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ABSTRACT:

Of all the rocket fuels used at present or proposed

for the future, solid rocket fuels or, as they were called

earlier, r
primitive
solid rock

ocket powders, are the most ancient. 1In the first
rocketls which appeared long ago, black gun powder —
et fuel — was burned. At present, new compositions

of solid fuels which approximate liquid fuels with respect to

their ener
of rockets

gy properties have been discovered., The servicing
with solid propellant engines is considerable

simpler than for liquid propellant rockets. All this has
caused renewed interest among rocket builders in seclid rocket

fuels. Th

is book is devoted to a description of the

compositions of rocket fuels, their energy and service

properties

. The book is written from material of the domestic

and foreign open press and is intended for soldiers, sergeants,
studerts in military schools, and for a broad audicnce cf
readers interest ