, the voefficient ﬁp by about 40-60%

and the exponent n oy about S50% [94].

Ag already meationed {section 7.2.1), when added in amounts of about 1% to pro-

pellarts based on ammonium perchlorate and on polyester with styrene, the poly-
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chromates lower the coefficient u by about 15-40%, ﬁp by about 30—ﬁqziand n hy about
20%. ‘ ‘

The best chromite‘ig cupric chr¢m;te,”CuO-Cr203; it lowers the exponent n by an
average of about 20%, soﬁe;iﬂeé'up\to,soz. The other thomites.are‘léss effect;vg,

The heteromolybdgtes mentioned in section 7.2.2 proved te Peivery gféective
godifiers of the-coefficient "o At the same time, they are MOderatoEéaforzperchlbf
rate proﬁeliants;and="cqmbqs;10n}cafal&zers“ for nitrate propellants.

Together with VZOS' the he;efomqubdates'eyhibit a_synergic action in lovwering.
the coefficient ﬁp. N10, CoO, Tioz, etc. have the opposite effect in that they tend
to increase the np value. The heteromolybdates are added in amouh;s of 0.1-6 parts
by'weight to iOO parts by weight ﬁf propellant. 1If a modif#er composed of Vzoslgnq
heteromolybdate 1s used, their ra;iolis'O.S to.h.O respectively.

The reaction of 2 hetefomolybdates on a propellant of composition: 16.5% co-
po}yﬁet 90/10 Bd/MYP and 83.5% NHANOB’ is given in Table 7.20, whereig it 1s evident
that a greater addition of modifier does not always result 1n.a'gréatér loyetinglof
coefficient ﬂp and that the best modifiers are mixtures of hetefomplybdates with

vanadium pentoxide [117].

7.4. Substances that Facilitate Ignition
There are many propellants that present difficulties during ignition. Most
frequently,: these.are propellarts in which asphalt, pitch or other petroleum proces-
sing products enter into the composition. In thaﬁ case, the addition of sqbstahces'
that facilitate ignition is imperative: These are highly'ﬁoia: compounds containing
nitrogen as oxides of amines R3N0, nitriles, imines R=NR', oximes RR"=NOH, where R
represents paraffin, olefin, aromatic and naphFhenic radicals and R'-H, organic rad-
icals. In addition to these, the'compounds maf COntaiP.—NOZ, ;OPNOZ,‘—O'Nb, *NQ,
—~C1, —ﬁr, “NHZ, =0, —QH, N, —, -NHfNHZ groups, gtc. The above substances can be

added to asphalt in amounts of 1-10%.

Carbon black, which 1is particularly effective in the presence of asphalt, also
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merits aitention as a sudstance which facilitates ignition. It is. added in amounts

df 1-3% of the.propellant {95].

7.5; Surface-active Compounds

‘As alrgady mentioned, surface-lat:tr:ive agents per'n_)it.a.n. increase in the,fluidil;y
of the unherdened propellant aud, as a result, make it foséibleuto introduce new
bat;hes of oxidizeg, usuaily about 30¢=mote-th;n when‘gurfaCé-act;veiggeﬁtgxafb‘not
used. Moreover, they increase the stability of tﬁg:dispersion.tnd'also stabilize
the propellant. Because they act chiefly by increasing- the coefficieﬁt"of{sp?eéd;
ing, they are frequently called wetting agents. Quantitatively speaking, there are
a great many surface-active agents; however, only a few of ther are suitable fqr
rocket propellancs. The literature contains only scanty data on Ehése_specific sub-
stances, which is undoubtedly due to industrial secrecy.

Among the wetting agents used in rocket propellant pfoduction, there are 2
groups of surface-active agents: ionogenic and nonionic.

The iopogenib agents include such sups;ances as: Aerosol OT, Duomeen C Diace-~
tate, Onyxide and lecithin.

Aerosol OT is the sodium salt of the dioctyl ester of sulfo-succinic acid.
Duomeen C Diacetate is the product of thé reaction of acetic acid with the mecnosalt
of trimethylene diamine and of acids with coconut ;il. VOnyxide is 6iméthyl-diethy1
ammonium bromide. - :

Lecithins are ampholytic wetters because they contain both cations of gquater-

nary nitrogen atoms and anions of oxygen atoms bound with phosphorus atoms

CH, O €O R
ec—lecithin::. (¢H O O R’
O

CH, O P O CHCHN(CH,),

O
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CH,--0--CO-:R

f-lecithin

where R-COOH are the higher fatty acids (5, 49, 63, 64, 87, 88, 91, 92, 94].

‘The most important nonionic wetters include sorbitan and polyglycol derivatives,

®
...;0-'-;(;_-00- CH,CH,N(CH,),

CH,~O -CO- R

S,

Ly
o~

Sorbitans ‘are compounds which result from the dehydration of sorbite

'HO- CH,

HO CH

HO - CH

A ‘}ho
HC OH —

HO CH

HO CH,

HO-CH- CH- OH

i

CH, CH- CH- CH,0H

Ny } |
o OoH

The: above. compound is the principal dehydration product; other secondary pro- i

ducts are formed, such as

HO CII- CH Ol

HOCH, CIE CH- CH,OH

5 y Vs ]
O

OH

cH
O\

HO HE  CH--OH
]

CH, ClI- CH,OH

N

§]

CH -OH
5
CH, CH-CH -CH CH,O0H
: ‘ :

.\0’/ OH .OH

n

HO CH-CH -OH
=L

HO CH CH OH
CH, CH,

b

O

The esters of sorbitans and oleic acid are particularly useful. It is better

if only a portion of the —OH groups undergoes esterification, in particular, one or

2, no nore than 3. The so-called Arlacel C has an average of 1.5 oleic acid nole-
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cules to 1 sorbitan molecule. It isian oil at a temperature of.25fc,-haslé'ap._§r.
of 0.95-1.00 g/cmSQ,an igﬁitian tgnperaturé of:232°p,-a'§ombystioﬁ tenperatu:¢<6fq
299°C a@d a viscosity of 900-1000 ¢p.’ Span 85, sorbiﬁan}trio;ea;e,fhaa;a.viﬁcosi:y
of 100-250 cp.at 25fc,;a sp. gr. of 0;92~O.98, an ignition temperaturg.dffZGOfc ;pd
a combustion temperature of 299°C. | |

The above esters are- obtained: by heatiqg‘oléic-acid.and sorbitans in the appro- i
priate molar ratios in a carbon d’oxide atmosphere at a teﬁpera;utg’df 2609Cf[§6].
The producta obtained by the reaction of'partigl'eSterg of sorbitans hith_eﬁhylen;
oxide or.with other alkylene oxides are alao used. ‘

The polyglycola are obtained by.polymerization of alkylene oxides in the pre-
sence of small quantities of glycol. The copolymers of 2 alkylene oxides aﬁd‘polyfn
glycol esters are particularly useful. -

The so-called Pluronic L-62 has the following diagrammatic formula
HO (GH,0), (CHeO) 1 (C2H,0)  H

It is obtained by polymerization of propylene oxide in the presence of sodiﬁmlhyi
droxide (NaOH) until the molecular weight M = 1500-1800 is reached and'by a subse-
quent copolymerization with ethylene oxide and ethylene glycol until a value df'Hl
2000 is reached. This is a liquid with a viscosity of 300-500 cp at 25°C.

Another wetting agent; Nonisol-250, is the moncester of ﬁolyethylene glycol
with a molecular weight of M ~R21000 and carbon atom numbers of 12-20 in the acida.

All the above surface-active agents are employed in very small amounts, usually
0.05-0.5%, sometimes up to 1%, most preferably 0.1-0.2% of the entire propeliant

{43, 65, 81].

7.6. Hydrophobic Substances
Most solid rocket propellants are based on ammonium nitrate or on aumonium per-
chlorate. Both of these oxidizers have a very annoying property: they are hygro-

scopic. In order to eliminate this disadvantage, it is imperative that the
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oxidizer crystals be coated with hy..uphobic substances, which protect against the

absorption of moisture as vell as againbt,agglongr;tion;

Vaseline or other mineral or natural fats;haqp'loﬁg.béen:used for this.purpoée;
However, an oxidizer prepared in this mahnerrﬁ;nnot bear .the uctiyi;y of tempera-
tureﬁ which are of the order of several score degréeé'éélsius bécﬁuserthe'protective
coating melgs and runs off the.crystals. In the new methods, ;tbstances composed of

petroleum hydrocarbons or synthetic substances such .as silicones, esters and chlori-

nated hydrocarbocs with a flow temperature above 90°C and with a hardeniﬁg tempera-

ture at about —20°C are used. In addition, these subs;ances-a;e thickened bylthé
soaps (known fo¥ their:hyd;ophobic properties) of such métalsfas caiéium.(ca). bari-
um (Ba), lead (Pb) or lithium (Ii). A mixture thus formed is'dissolved in benzine
and the solvent is evaporated_aff after rhe addition of the‘;xidizer. :Fpr;example.
10-30% barium soap is mixed with 70-90Z of - the above-mentioned minefal-or synthetic
substances. A 0.25-2% solution of this mixture in benzine with a bp of 80—110; 110~
140 or 140-200°C is formeq. After mixing with the oxidizer, the solvent is driven
off at a temperature of 50°C and under a pressure of 10 mm Hg.' The hyhrqphobié 3
coating thus obtained is resistant within the temperature range, —65 to 250°C [97].

Other hydrophobic substances are products substituted with halogens

CH,(CH,), 1,(CHK), | NH, or CH,(CH)), ) (CHX),  COOMe

where ¥ = the halogen and Me = the metallic Eation

or the condensation products

CH4(CHy) 5 poMHR

CHB(CH COR

2710-2(

R = aromatic amine: benzoyl, naphthoyl, mono~, di and tri-nitrobenzoyl, nitronaph~
thoyl, phenyl, mono-, di- and tri-nitrophenyl, naphthyl, nitromaphthyl, pyridyl,
phenoxyl, mcno-, di~ and tri-nitrophenoxyl, naphthoxyl, mono- and tri-nitronéph-

thoxyl. Trey can also be compounds of tﬁe‘type
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/,{H{JGCN)g\
CH3(CEy) 3020 N Cu

‘ NeH, 00”7
or.organic salts of bases and acids with long~chain fatty acids or amines

, + o~
Cly(CHy) g p0MH5 R

» 1
CH3(CH,y) 1.20000 R

where: R = anions: ben;o;c{ trinitrobenzoic, ;henclic, picric, acetate, niprate,
chloride and complex anions of nitrotrimethyl methane with'boiic-acgd‘
and tetramethyl methane with boric acid.
an- aliphatic or aromatic ammonium, pyridine, etc. cations.
Primary, secondary and tertiary aliphatic amines wi;h-nore'thén 10 carbon atoms
in the chain are also suitable as hydrophobic substances, for ezample: dodecyl-
amine, hexadecylamine, octadecylamine and aromatic aﬁiﬁés and derivatives of hetero-

cyclic compounds such as the derivatives of pyridine, pyrimidine, tetrahydropyrimi-

dine, etc. [44, 97, 98].

7.7. Substances that Facilitate Extrusion of the Grain

Composite propellants frequently have a high oxidizer comteat, ranging to 86-
94Z. Moreover, these propellants also contain other solid substances (metallic-éle-
ments and others), which often lower the combustible component content down to 3.5%.
It becomes evident that the extrusion of such mixtures is either impossible or '
fraught with formidable difficulties. .Various types of wa#es, mineral ‘oils, etc.
have long been employed to facilitate extrusion. However, highly chlorinated qnd
fluorinated liquid polymers have proved to be the most effective. An addition of
enly 0.1-2.0% of them ffequently results in a several hundred percent iﬁprovement in
extrusion. : |
The halogen polymers used here should contain 244'ca§bon'atpms in the monomer

molecule and not more than 1 hydrogen atom to 1 carbor atom. These -polymers are
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generally cbtained by the pclymerization of monomers at an elevated temperature in

the presence of organic peroxides [100, 101, 102, 110].

Polymers and copolymers of the following monomers are especially suitable:

perfluoromonochloro ethylene
perfluoro butadiene
perfluoro ethylene

perflucro chloroprene

1,1-difluoro-2,3,3-trichioro propené-1

1,1-dichloro-2,3,3-trifluoro propene-1"

1,1-difluoro-2-chloro ethylené
l-chloro-1,2-difluoro ethylene

1.1—dif1uoro-3.4.A-trichloro butene-1

perfluoromonochioro butene
perfluoro cyclobutens
perfluoro butene

difluorc~dichloro ethylene
‘{different isomers)

sym~difluorc ethylene
asym-difluoro ethylene
asym~-dichloro ethylene

1.1;dif1uoro-2-chloro propene-1

copolymers 80:20 o 90:10 of perfluoromonochloro ethylene with asym-difluoro ethy-

lene

75:25 of perfluoro ethylene with asym-dichloro ethylene

80:20 of perchloro ethylene with asym-difluoro ethylene

the prefix 'per" signifies the substitution of all the hydrogen atoms Sy the given

halogen atom.

‘The following projellants illustrate grain extrusion facilitation by the addi-

tion of halogen polymers:

Three propellants were prepared according to the following compositions:

copolymer 90/10 Bd/MVP

NH,NO, (stabilized with 102 KNO, )

particle size, 60 y

(NHA)ZchOT' pariicle size, 18 u

butarez-25 (plasticizer)

A B
x 4
7 5
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A B c
az z J
liquid.halpggn‘polymer2 - - i

1n propellant B the liquid polybutadiene 15 mixed with the copolymer for S-6
minutes anﬂ the oxidizer is slow}y incorporated along with the:catalizér. In pro- {
pellént C the halogen poiymer is mixed with the exidi;et*ﬁhd‘tﬁg}cﬁtalyzer'nnd_o@;y |
then is 1ncorporé£ed into the hinder with the élasticizer.r The propeilants—pbtaingd .
are extruded through an opening having a d;ametg;}of‘1.27 cm and under.a p;essure.of
675 kg/cmz aad the.rate of extvision in cm/min ié measured.

For‘proﬁellant A this rate is insignificant, for p;opellanf B it 1s 19 cn/min
and for propellant C, 68.6 cm/min. A

Tahlg 7.21 prcesents the properties of the most frequently'employed trifluoro~-
chloro ethylene polymers, hearing the trade names: Kel-F oil No. 1, No. 3 and No.

10 [62, 111]. '

TABLE 7.21. THE PHYS1CAL PROPERTIES OF
SOME TRIFLUORO ETHYLENE POLYMERS '

F i, 3 !
. Kel-F oil Kel-F o0il | Kel-F oil
no. 1 no. 3 , no. 10

Mol. wt. . 500 630 780

Color colorless colorless | colorless
Viscosity in centistokes at 38°C 3 25 ; 220
at 99°C 1 3 10
Flow point, °C < =57 =43 -1

Sp. gr. o' 1.86 1.93 1 1.9
2 .
See page 284
283
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Footnotes

to p. 258. Detailed data on the structure, Properties aad',prgparatioa of these

compounds is contained in the work by Killeffer

.—aﬁd ldnz: Molybdenum Lompounds.

Interscience Publi gheré » New York (1952).
to p. 283. Poly—j:riﬂuoro_’chlaro-ethylene. bp:110°C at 1 mm Hg anpd -ﬂbﬁ,point
below —57°C (trade name: Kel-F o1l Ne. 1).
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‘I1I. EXAMPLES or‘sonmm PROPELLANTS

As already stated, the available publications provide lindted data or the pro-
-duction-or composition of solid rocket propellants. Due to the nomplex techno;agi—
cal processes involved, the fact that the precise composition of a propellant ‘has
been furnished does not in the 1P38t mean that it is posqible to prepare it. This
problem is unusually difficult, and it is weli kpown that even with ;n:as;abllthed
compobi;ion and technological'process,'it is;not.alﬁayé~posslﬁle‘l§.Bbtalp~£harg£s
with- identical ballistic properties. ﬁeférénce is made-beléﬁ;to ﬁomg;sdlidﬁpropel—
lants and general data is provided-Concerniﬁg.their composition;gnd tﬁé ﬁrbbesses
involved in preparing the constituents and the prOpellanfé'themselves. Althsugh the
examples cited can play am important role in orienting the reader and indic&ting
what possibilities mav be eliminated in the designing of prqullants, they cannot be
treated as specific guidelines. |

The classification of propellants into groups is carried out on the basis of
the binding substances. Nevertheless, there are difficulties involved in thg class-
ificatinn of some propellants because of the composite nature ofﬂtheziin&iné consfi-

tuent. Claseification on the basis of the oxidizer employed would not be advantage-

ous because generally there are only 3: ammonium nitrate, ammonium perchlorate and

potassium perchlorate; accordingly, a classification of this type would be too gen-

eral.
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8. PROPELLANTS WITH SYNTHETIC POLYMERS . AND POLYTONDENSATES
8.1, Propellants with Epoxy-Polysmide Resins

Examples of 30lid rocket p;opsllantsl
Propellant 1
{a)  Polyamide

19 parts of sym-dimethyl urea and 36 parts of linoleic acid dimer are placed.

in a vessel with heating and copling._wiih a mixer, réfLux_condénsgiaénd distilla-
tion unit. Tt is heated at 149°C for 24 hours, thus distilling off the water. The
viscosity of the condensate is 68,000 cp at 66°C.

(b) Epoxy resin

Triethylene glycol diglycidylic ether. It is obtained oy the reaction of 1,2-
epoxy-3-chloropropane with triethylene glycol in a molar ratio of 2:1'in the pre-
sence of NaCH.

74 parts of triethylene glycol'diglycidylic ether are added tc the.polyamide
at 60°C. The resin obtained is mixed with 222 parts of Nﬂﬁcloa‘gontaihing‘lzlreh03.
The mixing is continued for about 15 minutes at 60°C and the unhardened pfbﬁéllant

is cast into forms. The whole batch is subjected to the action of decreased pres-

sure in order to rid the propellant of air inclusions. When the viscosity at.60°C

reaches 80,000-200,000 cp, the temperature is raised to 70°C and the propellant:

hardens for 10 hours. The burning rate without Fe, 0, is 0,726 cm/sec; with 1%

273 y
Fe,0,, it is 1.298 zm/scc. !
Equal.y good results are obtained with the polyamide having the amine:acid »
molar ratio of 3:1 (26 parts of sym-dimethyl urea instead of 19 parts).
i
3 Propellant 7

{#) Polyamide In propellant 1.

lsee page 325

286




(b) Epoxy resin -- the product 0§;thgytpnctidﬁfpfréﬁichloroﬁiﬂ?@pfyiiﬁfﬁlj{%:
‘cerin in the molar ratio of 2:l.

One part of polyamide is mixed with 5 parts epoxy resin and ﬁith,lﬁdéarfp;bf

e s
5 %, e
A

_NaClOa and the same procedure is followed as in propellant 1.

(%
'_l’rogel_lant é

(a) Polyamide

A mixture of 14 parts of sym-dimethyl urea with&lO}partsuof‘di(@—amindphspyl)
methane is slowly added (for 15 hours) to 56 parts'ofhthe-l;noléicraﬁi&;dimer'
034362(C00H)2 at ;7?°é, This is heated until viscosities of 30,500 cp at 18°C and
4400 cp at 66°C are attained.

(b) Epoxy resin as in propgllaht 1.

One part of'each of the 2 resins is mixed with 63par;s;HHACLO4,(iith,iz:FgéOB)

and the mixture is hardened as in propellant 1. A nixture of ammonium perchlorate

having 2 comminuticns (70% of 0.1-30 p and 30% of 50-200 u) is used.

Propellant 4

(a) Folyanide

25 parts of N-hexyl-N'-octyl urea is condensed with 9 parts of oxalic acid.

(b) Eppxy resin 7

1,2—epoxy-3-bromohexane.with ethylene glycol in a molar ra. of”Z:i is sub-
jected to condensatiocn.

The polyamide is mixed with 3 parts epoxy.resin with 0.0l parts tricresyl
phosphate and with 8 parts Ca(cioa)2 (containing 1% Mg0). This propellant con-

tains amine ana acid in a molar ratio of -1.5:1.

Propellant 5
(a) Polyamide as in propellant. 3.
(b) - Epoxy resin -~ product of the reaction of~1,2-epoxydhlor0propane with.

glycerin.
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i _ A
5 parts of the ‘volyamide, l part of glycerin diglycidylic etﬁ§¥ and 1 plx d? o Aadi

castor 0il (plasticizer) are mixeéd. with 28 parts KClO (containing 5% Fez 3)

e
Propellant 6 - R (ke Ig??“,g
(a) Polyester-polyamidec resin % *:h%
, ) ap:
20 parts of sebacic acid are heated for 15 hours with 20 parts of polyethylene r

glycol (mol. wt. ~ 400) in a vessel with a reflux condenser and in a nitrogen atmos- i
phere in the presence of“O,SX ZnCl, . Thén; 19 parts 6Y'gzg?3imgth§1ﬂhﬁ§a are added { !
and it is heated for another ‘15 hours, after which the water is distilled off. ?hé;
viscbsity of the product obtginedlis 100,000 cp at 18°C and 43,000 cp at 46°C:

(b} Epoxy resin -- triethylene glycol diglycidylic ether.

Ong part of each of the 2 resius a;e_mixéd”wiph 7.5 parts df”ﬁﬁQClOA (contain-~

ing 0.1% Fe,0;)-

Propellant 7

{a Polyamide

§xgrdiﬁodecyl urea and cetylmalonic acid in a molar ratio-of 1.5:1 are sub-
jected to conde?éat%pn. |

(b} Epoxy:resin -- the product of the reaction of l,ngpéxyé3—bfomododecane
wigh 1,2-dihydroxy—eicosane in a molar ratio of 2:1.

40 parés of the polyamide, 7'pérts—of the epoxy ‘xesin and 1 part of triethyl
acetyl citrate are mixed with 33 varts of ﬁa(0104)2 (containing'ZZ'giOi.as thé:com—

bustion ";atalyéer“).

Propellant §_.? i
(a) Polyester-polyamide resin
20 parts of sebacic acid are ﬁeated under a reflux condenser for 15 hours 'in a
nitrogen atmosphere with 20 parts of polyethylene glytdi (mol. wt. ~ 400), after
which 40 parts of tetraethylene pentamine are grhduall§ ad@éd. The reflux‘heaying

is continued and the water is distilled off. .The viscosity of the product at-18°C
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is 44,500 cp.

S

(b) Epoxy resin -=- triethyleme glycol diglycidylic echer. ; \%’;iﬁf

\D _ ‘ riethy ‘ ; g
Fé y ‘i‘.

One part of esch.of the 2 resins is mixed with 2 parts of NE,Cl0, (containing

i

12 Fe,0,) {108].

8.2. PrOpellants'ﬁith“Thibkoiﬁi L ?

Mixtyres which_serveléé initiatbrg
for solid rocket propellants:

Many recently developed propellants contsining hmhdﬂi?ﬁ nitrate'(Nﬂaﬁoal; am—
monium perqﬁlbraté (NH40104), asphalt, synthetic rubbers, etc. require a high igni-~
tion temperature and a high pressure to maintsin combustion. For example, propel-
lants with ammonium nitrate require 300°C snd " 14 atm, to initiate uniform. com-
bustion. Iﬁ this case, the use of ini;istors becdmes:necessary.

The initiator fuel must be-a mixture which is easily ignited and which fur-

‘nishes a lsrge amount of gaseous products during combustion, It is prefersble if

such s mixture is capable of geperafing gases for at least 500 milliseconds.

The following mixtures are used: A

1. an oxidizer of NHAClOA and KCIOA

2. s polysulfide binder

3. well'pu-lverized metals: Al’. Mg and Ti.

It isumoét preferable if the oxidizer content is 60-752, the metal content,
5-25% and the binder content, 1?—40%. The oxidizer,sh6u1d~be very fiiely pulveriz-
eh& 0.0570.15 gm (US sieve, 100-250), and the metsls even more so: 0.04-0.95 mm
(US sieve, 250-325).

‘Poﬁassium.perchlorate is the most desirable because its presence resq;té in s
high gas temperature. Other hinding,subétén;gs, such as neoprene,. GR~S and . copoly-
mers of dienes with vinylpyridines can also be used instesd‘of the polysulfides.
However, the use of polysulfides sssures essier casting.an& hardeping st lower tem-

perstures.
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The polysulfides produced by Thiokol Chemical Corporatiom that are wvitable

fé)_r the above propellants are: LP-2,iP-3, LP-8, LP-32 ana ‘1p-33.

Combustible components with the ‘following composition aréjpatticuli;ly useful:

]
|
| parts by weight

diphenyl guanidine f{accelerator) ; 0.5= 1.5
LP-3 7.5-37.5
‘ p-quinone dioxime (vulcanirer) 1.0- 3.0
di (butoxyethoxyethoxy)methene ‘(plasticizer) 0 -3.0
sulfur (éulcsniéer) : 0 - 0.5
carbon blsck (filler) s 1.0-10
) | 0 = 0.5
'Fe203 (combus;ion cataljze:) 0 -0.5

The compositions of some initiator mixtures are given in Table 8.1 [59].

TABLE :8.1. THE. COMPOSITION OF SOME INITIATING
MIXTURES CONTAINING THIOKOLS

‘Constituents ) Y4

ip-3 21.6.| 31.2 | 24.8 | 16.4 | 20.8 | 36.5
Diphenyl yusnidine 0.6 | 09| 07 05 ] 06 | 1.1
p-Quinone dioxime 1.5 2.2 1.7 Tl i T3 2.6
Di (butoxy-ethoxy-ethoxy)methane | 1.1 | - 1.6 { 1.2 0.8 | 1.0 1.8
Sulfur - N .01 0.2 01! 01 01| 0.4
Carﬁon black ' 2.2_ 3.1 2;5 ' 1.6 | 0.5 3.6
Mg0 ‘ 0.2 631{ o0.2] 0.2 0.2 0.4
Fe,0, 0.3 | 0.5 0.4 | 22| 0.5 | =

Al 7l 5.9 | 16.4 [ 0.7 | 6.0 3.6
NH,C10, - 19.7 | 52.0 - B

KClo, 65.3 | 34.4 | - 68.4 | 69.0 | 50.0

Rocket propellants with polysulfides
The thiokols, LP-2 and LP-3, are very convenient for solid propellant Bindgrs.
They permit the formation of grains with large dimensionérbecause they undergo
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FUTREN TR
practically no volumetric changes during vulcm_izdtion_; th{z;', no stresses develop in

Gy Ly T

A

the charge.
Generally, polysulfide propellanta (Table 8.2) [45] have the following compo-
i . g = . y -,__l;.,r__.‘-;_a‘-'- 0
aition:
3
oxidizer 50 -85 ;s
LP ‘15 -50
‘ﬁiéhtici;er 0 -20
vulcanizer 0.01- 5
accelerator 0 =5
TABLE 8.2. THE COMPOSITION OF SOME
ROCKET PRDPELLANTS,GONTAINING THIOROLS
: : Propellant number
Constituents (in . %): = -
KC10, ' 60.0 a 50.0 | 50.0° | 50.0
NHACIO4 10.0 04.0 17.0 18.4 18.0
LP""Z 19-5 J 2507 2300 30.4 -
LP-3 - - - - | 30.0
p-Quinone dioxime (vulcanizer) - - 0.5 0.6 2.0
1’1'.502 (vulcanizer) . o e P 1.9 - - -
Dibutyl phthalate 1.5 - = free e =
Furfuryl alcohol (plasticizer)] 7.2 8.0 | 7.51 - -
Stearic acid £ 0.35 | 0.4 0.69 - -
Zn0 - - 1.3 | 06 | -
" Mixing temperature, °C 21-27 [21-27 { #1-38 | 93 °| 60

8.3. Propellants with Polyvinji‘Cﬂloride
Tﬁe'besF combustible components baaed on polyvinyl chlofidé'shpuld contain
about 50% plasticizer. - The plasticizer muat exhibit ; high soiubil#ty of the poly-
mer at elevated Eemperatures, and the colloidal aﬁiutiggrihds obtained shéuld have

a low viscosity in order to be able to incorporate about 3 times as much oxidizer.
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The

ester groups sre employed. Dioctyl.and dibgtylasebacatgu-and_dioctylﬁfﬁfhslht:?g;;i; :
proved to be the hest. Plssticizers with the —NO,

in mixtyres with nomexplosive scftemers. !

oxygen required for transforming the combustible component into (O

etk

' Sl sy L Il b = -3;1' '-’:
universally known plasticizers of the sebacate, phthalate, adipate or glycol ;if
1 - » el :- I e 7 e 1]

2‘or’*ﬁlqzjgrdgphftiniﬁeEysgd;éi};

T i

The maximum amount of oxidizer that can be incorporsted furnishes 90% of the

Sy

2 and 32'0. The

2 . P Ay, s i .‘—
following can be employed as oxidizers: ammonium, potassium and sodium perchlo- |

rates, ammonium and sodium nitratas and bexanitroethane, mannitol hexanitrate, ét;.'

Barium castorate in the amount of 1% serves as the stabilizer.

ey

Sometimes, tbe copolymer of vinyl acetate with vinyl chloride, in which the

vinyl chloride predominates percentagewise, 1s also used. An esample of a propel~

lant

Then, NH

with polyvinyl chloride:

parts by weight
polyvinyl chloride 50
barium castorate 2
dibutyl sebacate _ 50
NHACIO4 306

The polyvinyl chloride is incorporated into the softenmer with the stabilizer.

4ClO4 is added to the mixer. The mixture is cast-into forms under a slight

pressure and hardens for several minutes at a temperature of 160-175°C.

rate

The hardened grain retains its elasticity.down to about —50°C. The%burnihg

is 0.25 cm/sec under atmospheric pressure and 1.27 cm/sec at 140.6 kg/chz.

Other propellants of this type are described in Table 8.3 [37,99].

such

Propellants for small caliber rockets
A mixture of inorganic oxidizer with.a thermoplastic combustible component,

as Vinylite VYNU (a high-molecular copolymer of vinyl chlqride with a small

amount of vinyl acetate) together with the plasticizer Cellosolve —— a neutral phos-

phoric ester of ethylene glycol monobutyl ether, 0P(0CH28H20'C4H9)3; -=is uéﬁd

here.
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TABLE 8.3. THE COMPOSITION OF 10 ROCKET

PROPELLANTS CONTAINING POLYVINYL CHLORIDE

vinyli chloride and
10%Z vinyl acetate

ture.

of 3 parts:

The production method consists of 2 main stages:

to suitable shapes or inserted directly into the combustion chamber.

igniter, auxiiiary charge and main charge.

293

(a) Mixing of the finely pulverized constituents at room temperature.

(b) Extrusion of the granules under a high pressure and at a higher tempera-
. The temperature during extrusion must be selected so that the copolymer and
plasticizer form a homogeneous physiga; mixture and that this mixture retains its

thermoplastic properties. " The granulated prOpellant.cah be (compression) molded in-

In order to assure good ignition and uniform combustion, the chargg is formed

i:giei;. Polymer z Plasticizer A*%, ¥3d¢19& :
|polyvinyl chloride {12 | dioctyl sebacate iz {75
j i " |12 | dloctyl phthalate 12 75
¥ 2 12 dibutyl sebacate 12 75
J \ fdibutyl sebacate , ‘34'“
5 e - 12 ester of acids with 6-10 carbon j} 75
atoms and triethylene glycol 4
g . L ¥ %gi(a,§,s-trimgthyl-yexyl)adipate' s.§} %
“|\di(metboxy~ethyl) phthalate 5.9/
7 " " 19.5 {d1(3,S,S-tringthyl-bexyl) adipate} 9.7 65.5
" [{di(methoxy-ethyl) pbthalate 4.9
8 n " 18.3 | di(3,5,5~-trimethyl-bexyl) adipate|ll 70.1
9 ¥ " 14.8 {di{3}5,5-trin§thy1-hexy1) adipate S.é) 73
: di (methoxy-ethyl) phthalate 5.9
10 %, " 17.6 | dibutyl sebacate : 11.7 | 70.2
11 copolymer of 90X |18 d1(3,5,5-trimetbyl-bexyl) adipate|18 63.5




'IU !

The igniter consists of a nixturc hwin' a high cmtm tupc:’_&tam

‘ o T s ,"""'..1 -
958 g of titanium dust y 1)
1.-385 g 'Of mlo& gt ol '*"M"r'?‘”"f’ .;’F“_-‘.«" .:‘_:f'. r --J .
N UL
Bk ol e T‘L
The auxiliary charge is for the purpose of 3enerating a hizh precuu:t, i‘!ﬁh is
1 - -;.-,,._L«yv ,t__'.
indispensable for a stable combustion of th@,qain qharge. The co-pos%tinn of the ]
. 4 . ey R EXA Y T 1o
avxiliary charge 1s.as follows: ft,
173 g of XCl0, i

742 g of aluminum dust
222 g of titanium dust
i8 g of Vi.nylite VYNU
12 g of Cellosolve

the :esﬁ_anaiyuis of KCIQA in accordance with_:he US Standard Sie?e

: nesh dimension in mm b4 -
on the sieve 50 0.297 0.1
Y i L 0.210 2.7 |
w e W S 0.149 26.8 1
R TR R 1) 0.105 30.8 |
hom w90 0.074 31.2
through the sieve 200 0.074 8.7

The main charges: ” 3
Propellént;l

1754
482
222
109

163

of KC10,, dried at 100-110°C |
of graphite dust |
of titanium dust

of Vinylite VYNU

-of Cellosolve

o9 09 09 -09 .00

sieve mesh analysis of KCIOQ in accordance with U3 Standard Sieve

vy
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‘mesk dimension {a mm - fig o

on the sieve 50 0.297 0.08 o
giriant Sl 0.210 0.8
S g e 0.149 ML T T A
PP e 0.105 14.67
"% 0 0.074 283
through the steve 200 0.074 48.4
' About 150 g of graphite are added to the perchlorate placed on nim?ﬂnd

shaken. The throug:lh'—scremmg,lbruks up the x&m,. agglomerates and the graphiu
protects against re-agglomeration by coatimg the oxidizer particles; the material
that passes through the sieve and that which does not is nixed together.

The oxidizer, graphite,. titanium and Vinyli‘te- are mixed together at a tempera-

ture of 10-30°C. The plas_ticizer, Cellosolve, ‘whj.clg;m,aho be replaced by, tr:l.octyj.

phosph&te, is added to this mixture and mixed fo: 10 mimites 4in a ball gill'. Such
propellants are stable f;;; _se'xi(era; months. The rubber-1ike properties aré rgtniaed
within the temperature range, 40 to +60°C. Othgr_.nain :d‘:m:gejo@ositim are

given in Table 8.4 {50]. The screen analysif of lCl0‘gi£.prnpei1:ﬁts';;‘k;‘5 and 6
is the same as in propellant 1. The scr_egi:‘a_nalysis;iﬁf-!.c.‘loj'. in propellaut 3 is as

follows:

mesh dimension in mm y 4
on the sieve US 100. 0.149 49.7
o by "o" 1460 0.105 28.2
. S e T 209 0.074 17.8
through the sieve US 200 0.074 4.2

A propellant of composition: 12.52 polyviryl cbloride, 12.51 dibutyl sebacate
and 75% NHACIOA.
already been discussed in section 7.2.1.

and the effect resulting from the addition of chromites to it have
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TABLE 8.4. THE COMPOSITION OF SEVERAL ROCKET T
PROPELLANTS CONTAINING VIMYLITE VINU !
3 Constiruents Propellant @gr ; 1
{in parts by weight) E 24 v P A 3
| xao, {1156 {-2315 | 887 | 8717 | 817 | "
Al | 594 1 989 | 463 | €2.3 1 @ |
1 : i ! 2 i . i i ]
T | we | 29 | - 4 2164 -, 1 1
Graphite . { -] - | - {20 | 2: |
Vinylite VYNU 321 260 { 60 | '53.6 | 53.4 .
Cellosolve ] 484 240 { 90 | 80.4 | 80.0 1

8.4. Propellants vdth'?dlyvinyl Acetate
Propellants for assisted launches,
‘for vockets and as gas ‘generators
These are propellants based on ammonium nitrate, ‘because thi;‘oxidizer ajau;e;
the evolution of a large amount of gaseé'ﬁith,a reiativeiy low temperatute.: Thus
the employment of these ﬁroPellants'in the activation of airplane engine air com-
pPressors or as a source of gases to convey the oxidizer and fuel into liquid-fuel

rocket engines is possible.

The general composition of such propellants is as follows:

%
NHAN03 70. ~90
combustible component 10 -25
organic dye 0.5-5
carbon black 0 -5
inorganlc ‘catalyzer™ D -4
modifier of exponent m 0 -4
gassing inhibitor 0D -4
surface-active agent 0 - 0.5
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The combustible compoment is prepared by heating the plecticizer to v 150°C,
usvally 120-140°C, and u‘m. the polyner ‘ummm-m m;, n—-—
genecus mixture is mbr.ﬂnad Mthemdifieritaddadad h.tutieminﬂ—
trate with “catalyzers" {organic and imrgmic). ‘.[h oxidizer with"'cﬂtll?m 1' ‘
mixed swith the combustible coxpopent at a temperature be]ml?.ﬂ'ﬂ ';'(:it: is betwif
it does not exceed 110°C). Thma it is cast or extruded iato forms aaﬂier ;. Ppressure
of 140-280 kg]cnz; The ‘temperature nf the gaseous can?o-esticnprm m from
810-1600°C. '

2eopetiee 1

9.6 parts of 2,/~dinitro~diphenyl ether are heated at 140°C with. 9.6prts of
ethylene glycol diglycolate. SQ.'B parts. of calluloée acetate {Sbm%m#tzr
ﬁyiroljsis) are added and it is stirred until a homogeneous mixture isobtaiteél.
After the ten:peratﬁre has been lowered to 110°C, a mixture of 73 parts ofa_:nin
nitrate with 2 parts of Prussian blue is added. .

The burning rate s 0.254 cm/sec at 70.3 k;/méz;-'n-f 0:72.

By replacing 10% of the combustible component with Pyrogeme Direct Blue RL-CL

{color index;__95§), a p'fopeliant of the following composition is formed:

4
cellulose acetate 5.18
Z,A-dinitro-diphegyl -ether B.66
ethylene glycol diglycolate B.66
Prussian blue 2.0
‘organic dye 2.5
NH‘.ND3 - 73.9
v The burning rate is 0.356 cm/sec at 70.3 kglcniz; n = 0.70. Other propellsnts

of this group are given in Talle B.5.
The effect resulting from the addition of organic dyes on the burning rate of

prope. lant 3 was discussed in section 7.2.1. [49].
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TABLE 8.5. YHE COMPOSITION OF SEVERAL ROCAET
PROPELLANTS CONTAINING CELLULOSE ACETATE

P:éﬁéiiﬁntinumﬁgr
Conatituents (in %) e ol S 1 Kl e s M :
2 3 ll ! ' 5 .-:f
Cellulose acetate 4.6 5.8 6.6 | 4.8
Flexol ‘3GH (triethylene glycol |
dihexate) - - - 3.6
Ethylene glycol diglycolate 7.70 9.6 8517 ~
2,4-dinitro-diphenyl ether 7.70 9.6 7,70 ¥ 88
Pyrogene Direct Blue RL-CF 2;5 - 2007 -
‘Pruasian blue , 3.0 2.0 | - -
Carbon. black ‘| e o - SIERTHRT TN
NHaNO3 73.5 73,0 .} 74.0 ;| 85.0:
Burning rate r at 70.3 kg/cmz; . .
- in cm/aec . 0.483 0.203 '0.229 0.178
Exponent n’ 0.70 0.68 | 0.74 0.68

8.5, Propellanta with Methyl Methacrylate

Propelianta with the conaiatency of mud

These are propellanta in which msthyl methacrylate disaolved in the piastici-
zer is subjected to polymerization before the oxidizer is added. Thua, the binder
is a highiy viscous liquid and, after mixing with theloxidizcr, it forms a-so}tnof
thick putty or mud. It is true that propallanta preparedﬂiﬁthia ﬁanner do not have
a large apecific impulae, but thay can readily ba caat into the combuation chambef;
and when ammonium nitrate ia uaed aa the oxidizer, they yield a 1arge quantity of -
gssebus éf;ducts. The lstter ia advantazeoui,.e.g., in assiated launchea or in gas
generatora. ;

In order to reduce‘the oxygen deficieqcy,rthe following are ueed as plaatici-

zers: nitratea of n-propyl, i-propyl, n-butyl, 2-methoxy-ethyl, nitro-n-propyl and
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aitro-n-butyl. Several_propellantaroffthigftypgkare-g;ﬁ?ﬁ’;néiiﬁiiihgﬁe 2
TABLE 8.6. THE:COMPOSITICN OF SFVERAL BOF!ET -
PROPFLLANTS CONTAINING METBACRYLATES &y )
A- 5Ty L F e
o A 4 TR LR T o
Propellant | e B 02 Sl ) % F S e Ny
Akt o1 Cpn?Fitueytsl ? | —¥§narka BN
N N03, US Sieve 180 (0.08 mm) | 42.9 | 4 alight ‘eP“‘ti°“ of “54“0
- "was obaerved after 9 dnys. :
. ,“?thyl methacrylate ;4'6' Specific impulse ‘of 147 aecounds
2= y— oy
. 2-methoxy gthyl qit?ate 42.7 at 35. 15 kg/cm .
NH&NO3 51.0
2 methyl methacrylate 1427 A slight separation of NHANO3
‘2-methoxy-ethyl nitrate 36.8 after 15 ayh
A 620 | M uos'does not separate after
473 o '
Fr > 90 days..
5 2 eth?xy et methacr?late 4o1is Specific impulse of 179 .aeconda
Z-methoxyiethy; nit?éte ‘25.5 _Tat,35115_kg[¢m ;

The methacrylate is added to the organic nitrate. and heated at 40°C until the
npaximum viscosity is attained'andvtﬂen 1t.ia_miﬁe§'with ammonium nitrate in a
McRobert mixer [52].

‘A rather rare example of the employment of hydrazine nitrate as an oxidizer is

the propellant of composition:

“
hydrazine nitrate N,H, -HNO, 60. 00
methyl acrylate 25.60
allyl diglycol carbomate 3.60
methyl meéthacrylate 10.40
di-tertiary-butyl peroxide 0.40
in which the hardening of the propellant takes place in a form. The methyl acrylate

is copolymerized with allyl diglycol carbonate and with methyl methacrylate under

the influence of di-tertiary-butyl peroxide [92].

EY
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8.6. ?rOpellanﬁs with Unsaturated Amides

As already stated in section 651;3},;c:yiani§g;pﬁ@eﬁerqydissoivezybeﬁipbigéﬁiti

salts of ammonium and amines to a rather substantial extent. As algggplgh_sgggggi

péftént(more_of?the‘oxidizer can be incorporatediigzghe qoibustiblec@qﬁﬁﬁ@ﬁ%ﬁ?ﬁi@z %f
would be the caée if the monomer did mot dissolve the oxidizer. g
An'exagple;of the composition of Such-afpropéiléﬁt, } :
z
N,N-dimethyl acrylamide 22.94 » 'f'
NH, KO, 76.81 |
methyl ethyl ketone peroxide 0.25
Ammonium nitrate should have precise particle dimensions: 70%.of 0.,84~2.0 mm !
(US sieve, 10-20) and.30% less than 0.84 mm (US sieve, 20). This propellant is
hardened at 43°C for 16 hours. The temperature of_selfﬁignit{pn is_gbqut 240°¢C; it
does not explode when struck with a weight of 2 kg from a height of 100 cm: 5

The burning rate is:

kg/cm2 cm/sec |
at 35.15 0.127
4. +70bd 0.145
" 105.4 0.168

n= 0.26.

This propellant is stable within the temperature range:. —54 to +74°C [54,92].

8.7. Propellants with Furfuryl Alcohol Derivatives

As already stated in section 6.1.4, the condensate resulting from the dehydra-
tion of furfuryl alcohol, commerciaII; available under the trade name Duraloa, is
cabapié of poi}merization under the action of strong acids, bases or acid salts,
even.iﬁ ;ﬁe presence of nitrocompounds.: Consequently, in addition to such-oxidizéts

as the perchlorates, nitrafes, chromates, . etc., high-engrgy organic suhStances such
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as hexogen, pentaerythrite tetranitrate, tetranitrobutane ‘(various isomrs,ie.g.,
1,1,446-; 2,2,3,3~, etc.) can be used. Bowever, when it is: desirable to. anploy*the
sbove conppunds’1n=propellants,_a.dEterfent“nuststQO'bejnged;.»2;;461ni;rd%pxq-
pane, which is also.a plasti#izer,Jis.anréxbéliéhtfaétérrent(

The general composition of such propellants is as follows:

2§
oxidizer or high-energy organic compound 50~-70
» ] o i E
furfuryl resin -15-30
2,2-dinitro propane 15—30

The furfuryl resin (Duralon) is first mixed with 2,2-dinitro propane and then
the finely pulverized oxidizer, or one of the=high_ene;gy;organic»cpmpounds-mgntibn—
ed is added. The constituents are thoroughly mixed.and, after the incorporation. of
one of the polymerization catalyzers (HC1, HiSOA, HN03, HjPOa, NaOH, -KOH, Al (SO‘)3,
AlCl3), it is cast into forms where the final hardening takes plsce. Several‘typicalJ

K

compositions of propellants witb furfuryl resins are given in Table 8.7 [55].

TABLE 8.7. THE CDHPOSITION OF SEVERAL ROCKET
PROPELLANTS CONTAINING FURFURYL RESIN

, ‘Prepellant number
Constituents (in %) T I "W S 52 8
' 1 2 T PR R R S
Duralon (furfuryl resin) 20,0 | 25.5 | 207 | 7.3 | 17.5
2.2-dinitro propane: 20.0 .{ 19.6 | 16.0 || 18,0 18.2
. Hexogen (éyclo-tfimgthylgne-trinitro amine) % ol | W 61.7 Lt -
Pentaerythrite tetranitrate 60.0 - - - -
. ' s ’ * 64.0 | -
NH, N0, : 64.0 |
NH40104 : x - - - 63.6
Inorganic acid (polymerization catalyzer) bl ; 1.9 1.6 0.7 { 0.7
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The : *—"..g
Preparation of the copolymer Bd/MVP and propellants based on it
Ty G M i AT
The most well known:cqpplyngrs ofZ;h;qggroup,andﬁ;gih;é;;;hg%be.é?;i@:;ﬁg
polymers of 1,3-butadiene vith vinyl derivatives of;ﬁhé@ioéyeiic Héb&siipguih;nggﬁxd K
ridine, quinoline and isoquinoline. The dienes are énplbY¢d'ih‘jﬁ@dﬂtsfbf»a;.léhiﬁl Q?i ;
50% and the N-bases from 15 to 50%. kg
Propellants of this type generally have the following composition (however, not 3 P i
X | v ot P ‘L.’*‘a
always in the given amounts): . i
' Wk L
combustible component {10425 i)
‘parts by weight 1
copolymer Bd/MVP 100 k
carbon black 110-30 | ;
plasi:j.éize_r 10-30 i
silicon dioxide 0-20
metallic oxide 0- 5 . 4
anti-oxidizer 0- 5 {
‘surface-active agent 0- 2 1
dccelerator 0-'2 -
sulfur 0~:2
combustion "catalyzer" ¢-30
oxidizer 75~90
Copolymerization can take place in the mass or, as is often done, in an emul-
sion at 5°C. g s
An emﬁlsion of this type has the following composition: !
‘ d :
parts by weight |
1,3~butadiene 90
2-methyl-5-vinyl pyridine 10
water 200
potassium soap 6
potassium chloride 0.1
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‘parts by weight

sodium sa.t of rclkylarylsulfonic acid : ﬂb;S'
tetrasodium .salt of ethylene-diamine= Sid. :
‘tetra-acetic acid 0.005
dodecyl tertiary Eétcaptan '0.6-0.8
If‘eso;‘-mzo 0.2
31?297 0.253
‘para-menthane hydrogen peroxide :0.135
potassium dimethyl-dithio carbonate 0.15
phenyl-g-naphthylamine 1.75

19.5 parts of carbon black to 100 parts of copolymer ire,addéd‘fé.thé?liié;fih
order to initiate coagulation. . Then anotyer_Z.S parts of tarbon‘hlackfand=la25:
parts of flexamine are addgd, When separa;éd from the aqueous layer, the mixture
obtained is mixed in a ball mill with 20 parts of a di(butoxy-ethoxy-ethoxy)methane.
plasticizer and with 5 parts of ¥g0. ‘Commercial ammonium nitrate, with a:‘mean par-
ticle size of 40 yu, is thorqughly mixed with combustion "catalyzers" (picrates are
not to be mixed with the oxidizer begad;e of the possibility of ‘an explosion!) ‘and
is added to the combustible component.in'a mill in an amount up to ' 83.5%. If ome of
the picrates is used for the combustible compoment, it'is-iﬁco;po;ated only after

the combustible component has been mixed with the oxidizer. After a thorough 'mixing

of the constituents, the propellant is subjected to shaping and ‘hardening. ‘The

‘burning rate as well as the effect of picrates, styphnates, cupric ichromite, ammoni-

um chromate, copper dust and cupric oxide used hsfcoubustion'"catﬁlyzeys"'a:eidis-
cussed in section 7.2.1. [36].

Then we have a propellant with another comppsition,_containihg a quaternizing
agent and a'yplcanizgf. From it 1; is possible to form a grain of large diameter,
free from air holes, under high pressure [93].

parts by weight

NH, N0, . 75
coﬁolymer 90/10 butadiene ~
2-methyl-5-vinyl pyridiue 21.91
carbon black 4.38
303




benzylidine chloride

accelerator - Butyl-8 0.36

sulfuf 0.31 ;

Zu0 0.91 : %
104.38

Preparation of propellants with ammonium mitrate in phasé'Ill
As already stated in section 5.1.2, when heated to a tgmperatqrejpf'32fc, am-

monjum nitrate undergoes a phase trapsfdrmation,'in which its volume iﬁcreaséb_hy 4-3

ahout 3.83. ihisvis.ardisadvantageoué effect because cracking may occur during com- |

hustion or storage.of the grain due to internal stresses. In order to avoid this, a
methoé of preparing the propellant ahove 32°C has heen worked out. Abové,%ﬁis tem-
Ferature, the aimonium nitrate is in phase 1I1 and, after cooling, the propellant
shriﬁk;:without generating stresses: it separates from ;hﬁkcopélymer.aid,does not
completely fill. the microspaces in the comhustihle coﬁponeﬁt. After heing heated
above_32°c,-it again: assumes its forme;-vdldme.-

The ammonium nitrate is dried within the temperature range, 32 to 90°C, it is
incorporated in'the combustible.comﬁoneﬁt at 32-70°C and the mixture is:ﬁaidéned';t
80-82°c.

Additives such as Milori hlue and tricalcium phosphate not only changé'thé bal-
listic properties of the propellant hut ‘also facilitatejseparation of the ammonium
nitrate in phase IV.from the combustih. coﬁﬁonéﬁt.

A similar action is exhibited hy finely crystalline waxes, petrolatum, etc. L3

‘The combustihle. component

parts hy weight
copolymer 90/10 1,3-butadiene/

2-uethyl-5-vinyl pyridine 100
carhbon -black ' ‘20
plasticizer TP-90B 20
accelerator SA-113 1
sulfur ' 0.75
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R i 5
parts by weight
Zn0 I gl J‘-.j'.‘ z ;
stabilizer-flexamine i TR e v o 3
‘surface-active agent - Aerosol OT LA gu= 3
i 34
b
;Probéilént,conpqéitidn A 3 :
(in parts by weight) - .
r Wi gl & s i vean e W daieavedd
combustible component 17.57 1. =175 ;
i, N0, B R | s s N A St RS ;
{ Milori blue 0.75 e R
ttic?lcigm phosphate - _ 0.41
100.25 | ‘1oo.417 |

The copolymer is dried in a Baker-Perkins mixer 12 and mixed with carbon black.
The ammonium nitrate is subjected to drying in a Stokes rotary vacuum drier for 6
hours at a temperature of 93°C and cooled to a température of 32-71’c.fifterliﬁisp
it is mixed with Milori blue.

The copolymer is placed in a Banbury mixer and heated to 54°C. Then thg Te-
mainder of the additives,rexqépt the plasticizer, are incorporated and it is mixed
for about 2 minptes.

"The oxidizer with the Milori blue must be incorporated in the first stage in an

amount of 30% together with 30Z of the plasticizer, and the remainder, gradually, in

small portions. After 1ntermixing for one minute, it is extruded into forms and

* hardened for 24 hours at 83°C
] ¢ A B
: The burning rate at 70.3 kglcnz cm/sec 0.262 ‘0.2§2
iheﬂpressure exponent p [57} OJS? 0.60

The propellant with the following composition i: obtaiued by a similar method:

parts by weight
NH, NO, 81.05
Bd/MVP (90/10) 1i.00
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o A,
pares by veight =
| di(b“t°’¥‘°th0117eth§xy)ygthane .2:21;, - ii é
'cafﬁon black ‘ 23§84 :
flexamine ;6,33 !
| ¥g0 0:&9? @f
M{lori blue __l;gi: :
52;56
Flexamine and magnesium oxide are added during plasticization of the copolymer J

witb the plasticizer at a temperature of 54~68°C. The oxidizer is added.ia % por-

tions. Hardening takes place at 77°C for 18 hours [61].

The burning rate at 70.3'kglcm2 cm[sec 0. 376
Specific impulse sec 188 |

Propellants with high-energy nitrogen compounds

. With an oxygen deficiency in the propellant, uhich*is,alnost331ways the case if
the oxidizer is ammonium nitrate, tbé éresence of carbon blgck resulte in the devel-
opment of tbick smoke. ;ﬁ order to prevent this, part or all the carbon black is
‘replaced with compounds having a high nitrogen content, i.e., at least 30Z N. These
suhstaﬁces Shouid.exhibit 10% explosions at the mos? when 0.02 g of the compound is
struck by a weigbt of 2 kg from a height of 15 cm (when investigating a liquid,
disks of blotting papeé,‘l cn in diameter, 255 olilhen with it). Compounds such as
the following are used: melamine, hexogen, cyc}otetramethylene—tetranitroaming,
aﬁndnium picrate, gthylene—dinitro-amine. trotjl, dicyano-diamide, urea, hydrazine
nitrate, etc., with a mean particle size of 0.03-50 u, and preferably léss than 10y,

The prOpe}lgnt.is prepared in a Baker-?erkius.,Bramley_Bekén ﬁr_Bunbury.-ixer, -

with horizontal -or vert}cal paddles. The oxidizer is added ;u 4-lots. At the end,

vacuum heating is used to remove any air inclusioms.

r—

1f tbe nitrogen compound is very sensitive to shock, it is dissolved together

with the combustible compcnent e£nd with the other additives in n-~hexane, cyclohex—

ane, benzene or acetone. and only then is the oxidizerh;nco:pqrated. During the
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* - : | parts by wt. . { _ patts by ‘wt. { x Pu‘ts bg vl:. o
g |t 100 parts 1 to 100 parts gz {to -100 parts .
by wt..of {bywt..of | 2 fbywtiof
cOpolyner - copq]g‘ng_r e copolyur
Copolymer B4/MVP 90/10] 9.96 | 100 {9961 100 Y996 100
Melamine 1.76 17.6 1.76. 17.6 1.76 17.6.
Plasticizer ZP-211 | 1.97 19.8 | 1977 19.8 | - 1 -
Plasticizer-triacetin = e = % ] 1.97 : 19.8
Flexamine 0.30 | 3.0 0.30 3.0 0.30] 3.0 :
p-Quinone dioxime '0.21 2.1 0.23 2.1 02f 21
Mg0 0.50 5.0 | 0.50 50 |0.50f] 50
Za0 10.30 3.0 0.30 3.0 0.30 3.0
NH O, 8s.00| 852 81.40°] 816 8140} 816
¥H,Cl10, - - 3.60 36 3.60 36

mixing, the solvent is gradually driven off under reduced pressure. The grain is
obtained by extrusion or. casting under pressure. Hardcniny takes place at room tem-
perature and, additiomally, at a temperature of 21-121°C. The har&ening time de-

pends on the required properties of the propellant and ranges from 3 hours to 7 days.

The composition of some propellants with malamine is given in Table 8.8. These pro-

4

pellants have a high burming rate, of fhe'otdér of se\ié:ai em/sec; this is apecifi-

cally due to the high-energy nitrogen compound [88).

Irbggllants with silica gels
The effect of silicon dioxide on the burning rate was discuzsed in section
7.2.3. However, the main purpose of_ -adding ailica gel is to improve the phyaical
propertieé of the propellant. -Proﬁeilants h;vihg the composition given in Table
8.9 were. hatdez_;ed at 77°C for a week and for 2 ‘weeks and then the maximum elongation,
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temsile stremgth and modulus gf"elai'ﬂcity were studied. Die ¢o !'hcgre-ateétﬁu,; i

strength and modulus of elasticity, the propellant s able to bear ouch greater
stresses; thus, it is more resistamt to cracking than the sqneny;?pellxitiliﬁi;qi 3 i
silica [3]. 3
TABLE 8.9. THE SLFFECT OF SILICA GEL ON THE FHVSICAL mms i
OF PROPELLANIS GﬂﬂiAIHIﬂG THE CBEGLYHEI HdIHWP 90310
Constituents (im parts by weight/ | R s 2 S % £
100 parts by‘neight of copolymtr i 1 1 2" ] “f3' .84
Bd/MVP 90/10 {100 {100 {100 '
Carben black 20 {20 {2
510, - meaa particle size 32 y LI B T peia |
Mo, 1 753 758 1768
Di (butoxy-ethoxy-ethoxy)methane 20 20 20 ]
Milori blue ‘ { 18 | 18 18 1
Za0 3 3 '
Flexamine 3 B R ¥ ‘1 1
Aerosol OT 1 ) t ma [ §
Sulfur 0.75 0.75°7 0.75 il
Accelerator SA-113 1 1 paiy 1
_ : - 7 m— {5 |
Tensile strength after 1 week of hardening (kgicmz) | 1B.2B I 21.09 | 22.49 l
" " " 2veeks " " " 23.20 | 30.93 ] 29.32 |
Maximum elongation after 1 week of hardeming (%) 11.¢ 16.7 13.2 1
n " ; " 2 weeks ™ " U ] 12_0 9,1 :‘ : 7.? \
Modulus of elasticity after 1 week of hardening (kglcmz) | 210.9 |203.9 | 330.4 »
AN L .. " 2weeks ™ " » ©98.& | 57:.9 | 773.4

Propellants with a halogen polymer facilitating grain extrusiom
Propeilants with a high solids coatent in the fofmuof oxidizer, combustion
cataiyzer" and metallic elements were discussed in section 7.2.3. ﬁnﬁﬁ”of these

propellants are extruded under a tremendous pressure, Tangimg up to 1400 kgicmz.

Formidable difficulties are emcountered wheam such a high pressure is used, and the
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1“ - v .7
extrusion of many prspellzmts would be p:nctic‘lly 3.’,.‘t51e 1‘ halogen
R %4 hiﬁl?g e .
__p__alyuernrme mt-addea_'. T ;_fwm, Ej
: 3
e hisﬂr-hlasmted polymer or copolymer is first mized with the axidizer in

aballnﬂlatin;lub:ryatlﬂ:er-rardmninn ?ulmiaedhuaatotiﬂ:tlﬁ-
-energy metal is added, together with the unbu:tion uta.ly:u:" “to i}n iinﬁtr vinh é
plasticizer and omly then is the oxidizer with polymer imcorporated. The addition

|

of metallic gleieuts‘?rédﬂc;s a:;ignificlat incretne'iiffhefgp§cific,iup51.§g*iii;k

’ Ay

— exceeds 200 seconds for such propeilants; o

1 Thus, €aBey A yr-pellant with the following composition was ptepared"ﬁﬂ.'i]:

2
combustible component 7
m4m3 ‘88
("R )2 > 7 _'ﬁ.l’_)
‘polytrifiunorochloroethylene B.5
boron (0.8-1.4) ‘2.0
magnesium (18-22 u) 2.0
where the combmstible compoment has the following composition:
| parts by weight
copolymer Bd/MVP 90/10 100
carbon black 22
flexamine 3.
plasticiver ~ butacez-250 48
This propellant is cast under a pressure of 560-703 kg/cmz into griins!af di-

. mension: 12.7 x 7.62 x 3.8 cm, which are burned in a small éngine; The .r&@lts ‘of
the studies (Table 8.10) indicate that the propellant remalns stable for at least 5
months at 77°C and the duradility at room temperature is several times grezitgr Iﬁi].

P ‘ ,
See page 325
309
W—_ = : ,- P
P o
s
‘.q’-'\?:' I:":j r?\iﬂ} ;




&
: 28
;:'?',:‘
TABLE 8.10. THE EFFECT OF AGEING TIME ON THE BURNING mmnmsrﬂcuwc l
IMPULSE OF A PROPELLANT CONTAINING THE COPOLYMER, Bd/MVP 90:19 3 1
3 . P 1 c'}‘* a4 i
: b e
AP g 'i F i Ui g
‘Burning rate 't Specific : }
_ Temp — .. | i=mpulse . 10
Ageing time (at 77°C) {r[.c]f 't at 62,2 | at 70.3 ° | at 70.3 | A5
i . ,is/énz \ .ksycng-_ ; kg/élg'f k 't
Y {em/sec) | [em/sec] {sec] ;
 Immediately after preparation 24 0.514 0.743 210 ]
3 months | 24 0.527 0.75¢ 214 7
6 months | 24 | 0.525 0.754 209

A propellant with binder based on the copolymer
Bd/MVP, reinforced with aldehyde resins

Unhardened thermosettiﬁg resins, such as aldehyde polycondensates with phenols,
urea or melamine, are added to the binder in order to improve the physi~al proper-
ties of propellants. The following aldehidea: tormic, acetic, propionic, benzoic,
etc., and phenols: phenol, o-, p- and m—creso{, Xylenols, resorcinol, etc.-are em i
ployed here.’

0.75-3 moles of aldehyde to 1 mole of phenol are used in tﬁe phenol resins.
Condensation takes place in an acidic or basic enviromment. Acidic condensation is
employed if it is desirable to increase the mechanical strength; and basic condensa-
tion, if it is necessary to increase the thermal strength of the grain.

During the reaction of formzldehyde with urea, the first substsnce to evclve is

dimethylol urea

) * Y "-9 '
o M, u?u CH, OH et
HET 1 G0 — Ca0
T HN- CH,- OH

which gives off water in a slightly acid environment and forms a resin whict can be

hacrdened at an elevated temperature.
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In the reaction of melemine with formaldehyde, methylol derivatives fizst ap

-

_pear; these are then condensed to yield a thermosetting resin. l-EA;bi;q“dffﬁétiiliﬁ

dehyde to 1 mole of melamine are used. ‘The resins discussed #;bve_;rgagddadﬂiﬁA

amounts of ‘10~-60 parts to 100 parts of copolymer.

The combustible compouent generally has the conposition:

copolymer Bd/MVP

aldehﬁde resin.
p;asticizer
éurfdce-active agent
anti-oxidizer
vulcanization accelerator
sulfur

qusternizing agent
metallic oxidei

parts by weight
100
10- 60
0-200

10

R R
UEHUU

#
L

There are 2 methods of preparing the propellant. In ome method, the resin is

incorporated into the copolymer heated to 77-88°C. The temperature must be lower

than the temperature of hardeming of thq'fesip‘or copolymer. 1In the other method,

the copolymer is.ground in a cold mill and mixed while incorporating the resin.

Only then is the temperature raised to 77-88°C. Then the remaining portions of the

combustible component are added and subsequently the oxidizer with the combustion

"catalyzer". A mixture prepared in this manner is cast under pressure or extruded

and hardened at 21-116°C, either under atmospheric pressure or under an increased

pressure.

The following is the composition -of such a propellant:

copolymer Bd/MVP 85/15

Schenectady Resin 66013)

flexamine

3See page 325
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butarez-25 (plasticizer)” {6 Sl
Philrich 5 (plasticizer)’ 2.0
hi:uhlom—p-ﬁlan- (quaternizing -Ilmt]r l}l

cyanoguanidine 10.0
NE, N0, 75.0 -

This propellant has the burning rate:

at 35 .‘1'5 ‘kg/ cm2 0.091 cm/sec .
at 70.3 kg(cmz 0.147 cm/sec iy 4
exponent n-0.69 :

np, the temperature sensitivity (coefficient) of the pressure,'is;0;201/fc.
Thevmechan1Cal properties of thisfprgpellén; are given‘inZTaﬁle 8.11. Due to the
very low burning rate, these propellants are suitable as gas genmerators [104].

TABLE 8.11. THE EFFECT OF THE HARDENING TIME ON THE MECHANICAL ‘
PROPERTIES OF A PROPELLANT CONTAINING THE COPOLYMER, Bd/MVP 85:15 :

%ardgg%n§ Tensile st;eugth 'zii:::?ion 4 ;32?::::212; E
at C ; 3 y 3 =
24 hours |- 15.54 : 2.8 ‘ 93:. %6

; {
1 week . 13.36 2.0 . 1167.1 ‘
2 weeks 15.88 ; 3.0 2067.0 !

Binding substances for combining
' ‘samall charges into larger ones

The method of agglutinating small charges makes possible the obtaining of
3 grains weighing more than 3000 kg. However, binding substances are not readily

i available because they must fulfil a number of conditicns. They.should be elastic

4’58e9 page 325
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in order to resist inertial forces,: mechanical shocks ‘and thermal striisbe, which

1 B
tend to separate the~individual,conponents of the propellant. ”Thia condié}%ﬁ‘ en- -

tails a massive reduction in the amount of ‘oxidizer (1t~causes’bri;tleﬁcli)*Afl ;thei

L X
same time it is necesssry that | ‘the binding substance have ‘the samg gurning rate

¥ 1

the individual compements of the charge.

E 2 L 3 = L L e E.— - . .'
Elements of :the pharge:fornjconcentric'sectors of a ring,'%nd’fhe;space1betueeni

. fam

them is filled by the'biﬁding substence. It is used in tho form of thin foils e

(0.025-0.25'pm);or,ih the form of ‘a viscous liquid. ' Under an applied’btéssurgzzthe

fuel slugs are intimately bonded to the binding subsfance‘énd'Ehen“th%“ﬁholé’magﬁ'isE

hardened ‘at a temperature of 77-93°C.

The binding substance is prepared in the follbﬁihg_manﬁg;. Tﬁé{oxidizer:is

dissolved in a polar solvent, e.g., in acetqne, and mixzed with & benzene solﬁtionsqfl

the copolymer. A coorecipitate of .the copolymer with the oxidizer evolves in this

mixture and is subsequently decanted and dried. Then, the vulcanizing.ageﬁtg, com-

bustion "catalyzexs", plasticizers, anti-oxidizers, vulcanization accelerators, etc.

are added.
| Thé_oxidizers used here are perchlotates“of sodiup, potassiﬁm, maghesiqm'apd<
ammopium;‘cﬁlorates of sgrontium and lithium; and nitrates of potassium, sodium,
caléiﬁm and amibnium. ‘The amount of oxidizer is-2-25%, preferably 5-15Z. Oxidizer
solutionsiin a polar solvent with from 30 to 100% saturation and solutions of rub-
bers in a nohﬁoiar solvent of 8-10 g of copolymer in 100 g of solvent are used.

The burning rate is regulated by the amount of oxidizer, its type, particle
size (from 1 to 300Au) and by he,combustion catalyzera such as: cupriqrchromite
(CuO;Cr£03), ammonium dichromate, potassium dicbrowate, sodium dichcomate, Prussian

blue or Milori blue. The burning rate cam be matched to requirements wi;hin.the

limits of 0.127-0.508 cm/sec at a pressure of 70.3 kg[cﬁz.

The general composition of the binding.substan?e is as fpllpws:

inorganic oxi&izgr (NHACIOA) 2-25%, preferably 5-15%
rubber ' (Bd/MVP) 98-75%, preferably 95-&5%
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.are prepared. Then the 2 solutions are mixed. : A° c0prtc1pitate 1s iniadiately*fir-m

i & ¥
e
T

For example, a solution. of 1.98 gof KBACIOA in 1&0 ul ¢f acetone. at 2&‘& ahg,

separstely, 4 solution.of 35 8 of -the. ‘copolymer . BdthP 10760 nl of bcnzene atﬁigic

it

L Sy

ed, vhich is decanted and dried at .60°C.  The m’acma’ :content in the cOpreciphfitt ;

is about 9Z. e SN Ll
The above-described method of bonding-the'cha;geﬂia¢nd% liﬁitedlté”pfgéellangs
with the copolymer Bd/MVP. It can also be successfully used for propéllants with

binders based on other synthetic rubbers, guch as the butadiene-styrené copolyser,

‘Perbunan, butyl, neoprene, polybutadiene, ackylonitryl-styrene;‘the'thidkéié3“ekc.

{39]. | S

Generally, these p;ppellantsdpredominahtiy contain:

combustible component 17.5%
oxidizer (NH,NO,,, NH,C10,) 82.52
In addition, about 1-2% of Milori blue is added.

Szveral combustible components used in the above-desc:i?ﬁd propellants :are
given in Tables 8.12 ‘and 8.13.

. After being mixed with the oxidizer and combustion "éa;élyzerf, the grain:is
extruded at a temperature of 82-88°C. The grain size.that can.be obtained by. ex-
trusion ranges from 15 to 30 kg. By employing thg-bondiqg.mgthod, a charge of about
3,000 kg can be prepared from 100 such elements. Then thé whole mass.is subjected

to hardening at a temperature of about 80 £ 3°C.for 16-24 hours [64].

High-energy propellants with boron or other metals.

Propellants with boron in their composition contain a very small amount of com—
bustible component because the stoichiometric amount of oxygen required for oxida-
tion of the combustible componeﬁt and the boron is supplied by toe oxidizer only
when it is in the amount of about 90% of the propellant; moreover, the boron itself
further increases the solid fraction content. Propellants with such a composition
present formidable difficulties in extrusion of the grain, and extrusion may even

314




i
!
r

.

TABLE'8.12. 'SEVERAL COMBUSTIBLE coa-mmmwrs w:m *w A

‘THE ‘COPOLYMER Bd/HVP '90: 10. UHICB 'ARE SUITABLE FOR

TABLE 8.13. A COMBUSTIBLE ‘COMPONENT WITH ‘THE CO-
POLYMER BUTADIEHE—STYRENE 90:10 WHICH IS SUITABLE
FOR PROPELLANTS COMPOSED OF 'LARGE BONDED CHARGES

PROPELLANTS COMPOSED OF LARGE BONDED CHARGES e UG
Constituents, : yr;Pfépe};gnt_né. E f i e
(in ‘parts by weight) ;i‘ 'i 3 s ; i
Copolymer Bd/MVP §0/10 | . 100 100 | 100 s A
Carbon black 1 60 20 40 ; o
Epichlorohydrin = -
Sulfur - 1.75 |
Zn0 3 3
‘Flexamine - - 145
Wood resin 5 - 5.
Dibutyl phthalate 50 - -3 7
Liquid polybutadiene = 100 10
Accelerator butyl-8 - -~ Lﬁ 4
)00, - 5 7.5
.. Chloranil 3 - -

Constituents ?a:féfbyiweighﬁ

Copolymer GR-S -1505 (90/10 butadiene-styrene) |- 100
Carbon black 50
Zn0 3
Sulfur 1.5
Flexamine . 1.5

'|. Stearic acid 1.5
Wood resin -3
Plasticizer - pentaryl A (amyl-diphenyl) 10
Accelerator - butyl-8 3 d 3.5
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become impossible, 'There remains the . cnnpression molding method, uhich does not %ﬁé?"
- Ead” b T e

facilitate the obtainiqg,of large:-pha;geg. The -echanical-;trength of ouch pre..l— =

lanta ia unsatisféctorj. 5 ]

Several methods have. been.worked out’ that permit the formation of chargaa uith e

a high oxidizer content.and with-high-energy elements. One of these is based on -
grinding tﬁe‘high—engrgy_eleleut;uith=the'solid‘ﬁiid{zer and_uithia;sunll\gnoqnt?off *a
the combustible component snd tben forming small spheres, tabiets pt=rquﬁonﬂg§§fb- %Y
priate presses. A propellant thus prepared ia placed imtc a form and the liquid i
polymer with the oxidizer suspemsion is poured over it. Ahdthef;métho&ﬂisfﬁéée&'oﬁ,
mixing the prOpéllant in tablet form wilh the oxidizer,susQensiou:in_tbe-poljigt?ind' 1
then casting the wholé_mass into forms. The prOpellant4ob;ained‘b;'bopbiméthba§fi;.
subjected to hardening.

The highfenergfﬂelements used are beryllium, boron, lithium, aluminum, magneai-
um, silicon and titanium. They should be ground to an average particle size of
about 20 y. A mixture:of 2.or 3 elements éan'be,used gu&‘théir content in globules ﬁ
should be 2—201‘, preferably 5-10%. ;

The oxidi;ers-c;n be: NH&NOB, NH&CIO&,Ehexanitroethane,‘the=ammoniug salt.-of
nitroform, h&droxylamine nitrate, hydrazine nitrate, 2tc.. The amounts of oxidizer
in t—he glcbules can be 80—‘.951. |

The th:@rd'constii:pe'nt,of the peiléts, tbe binder, is poiybutadiene, the copoly-
mer Bd/MVP, the butadiene~styrene copolymer, alkyl -cellulose with leas than’ 6 carbon

atoms in the alkyl group (e.g., ethyl cellulose), polytetrafluoro ethylene, etc.

»

If it is necessary to use a combustion "catalyzer", it should not éx;eed'SZ of

the pellet composition.

The formed pellets are 0.3-0.6 cm in diameter. Such pelleta can be formed by
machines designed to make pills or tablets,‘or it is also possible to extrude rods,
which are then cut.

The amount of oxidizer suspension in the polymer depends on the packing of the

pellets. It has been determined experimentally that the volume not occupied by the
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'pellﬂts amounts to- abnut 39. 51, but ueually the iolunn'of the‘; nsion
? a:.. ‘o} ﬂzﬁ?\?‘:‘- ﬁ}! ﬁ _'%’{3
greater thnn 40%. If pellets with a different dicneter are,uaed e poro :
?% L

be reduced ‘to 152, or even further.- In the :nthgg of- nixins uith ﬁhe g;idincn

43 é"g':'
R el

pension in the binder, the individual pellets do mnot- lake’contnctxaith eaeh'biﬁir

R tzl} =Y

and; 38 a result, the volume not occupied by the- incr.ase: to lbout.ﬁsz. ; £t
& & 3

The liquid polymer used eo pour over the pellets”is selected frou the group of.

polysulfides, liquid polybutadiene or the polyurethans The oxidizer addéd to this

e Jy- v

polymer is. ma&cm‘, KClo,, NH‘HO3,setc. The ratio of.polymer to oxidijsr'!i: gm—
rally 50:50 t: 20:80.

vy} i
Propellant 1.
(a) Pellet composition (P 0.48 cm)
boron
ethyl cellulose y
NH40104- 90
(b) Mixture of oxidizer with polymer
.polyurethan a b 252
X 4
‘castor oil 57.14 56.31
neopentyl glycol 10. 8% =
toluene -diisocyanate 32.00 32.43
hexylene. glycol - 11.26
NH,C10, 752

This mixture 1s added to the form with'the pellets in an amount of 40 of the
f;nished product. It is hardened at 71°C for 48 hours. The specific impulse is

260 seconds.

Propellant 2
(a) Rod composition (p 0.6 cm and length 0.6 cm)
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ﬁ copolymsr Bd/MVP 90/10 100 - oL
. flexamine ‘ §8 B i sttt SR *] i
plasticizer - liquid polybutadiena 52$;i1_5% B L o] ': r'
i plasticizer - light oil of the : £
. ‘naphthene. type (frop petroleum) 25 B g
p-quinone dioxime 2. oaavibi % AT
HH&(,:104 i s‘ﬂzé: s ﬂ
34
(1) The mixture of polymer with the oxidizer ;
combustible component 202 ;
z d
castor oil 51.0
2~hydroxy~ethyl castorate 26.4
hexamethylene diisocyanate 22.6 3
MH,C10, 80% ;‘
It is hardened at 71°C for 48 hours. The specific 1mpulseéis'2£7'secondsy
|
Propellant 3 !
(a) pellet composition (§ 0.3 cm)
b4
polyisobutylene 2
combustible component from propellant 2a 3 ]
i
NH40104 77.5 .
decaborane 17.5
L ]
The pellets in the form are covered with the mixture from propellant 2b. The
E specific impulse is 263 seconds [40].
i Propellants wit decaboranes»(ﬁloﬁl&)

Decaborane has a greater heating value per unit .weight than boron, but because

of its low. specific gravity it has a relatively low heating value per unit volume.

318

AT




iig

However, it 1is ceusidetably superior to boron with. respect to u.se of cu-buctiau. -

As is well knovm, durlng the butning of boran. ‘the liquid and diffieultly volutiic 2
2 3 flood the burning surface, cutting it off From- the flale This frequently tt-»
sults. in the incomplete combustion of the boron. On. the othet hand _hgcause de;a-;
borane has a low melting (99.7°C) anj$011ing_(21}'C)Jpoint,:it;isrevtivéd”ih gas-
eous form during burning of the grain; obvio;siy this eliminates the difficuities
involved in the1¢ase'of'eleﬁeﬂté1 boron. 7
Several‘pfopgllaﬁts with decaborane and with the:26110u1§g~¢bnbustib1§r¢p§?p—
ment are given in Table 8.14. :

Organic combustible component

parts by weight

copolymer 90/10 Bd/MVP 100
furnace black 20
tri(Z—ethyi—hele)‘pbqsphate (plastici;er) 20
benzylidene chloride . 7 6.6
sulfur 1.75
Zn0 5
vulcanization acceleracor butyl-8 2
surface-active agent Aerosol-OT 1

It is evident from Table B.14 that the addition of the first.5%:of decatorane
is the most effective. In that case the specific impulse increases By abodt‘l;25
while twice as much decaborane (a 10% a&dition) produces almost an identical in-
crease in the specific impulse (by about 12%) with respect to the propellant without
decaborane. Then, in spite of further addition of decaborane, tbe specific impulse
value remains practicaiiy at the same level. The reason for this is the decreasing
oxidizer content (due to the incrggsed decaborane content) and the siﬁultaneousiy
increasing difference between the necessary stqiéhiometric active oxy'gen content ia
the propellant andrthe actual content. An increasingly iarger.portion of the organ-

ic comlustible component remains unoxidized. The resulting loss of chemical emergy

édunterbalanées the'iarget heating value of the decaborane. Because only an
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TABLE 8.14..

'THE E¥FECT OF. THE AMOUNT OF BECABOCQNE

ON THE SPECI!IC TIMPULSE OF A ?EBPELLA!T WITH IINBER
CUNTAIIIIG THE CO!OE!HER BdeVP 90:10

- ik

——— —

j : R gl Specific el
- Propellant | TH4C104 c“b“:::‘:?'e B10F94 | impulse | s
' (2] | oo T3 I I
: {2 : ¥ e i
" . 90.9 5 LB e 262 - v
la | %00 10 L. 2 236 4
2 ]| 81 5 3.5 ) 28 ]
2a 87.5 12.5 - 241
377 8.0 | s | 100 | 290
2a 85.0 15 = 240
4 82.5 °s 125 1
4a { 825 17.5 | - 235
5 80.0 5 SF TETIAN HR VS
5a | 8.0 | 200 = 229
6 77.5 i 17.5 275

equalization occurs and not an increase in the chemical energy content of the pro-
pellant and because decaborane is a very'éxpénsive conétituent, pr0pe11=nts contain—

ing smaller amounts of it are more advantageous [112].

8.9. Pro;ellagts with Polyesters
Many polyester-styrene propellants were discussed in section 7.2 in connection
with the effeéts of polychromates, lead saltst silicates, titanates and phosphates.
Bonding of polyester-styrene charges
with the cowbustion chamber~walls
The problem of preparing the bonding coating of the charge with the chamber
wall is a very important, although difficult one. This layer or coating should as-

sure the adhesion of the charge to the wall under various temperature conditions and
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mer . is~mixeé with tne. liqui-c‘. resin.

The graim is formed of polyester resin siailar to the toatin-g resin eteupt ‘ﬁmt
the resin of the graiu is barder. This similnrity of the: resins is nec_e__ssuy for - an
intimate union of the grain with the coating layer after hardening. Several poly-
ester resins ;hat servera.é binders are -iistled‘in Table 8.13,

TABLE 8.15. THE COMPOSITION OF SEVERAL POLYESTER RESINS
SUITABLE AS BINDERS FOR SOLID ROCKET PROPELLANTS

- Pro'p_ella#t

Constituents (in moles) : a — &
1a | B c. ] wd E | PR ST

Sebacic acid 14.

Ridpit acid -1 7] 7| 05]09{08]09f0s
Maibeic -amlpdsiifie 13| 3}o0a]o1fo2]o01fon
‘Ethyleme glycol = T s e —l = AT TR g
Diethylene glycol R WL - e Rl fe
Polyethylene glycol (mol. wt. 300) = Jaral s -] =il - J 1.4
Propylene glycol “ 5 - - - e iE =
Polypropylene glycol {(mol. wt. &25) |- -] .- A -2 A4 Loy 4

—— - E l

The following resin with composition given in moles is suitable for uniting the

coating layer with propellants based on oinders:

fumaric acid 3.4
phthalic anhydride 2
ethylene glycol 3.6

diethylene glycol 3

A polyester of this type tends to harden at room temperature. In orcer to

avcid timis, it is necessary to add hydroquinone.
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The sddition of styrens to the condensation products ;f'th.'lbéVG.qu;tifu!nt!_.
contributel to the hateropolya;ri;ation,ot:tﬁpﬁrééip, after whiéﬁ thbrrasinjhcqﬁi;qpi

thermoaetting properties. Of course, other unsaturated’compounds qre;aisbﬁﬁged; al-

though not as universally as styrene, because ;he 1dtter has the advantage of low
cost in comparison, e.g., with acrylic acid esters, acrylonitrile, etc,
Conventional oxidizers in amounte of 45-90% are used in'tﬁe poiyesterfsty:ene

propellants. Cyclohexancl l-hydrogen peroxide and cumene hydfdgen percxide, which

are capable of inducing polymerization at room temperature, stand out among the het-

eropolymerization catalyzsrs. Organic cobalt aalts {cobalt naphthenate, etc.) are
polymerization accelerstors: 1In addition,to'thu,cdnventiohal_plgéticizgrs;_benzyl
alcchol, which effectively counteracts brittleness in the propgllant, has proved to

be one of the best plasticizers (68,69].
8.10. Propellanta with Polylactams

Polylactam propellants with sodium and potaséium perchlorate

Lactams with a 5-7 member ring, e.g., pyrrolidone, piperidone! e-caprolactam,
are advantageous in that they readily polyﬁerize even in the presence of iarge
amounts of oxidizer. Alkali metals and alkaline-carth metals and their hyd;ides,
borohydrides, oxidea, hydroxidea, carbonates, amides, etc. are pqumerization cata-
lyzers. The hydridea of acdium and lithium are especially useful. These catalyzers
are added in amounts of 0.05-5%, preferably 0.1-1%, with respect to the lactam. In
addition, initiators of the N,N-diacyl compound group, amine derivatives, etc., de~
scribed in detail in section 6.1.9, are indispensabls for polymerization. The poly-
merization process proceeds at temperatures up to 250°C, preferably at 130-170°C.
The lower the molccular weight of the lactam, the lower is the required polymeriza~
tion temperature.

The ratio of oxidizer to lactnm venges from 2.5:1 to 3.5:1. This ratio should
be 2.84:1 for sodium perchlorate and e-caprolsctam so that the rcaction can proceed

according to the summary eguation:
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i

8 CoHuON + 21NaCIO, —» 48CO -+ 44H,0. 4 4INaC] -|-4N.

For potassimm perchlorate this ratio is 3.2:1. ;
; 25 ; SPLER - L o
Other constituents that increase the specific impulse are pulverized metals
., : ) L > : __a"_vr_{.‘;- r:it‘" >
such as biryllium, boron, magnesium, aluminum; hydrides such as MgH,, AIHS,zborthP-
: g el BN
Ve

drides,-AltBﬂa)S, ete., These additives should be ground to a mean particle size

less than 150 u, preferably less than 74 u, andlthey shoulg'nqt_exceedJZSIibfTthh

propellant; it is better if they are present in amounts of 5-10%.

e
Sulfamides, such as N-ethyl-p-tolucne sulfamide, N-ethyl-o-~toluene sulfimide;
bi-substituted amides, suci as dimethyl formamide; glycol ethérb,‘buhhfasréfﬁylinh
glycol dipetﬁyl_ether, etc., are good plasticizers of tne polylactams. They.are
used in amounts up to 35%, preferagly.y5f252.with respeéﬁ te: the lactam.
f;ogellant‘l
One part of e-caprolactam with 0.01 parts of NaH and 0.5 mole percent of N;
acetyl-caprolactam are heated to 160°C and 3 pa%ts of KClOa are inco;potated. Poly-
merization proceeds very rapidly; the mixture solidifies in 10 minutgs. 1t burns
' with a vivid, bright flame. |
; Propellant 2
One part of e-caproclactam, 0.05 parts of NaH and 1 mole percent of N-acetyl-
caprolaétam are poured into a container at 80°C. Then 3.2 parts of KC104 are inqéi-
. porated and the mixture is heated to 160°C until it solidifies. |
F . Propellant 3

One part of e-caprolactam and 0.05 parts of NaH are heated to 160°C and placed
in a vessel. One mole percent of N—acetyl-cgprolactam is added and mixed well, . then

2.84 parts of NaClOA. It is heated at 160°C for about one-half hour [75].
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8.11, Witrated Hydroxypolymers

As alresdy mentioned in section 6.1. 1., polyuers with gouble bonda paaﬁi¢ﬂp;k2

(3

i

droxylsted uith.hydrogen peroxide in the preaence of formic acid. ifte; ea$etifié e A

":;
i “ith nitric-acid, the hydroxypolymers obtained form inflsnnable substances with

a-high-nitrogen content and .are suitsble as constitugn:;.fo;;cgmpe;igg?p;opillt;tya

Sy i

Nitration of the hydroxypolymer : gii
-
OhNE !
5 g of liquid h;droxypolybutadiene with mol. wt. o* 850" and having 26! hydroxy— .liQ

lated ‘double bonds are dissqlved in 30 nl of acetic anhydride. This solution is ‘i;%

slowly;addgd;during-a:45-minute period to a mixture of 30 ml"of'fuming.HNO3

wl of acetic anhydride. The entize mass is cooled to about 0°C and mixed fdr:30 i

‘with 30 |

minutes. The temperature.should not rise above 5°C. -The mixture obtained is poured.
into 400 ml of water with ice, the precipitated polymer is drained, washed free of
acid with water and dried. The finished product (8.5 g) is a yellow, finely ;powder~

ed, inflammable substance with an 11% N content [411.
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9.  PROPPLLANTS WITH uERIVATIVES OF NATURAL:
SUBSTANCES ‘AND RARELY USED ?ROPELLANTS

9.1. Nitrocellulose'Propellants

Propellants with thé p;gteagieffqﬁp

It has been determincd:that a small aﬂditioq ;f i;ad_salts‘(ou§?-to,nitrocéllue
lose prbpéllants‘causes ;hérp;atgau_effecg"to appear. This is a very advantageous
effect becayee it permits the utilization of powders of this type as propellants for
rockets or gaided-missile;; It then bACOmes unnecessary to fear variaticns in”the
mass output or, even more importgnt, explosions within a gi&en?pressute range: . The
effects of the different lead Saits on the g_exponén;‘are diécussed in section 7.3.

In addition to qitroéelldlqse, nitrocellulo;e propellants,  termed colloidal
propellants, contain plasticizers, ;hicﬁ are exﬁlosive compounds such as.ﬁitrOglyd
cerin,'nitroglycol, etc. Mixtures of egplosive‘plast;;izers with nonexpiosivg,huni-
versally R4t phthalates, sebacates, etc. are also used: Without-lead salts these
propellants are not suiféble as rocket charges because they have thg,chaggcteristic
of unstable combustion in a closed épace. The burning rate rapiﬁly increases with
increasing pressure and temperature, which leads to destruction (blow-out) of-;hé

container.

The general composition of this type of propellants, that are suitable for

rocket propulsion, is as foilows:

3

nitrocelluiose 40 =70

plasticizer (explosive + nonexplosive) 4 —45

lead salts 0.5=5

stab” lizer A ' 0.5=2.5
The typicai composition of such propellants [6]:

A
nitrocellulose . . 58
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‘nitroglycerin 25 yo AR
triacetin ; . 9 7 i
dioctyl phthalate _;D

plumbous cyclohexyloxy acetate : 3.5

2-nitro diphenylamine 145 :
Method of uniform incorporation of
r additives into nitrocellulose fuels
In this method 2 solvents which are mutually miscible only to a slight degree
are used. Most frequéntly,.they are water and ethyl acetate. A nitrocellulose.sus-

pension is prepared in the water; and a suspension of other_additives,;such,qgééar-

beﬂ black, modifiers of the-exponth n or_"cataly:ers", or the various additive sub-
stan;eé are diésolved iﬁ the ethyl acetate. The 2 suspgnsions are energetically
mixed until an emulsion is formed and colloid protectors, such as dextrine, amidon,
gum afabic or animal protein,‘are added to increase thg stability. During‘mixing,
the nifrocéllulose graduallf-diséolves in the ethyl acetate. B&y means of an appro-
priéte mixing force aﬂa-by the addition of variou; emulsifying agents, such as salts
of fatty acids or sulfonated oiis, it.is possible to regulate.the pgrficlé.size of
the emulsion. Theh the temperaﬁure‘is raiséd t§ somewhat below the boiling point of

watér (99°C), the ethyl scetate evaporates off and the finished product precipitates

out of the mixture. lBefore'evaporation, a sodium sulfate solution, which reduces
the amount of water in the particies.of the emulsion through the osmotic effec;, is

3 added. The propellant thus obtained exhibits a lowered porosity.

.

! In the method described, substances such as: carbon black, powdered aluminum,
: ? hexogen, calcium carbonate (stabilizer), powdered iron, iron oxides, minium, pl#m—
b bous stearate, plumbous chromate, plumbous sulfide, plumbous azide, dyes, etc., can
? be incorporated.

$ The propellant thus obtained usually contains a small amount of plasticizer in
; order to maintain a constant consistency during precipitation from che aﬁueous sus-

pension. After drying, this propellant is mixed with the plasticizer (which 'is
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usually nitroglycerin with one of the nong;plpxivé;piaqtiéigqrél_an& Cilé;ingovidfi;i?£¢‘xf
+ T RED OIS

The forms with the propellant are raised to a temperature of 50-90°C until the mix-
: . ; ' sl il o

ture becomes homogeneous and sets. A grain prepared in'this;manneg is highly homo-

geneous, and its strength and othet-meghanicg;'lgd;pbysi¢il properties are adequate %1 |

for rocket propulsion.

'S
3 }
Propellant l}) |
- i T
(a) 250 parts of well pulverized nitrocellulose (i2.6% N) are mixed with 4,100 f j
parts of water at 50°C. A suspengion of 0;7 parts of carbon blick;in,ioorpqxtgnofl ;L! |
ethyl acetate is prepared separately. Tbis suspension is added to another 1,250
parts of ethyl acetate. Another 31.4 parts of .dinitro to}uene-andAZ.B_parts of
ethyl centralite is added to this. Both of these suspensions are mixed together amnd ¥
the temperature is raised to 68°C. The mixirg is,continned for about ome hour until ]
the‘nitrocellulose dissolves in the ethylacetate. Then 25 parts of ‘colloid protec-
tor ka tyﬁe of animal protein) in 150 parts of water are added. :In order to ;educe
the particle si?elbf the emulsion, 24 parta of a 40X solution of sodiup_z-gthyl-
hexyl-sulfate are used. .The desired. particle size in the emulsion is 0.127 mm, pre-
ferab.ly 0.025 om. A éolution of 155 parts of NaZSQ4 in 300 parFs of water is 1nc§rf
porated over a pe;iod of one hour, and it is stifred for another 3 hours. Then the
temperature is raised to 99°6, the ethyl acetate evaporates and the emulsifigdlparf

ticles solidify. The finished product is drained and dried at 50°C. It cﬁntains:

87.7% nitrocelluloae

11.0% dinitro toluene l
0.32 carbon black

1.0% centralite r

(b) about 56.18 parts of the substance thus prepared are placed in a Sigma-

paddle mixer and mixed for 16 hours under a vacuum of 10 mm Hg.

1See page 345
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In the meantime 37 parts of a plasticizer of compositions
L 4 . £y ~ 5 ‘
F ik ¥ #
742 nitroglycerin i s 8200

25% dimethyl phthalate
1% ethyl.centralite

are p;aéed-undét a vacuum of IO:ﬁh-Hé ;nd-;lso.hlloued to remair for 16'Hdufi5;gtﬁe
2 substances are mixed together under a vacuum in order to prevent air iqclusioni.
After mixing, they are poured into forms withﬁéﬁbstAﬂéeéfth;;'arefresisfant‘to-hi—
troglycerin, such as cellulose: acetate, methyl methacrylate or'ethylfceilﬁldgéa The
forms with the mixture are heatgd_tq 75°C ‘and this temperature is maintained until

the propellant is dissolved and sets. Such a mixture sets in 21 hours if it remains

at a low temperature of about 22°C.

Propellant 2

A'ﬁixtu;e'is prepared as in the case of propellant la. -5 parts of such a sub-
stance are allowed to remain in a mixer for 16 hours under a vacuum‘of‘io_mm‘ﬁg.
Sephlétely, 10 parts of a plasticizer with a composition as in the case of propel-
lant 1b are placed under a vacuum. The 2 substances are mixed under vacuum and 15
parts of NH40104 with a mean particle size of 0.0051 cm are added. Dissolution of
the prepellant in a plasticizer (from several minutes to several hours) and‘gglatiﬁ-
ization take place in a heéted screw pump or other at a temperature of 75-120°C.

Then the finished propellant is extruded and cut.

Propellant 3

5 parts of a mixture as in .the caze of propeilant*la are stirred under vacuun
of 10 mm Hg for 72 hours. At the same ;ime, 10 parta of a plééticiiéf bf'cdmppsiv
tion: .

49.5% nitroglycerin
49.5% glycerin triacetate
1.0% 2-nitro diphenylamine
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are subjected to stirring under vacuum.

474
A dispersion is formed, which can be readily cast into forms. The forms qre:h¢g£§d

The 2 substances are mixed together with the addition of 15 parts of NH,C10,.

at 75°C until the propellant dissolves'and sets.

Propellants with an ammonium perchlorate dispersion have. a high burning rate

(77, 78, 79].

A me;hdd of el;miuating«thernal.s:;egses'duping grain preparation

In thia method a mixture of ;xidizer with ‘resin (7:3) ‘and with or*ﬁifpout.?ias?
ticizgr is,hardengqragd ground t§ a particle size of about 1/2 mm. Tﬁé“g:puni'ﬁix-
‘ture is screenmed and placed in forms.while Qéingrcomp;eséed dﬁder'a'élight:pxgsgﬁre.
In order to improve the packing, different ﬁartiéle sizgs are used. A plasticizer,
which causes the hardened particles to sweil, is éddad to the forms with-the pulver-
ized substance. Diffusion of the plasticizer p;oceéds until a homogeneous mass is
obtained. ‘Therg‘até practiqaiiy no ther@al transfo:mations during this process.

Ammonium perchigrate is used as the oxidi;er and nitrocellulose or polyvinyl
nitrate as the binder. Expl&sivé'b; nonexplosive substances, such as 2,2-dinitro
propane or triacetin, are used as plasticizers.

The oxidizer and the resin are chosén in a ratio of 70:30. When larger addi-
tive amounts aré employed in order fo improve par;icle bonding, a plasticiier with a
monomer such as methyl methacrylate is added to the moldi

Because the universally used nitrocellulose with a 12.6% N content has a cer-
tain number of free —OH groups, it can be provided with a space lattiée, théF"is,
hardened, by means of these groups. The diisocyanates, which are added in_gmounts-
of 1-15% with respect to the nitrocellulose, are useful for this purpose. The less
lattice formation agent, the slower the hardening will be, but it will be that much

easier to control [53,103].

Nitrocellulose propellants with magnesium acid carbonate

In propellants of this type the magnesium acid carbonate serves as the deier-
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rent and as_gﬂsourpe.pf_ia;ge_yﬁouﬁ;nﬁéf'gaiidi It dccoupdsea in accordance with {

: » ) 'hyia,gﬁi ;
the following scheme: L :
W . = 200°C. kb & 5
Mg(HCO,), ————  Mg00,4 HO -co, ‘,
_ ; 1000°C At~
MgCO, s e 3 3 1IEC)+(JD ¢
temp. v
Mg(HCO,), ‘ MO + H.o T 20,
'- .
The other principal constituents of these propellanta are ammonium nitrate, ni-
s trocellulose ‘and a powdered, high-energy metal. Several examples of such propel-
Jants are given in-Table 9.1.
TABLE 9.1. SEVERAL EXAMPLES OF NITROCELLULOSE
PROPELLANTS WITH INORGANIC OXIDIZERS:
| “Propellant
Constituents (in %) T e .
: A B c
. | i % L i
NH&NO:’ 35 40 40
Mg(HCO,), (74 1) 35° 30 285
‘Nitrocellulose 200 | 20 25 “in
Magnesium, aluminum or zinc s !
(10-50 ) 10 -8 10
Aluminum soap (aluminum stearate) - 2 -
The constituents are compression molded‘under;a.pressurelof‘lao.bnkg/cmz. If
. the NHAN03 content is increased Lo 50%, the mixture becomes exﬁlosive. Aluminum

soap serves as the catalyzer, which facilitates the oxidetion reaction of the metal;
it is added in amounts of 0.1-2% of the propellant.
Propellants prepared in atcordance with the above .compositions have a very high

combustion temserature, approximately 4000°C or even higher [79].

9;2. Propellants with Cellulose Acetate

Several propellants of this group have already been discussed in connection
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with iyg action of orgamic staﬁilizcrs,_iurfgte—a;tibe .3ent="ad-°§lini¢‘ﬂyi€“iu

sections 7.1.2, 7,1.3 and 7.2.1.

Gas-producing propellants with an organic dye as the
"catalyzer" of combustion and with ammonium nitrate

The general composition of such propellants is as’ follows:

&
N, YO, 70 =90
combustible component 10 =25
‘blue organic dye 0.55:5
carbon black 0 =5
inorganié "catalyzer" 0 -4
modifier of the exponent n 0~ 4
gasaing inhibitor ; 0 —4&
surface-active agents 0 — 0.5

Because ammonium nitrate is used aé the oxidizer, . such prOpellan;s‘exhibit'a
slight corrosion tendency and’generatevlarge amounts of gaseous products; conse-
queaglf, thgy are used as gas generators.

The combustible_compoqent is prepafeq by heating the plasticizer to a tempera-
ture of aBout 150°C and then nmixing with the binding substance until a homoggne?us
mixture is obtained. Then the modifier of tﬁe exponent n is added, and lagér, at a
temperature of abont 120°C, the oxidizer with~th§ éombustfén ﬁcatalyucrs". The fin-
ished propellant is-extruded or cast under a pressure of 140-280 kg/cmz. The - com—
hustion - temperature is.relatively low, about 800-1400°C. The following is an exam-
ple of ;such a.propellant:

9.6 parts of 2,4-dinitro-diphenyl ether with 9.6 parts of ethylene glycol di-
glycolate (obtained by the condensation of 1.2 moles of "ethylene glycol with 1 mdlg
of glycolic acid) are heated‘t; 140°C and ‘5.8 parts of ;éllulose acetate (54-56% -
CH3COOH) are added. 'Aftgr'a-homogeneous'mixtuge‘has'been.obtained, thé‘temperature
is lowered to 110°C and 73 parts of ammonium nitrate with 2 parts of Prussian Biue

arc incorporated. When organic dyes are used, 10X of the combustible compouent is
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The burning rate is 0. 252 ca/sec at-70 kg{cn and the expoagnt .0 oqunli 0. 72~
repltcenent of 101 of the conbustible component with Iupogn-eﬁhircct Blut IL-CL.; _f"j

burnin; rate is.G. 353 cnlsec at 70 kglc- and ‘the. exponent n oquals 70 [&9] ‘%
- 1 {ii “"!"-45 -.‘ﬁ.hz

Gas-génergting.prOpéllants with-;-noniul,nittntc:and;qithsztnip@:q. oy
As can be seen in section 7.3, oximes have a radical action with respect te

lowering the exponent n value., They are added in amounts of hboutwlpl'bf:tquﬁﬁl-

2 bustible component.
: -
The combustible component: _
2
2,4-dinitro-diphenyl ether 34.64 »
ethylene glycol diglycolate 34.64
cellulose acetate (54-56% CH,COOH)  20.72

acetogylacétone dioxime : 10.0

constitutes 23 of the.propellaut.

The oxidizer, which is ammonium nitrate, is divided intc:2 portioms. 70X is
ground in a micrb-m}llka;‘lﬁtpbo rpm down to.a particle size of;ﬁﬁ u.,,The>rcnnin1ng
30% should have a particle size of abcut 0.5 mm. The 2 fractions are mixed togethu;

fhe binder with plasticizers and oxime are mlxed at 110-120°C end one third of
the ammonium nitrate, mixed with P;ussian,blue and- carbon black, is added rapidly.
After 15-20 minutes of mixing, the remaiﬁing two thirds of the ammonium nitrate.is
incorporated. Thie is mixed for another 30-40 minutes, 15 minutes of which is under
a vacuum of at least 330 mm Hg. |

A propellant prepared thus has the followiﬁg'composition:

)4

cellulose acetate 4.70

2,4-dinitro-diphenyl ether 8.00

ethylene glycol diglycolate 8.00

insolible Prussian blue 3.00

acetonylacetone dioxime 2.3
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%
NH4N03 73.0
carbon black 1.0

This propellant flows freely at 100°C and is solid at temperatures belew 90°C;

it toleriates 2 cycles of heating for 2 hours at 80°C and cooling for 2 nours at

—=60°C [1].

Shielded gas-generating propellants

The shielding substaaces can be asphalt, asbestos, cellophane, <z2llulose ace-
tate, etc. However, it is better if these substances have a composition similar to
the main charge.

Two basic shleldiny methods are employed. In one method, a liquid, but highly
viscous substance is sprayed on the surface of the grain. In the other method, the
form or wold is lined with a foil of the coating material and, after the charge has
been poured in, it is subjected to the action of pressure and temperature. The
thickness of the coating is 2-10 mm in both cases.

For propelliants with cellulose acetate or cellulose acetate butyrate, the best
shielding substance is cellulose acetate (54-56% CH3C00H) in an amount of 40-60%
with the plasticizer in the amount of 40-60%. The mixture containing the 2 sub-
stances 1s heated at 130-150°C under a pressure of 580 mm Hg until compléte plasti-

cization 1s achieved (2-3 hours).

Principal charge

6.5 g of dry cellulose acetate, and then 7.8 g of triethyl acetyl cicrate,lﬁ.s
g of 2,4-dinitro-phenoxy ethanol, 1.7 g of asphalt, 3 g of sodium barbiturate, 3 g
of gas black and 1 g of 2,4-diamine toluene are added to 70.2 g of ammonium nitrate
(dried at 120°C for 1 hour under reduced pressure). This is mixed at 110°C under

580 mm Hg for 1 hour and 15 minutes.
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Shielding substances

(a) Cellulose acetate (54-56% CHBCOOH) is mixed wich criethyl acetyl citrate
in a ratio of 1:1 and heated at 140°C under 580 mm Hg for 2 hours.

(b) 40% cellulose acetate with 60% triethyl acetyl citrate. After liniﬁéigha
mold with a foii of the above composition, the principal charge is poured in gnd al-
lowed to react at 110°C under a pressure of 232 kg/cm2 for 10 minutes. This coating

: does not separate when the charge is held at 77°C for 30 days.

(c} €0% cellulose acetate with 40% triethyl acetyl ciprate are mixed at 150°C
under 530 mm Hg for 3 hours. 607 is the maximum permissible amount of cellulose
acetate. With larger amounts, difficulties arise in extrusion or squeezing out of
the foil.

Substances containing 30 or 35% cellulose acetate and 70 or 657 plasticizer do

not have satisfactory propertics. During heat tests they separate from the charge
- [81].
Propellants with cellulose acetate or other cellu-
lose esters and with ammonium perchlorates
The particles of cellulose esters used for propellants should bz spherical and
have a diameter of 100 p, 50 ¢ and 20 . With a particle size of 100 u, the plasti-

cize: must contain at least some of a self-oxidizing compourd. Cellulose esters

TABLE 9.2. SOME EXAMPLES OF PROPELLANTS WITH CELLULOSE ESTERS

PETPCLIEE Constituents % Remarks
number
' Cellulose acetate P 1-15 10 The constituents arc mixed
and poured into molds.
S DL e LR SEe , 15 | setting (solidification) at
NHACIOA 75 140~145°C for 20 minutes
Ccllulose acetate 10
. . Setting at 140-145°C for
2 Glycerin triacctate 15 15 minutes.
75
NH4010&
335
3 T L T o Y e A P o -




TABLE 9.2. (continued)

Fropellant
number Constituents % Remarks
Cellulouse acetate P 25 12
- TA_155¢
3 Diethyl phthalate 18 Setting at 130-135°C for
5 minutes.
NHACIO4 70
Cellulose acetate-sorbate @ 25 10
5 . L]
4 Diethyl phthalate 15 e cRatRIUECR o
1 1 hour
NHACIO4 75
-Cellulose acetate-sorbate @ 25 u 12
L]
5 Diethyl phthalate 18 SB35 A04HE s
1 hour
NHACIO4 70

TABLE 9.3. SOME EXAMPLES

OF PROPELLANTS WITH

CELLULOSE ACETATE

Cellulose
frsiiii:nt acetate Softener 7 NH4C104
(%] [%]
o e =
1 12 Triethylene glycol
diacetate 9} 70
Diethyl phthalate 9
2 10 Diethyl phthalate 15 75
3 18 Diethyl phthalate 13.5} 55
Nitroglycerin 13.5
4 G Diethyl phthalate 12} 60
Nltroglycerin 12
5 10 Diethyl phthalate loi 70
Nitroglycerin 10
6 13.3 Diethyl phithalace 10.7 60
Nitroglycerin 16

with a particle size greater than 50 u can be used for propellants with inactive

plasticizers. The best temperature for mixing the constituents is 35°C. When
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nitroglycerin is employed, the mixing temperature cannot exceed 1i5-120°C. Propel-

lants of this type are given in Tables 9.2 and 9.3 {38].

Gas-generating propellants with sodium anthranylate
Propellants of this type (Table 9.4) are particularly suitable as gas genera-
tors because they have a low burning rate, liberate large volumes of gas, and yield
gaseous products which do not corrode the nozzle. Sodium anthranylate serves as a

TABLE 9.4. THE COMPOSITION OF SOME
PROPELLANTS WITH SODIUM ANTHRANYLATE

Propellant no.
Constituents (in %)
1 2 3
Cellulose acetate
(Lakierniczy* ~
55% CHSCOOH} 8 12 il
Plasticizer mixture** 7 9 9.5
Triethyl acetyl citrate 7 9 -
Triacetin - - 9.5
Carbon black 3 4
Toluene diamine 1 1 1
NHAN03 71 62 62
Sodium anthranylate 3 3 3
Burning rate r (cm/sec) 0.203 0.203 0.178
Pressure exponent n 0.45

*Translator's note: Unahle to find meaning
**%) parts by weight of dinitro-phenoxy ethanol + 1 part by
weight of di(dinitro-phenoxy) ethane
combustion "catalyzer". A solution of cellulose acetate in plasticizers is prepared
at 130°C. After cooling to 100°C, the ammonium nitrate, carbon black and amine ar=
incorporated. The sodium anthranylate is incorporated only when the formed mixture
has the consistencylof a paste, and the propellant is subsequently extruded or cast

into molds [113].
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9.3. Propellants with Asphalts and Pitches

Some propellants with pitch and with asphalt were discussed in section 6.1.12.

Propellants with asphalt and ammonium nitrate thickeners
Numerous examples of thickeners and their eifect on the burning rate and com~—
bustion stability of propellants with asphalt and with ammonium nitrate were dis-~
cussed in section 7.2.4. This effect also depends on the method used to incorporate
the thickener. The only effective method is "wet' mixing, in which the thickener is
incorporated into a 50Z aqueous solution of ammonium nitrate with subsequent evapo-
ration. Some propellants with thickenerc are given in lable 9.5 [44].
Propellants with asphalt and with
the styrene~acrylonitrile polymer
The styrene-acrylonitrile polymer is added in order to improve the properties
of propellants based on asphalt. The 2 substances are employed in ratios of 7:3 to
1:9, i.e., asphalt 10-70% and the styrene-acrylonitrile polymer, 30-90%. Binders
with the above compositions make up 30-60% of the combust’ble component. The re-
mainder is made up by the plasticizer.
Generally, propellants of this type have the following composition:

%

NHaNO3 55-90
combustible component B-25
combustion "catalyzer" 1-10

The combustible component is prepared by mixing the ingredients for 1 to 2
hours at a temperature below 140°C. The modifier of the exponent n, stabilizer and
surface-active agents are incorporated before the ammonium nitrate. The combustion
"catalyzer" and carbon black are mixed with the NHANO3 and added to the combustible

component at a temperature below 110°C (90-105°C). It is cast into molds under a

pressure of 140 kg/cmz. The combustion temperature is 800-1370°C.
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TABLE 9.5.

THE COMPOSITION OF SOME ROCKET

PROPELLANTS WITH ASPHALT AND WITH THICKENERS

Burning rate r
Propellant
number e % wet mixing dry mixing
lem/sec] [en/sec]
Asphalt 14
' Benton-34% 1
1 NH, NO. 80 0.323 -
475
¢ (NH4)2Cr207 5
Asphalt 14
Benton-34 1
2 NH4NO3 85.47% 0.383 0.295
Prussian blue 4, 3% 85
KN03 10.3%
Asphalt 14
Benton-34 1
NH4N0 85.4%
3 . 0.5.3 -~
Prussian blue 4.3% 80 it
KNO3 10.3%
(NH4)ZCr207 5
Asphalt 14
Benton~34 1
o, e} —
4 NH4N03 91% (.428
Furnace black 4.5% 85
. KNO3 4,57
Asphzlt 14
L]
Benton-34 1
NH,NO, 91%
5 4773 0.477 -
Furnace black 4.5% 80 ’
KNO3 4,5%
(NH4)2Cr207 5 |

*The product of the reaction of bentonite with dimethyl-diethyl

ammonium chloride.

S PATERIA Sl v T
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TABLE 9.5. {continued)

Burning rate r
Propellant [
number eI BB % wet mixing dry mixing
[em/sec] [em/sec]
Asphalt 14
6 S 1 0.256 0.206
y
NHQNO3 957 85 J
Prugssian blue 5%
3
Asphalt 14
Benton-34 1
7 - 0.206 -
BH4N03 90% 85
}\NO3 10%
2
Example
An equivalent amount (here, 5 parts) of the 2.1:3 mixture of 2,4-dinitro tolu-
ene and 2,4-dinitro-diphenyl ether is added at 130-140°C to 2 parts of the styrene-
acrylonitrile ccpolymer (29 mole percent of acrylonitrile) and 3 parts of asphalt
(softening point, 102-113°C). This is mixed at 110°C for 2 hours. |
82 parts of the mixture: 79 parts of NH&N03 with 3 parts of insoluble Prus-
sian blue, are added to 18 parts of the combustible component and mixed for 1 hour |
at 100-110°c. : |
The finished propellant has the following composition:
-
: |
NHU NO . 79
: s
asphalr 5.4 &
styrene-acrylonitrile copolymer 3.6 {
2,4-dinitro toluene 3.7
2,4-dinitro phenyl ether 5.3
Prussian blue 3.0
2
See page 345
340
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This propellant is cast at 100°C under a pressure of 239 kg/cmz. It tolerates
a temperature of 77°C for 30 days and the cyclic test from =60 to 477°C. The burn-

ing rate is 0.356 cm/sec. Other exampies of propellants of this type are given in

Table 9.6 [65].

TABLE 9.6. THE COMPOSITION OF SOME ROCKET PROPELLANTS WITE

ASPHALT IMPROVED BY THE STYRENE-ACRYLONITRILE COPOLYMER

Propellant number
Constituents (in %) -
2 3 & 5 6

Asphalt 3 4.9 4.9 5.7 1.2
The styrene-acrylonitrile

copelymer 2 3.2 3.2 3.8 9.2
2,4=dinitro-diphenyl ether 3 4.8 4.8 5.7 3.4
2,4=dinitro toluene 2 3.8 3.3 3.8 -
Triethyl citrate - - - - 4.6
Di(2,4-dinitrc-phenyl)

triethylene glycol ether| - = - - 4.6
Prussian blue 3 - 3 - -
Carbon black - - - 3 3
Aniline black - 3.8 1.8 - -
Sorbitol oleate 0.1 - - - -
NHQNO3 86.9 80.0 79.0 78.0 74.0
Burning rate r [cm/sec] 0.305 0.254 0.432 0.140 0.109

Propellants with asphalp and with polyesters
In order to prevent the cracking of asphalt propellants, the binder can be im-
proved with polyesters. Sebacic acid esters and polyhydroxy alecohol esters have
proved to be the most advantageous. They are added to the asphalt, preferably in
the rat;o of 3:4. The polyester is usually modified with caestor oil, which prevents
an excessive increase in the length of the polycondensate particles. The undesir-
able fluidity of the propellant ui elevated temperatures is eliminated by the addi-

tion of certain waxes with a melting point higher by at least 70°C than the
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temperatures to which the propellant is subjected. Because some waxes have a ten-

dency to harden at low temperatures, which in turn can lzad to cracking »f the pro-
pellant, the addition of a plasticizer is imperative.
Generally, the composition of such propellants is as follows:

%

-l

asphalt g =l
glycerin sebacate modified with castor oil 7 =11
dibutyl sebacate 2 -= 3.5
cetyl-acetamide (wax) 2.5—4
NHACIO4 75

The wax is incorporated into the molten asphalt and then the mixture of poly-
ester with oil 1s added. It is successively mixed with the plasticizer and then

with the oxidizer; the mixing temperature is 127°C. The following is one of the

propellants of this type [92,106]:

%

3 _ .
asphalt 10.5
glycerin sebacate modified with castor oil 8.0
cetyl-acetamide 3.0
dibuty] sebacate 3.5
NH, C10 75.0

47774

The burning rate at 70 kg/cm2 is 1.26 cm/sec.

9.4, Propellants with Ammenium Nitrate and Amines
The ammonium nitrate mixture can be used to make up almost any typ. of propel-
lant, depending on the methylamine content ia it. With a methylamine content of
about 2%, the ammonium nitrate mixtures serve as explosives; from 2 to 6%, as solid
rocket propellants; from 6 to 15%, they are muds and can be used as liquid single-
constituent propellants; from 15 to 40%, they are liquid solutions and are used for

liquid, two-component propellant engines.

3See page 345
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It is a very simple matter to prepare the above propellants. The ammonium ni-
trate is permeated with liquid methylamine. The resultant solution is evaporated
down to a 2-67% methylamine content to obtain the solid propellant.

Some explosive mixtures and propellants with ammonium nitrate and methylamine
are given in Table 9.7 {83,8&].

TABLE 9.7. THE COMPOSITION OF SOMZ EXPLOSIVE MIXTURES AND
ROCKET PROPELLANTS WITH AMMONIUM NITRATE AND METHYLAMINE

Propellant l ndditives (in %) Methylamine NH4N03

number [%] (%]

1 Pigh-boiling petroleua fraction 6 2 92

2 coal dust 7 3 90

3 grain flour 7 2 91

4 wood flour 8 2 90

5 carbon black 7 3 90

6 ammonia 6 2 92

7 - - 2 98

8 - - 6 g4

. 9 = = 25 75

9.5. Propellants with Dimethyl Sulfoxide
These propellants are based on low-melting adducts, which were discussed in
section 6.1.13. High-energy substances, such as hexogen, penthrite or nitroguani-
dine, and oxidizers of the nitrate and perchlorate groups can be added to the above
adducts. Pulverized metals (aluminum, magnesium) are incorporated in ordzr to in-

crease the combustion temperature.

Propellant
78 g of (CH3)2SO and 18 g of HZO are mixed at BQ°C and 123 g of anhydrous
NaClO4 and 5 g of aerosol are added. The solution that results is poured over 10 g

of cellulose batting in a mold. The finished propellant has a good mechanical
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strength and the burning rate is 0.3-0.4 mm/sec [86].

This review of solid rccket propellants permits the assumption that 2 oxidizers
predeminate ip the propellants in current use:  ammonium nitgate én& ammonium per-
chlorate. A great deal of research his been carried out to eliminate the disadv;nm
tages of amwonium nitrate because thiy oxidizer is unusually icexpensive zs compared
with others (it is about 10 times chkeaper than NHACIC&).'

The economic factor is also often decisive in the choice of combustible compo-
nents. Hence, the expanded research on propellants wjth pitches, asphalts, tars,
frequently improved with synthetic rubbers (particularly, the copolymer 1,3-buta-
diene -- 2Z2-methyl-5-vinyl pyzidine}. It is apparent that there is a great future
for the propellunts comsisting of solutions of ammonium nitrate in amines, because
of their cheapness, simplicity of production and high chemical stability.

Additives of light metals, particularly, boron, aluminum ard magnesium, are
more and more frequently used in propéllants foi special purposes, when it is neces-
sary to obtain a large specific impulse. In connection with this, research has been
conducted on obtaining the appropriate particle shape of the pulverjzed metals.

Investigations have also been (and are being) carried out on high-energy bind-
ers (a high lorific value of the binder ﬁust be here reconciled insofar as ;s pos-
sible with a high chemical stability) for the purpose of increasing the specific
impulse.

New oxidizers, particularly of the organic type, with a high active oxygen con-
tent in the molecule and zlso having high chemical -stability, are continually being

sought.
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B
Footnotes .
1. to p. 3Z8. Propellant compositicn in pargs by weight.
2. to p. 340, The prope-lant compositin is given in parts by weight.
a

to p. 342. Asphalt with a softening point of 83-104°C and a:penetration of

7-9 nm.l.‘i sec/100 g at 77°C.
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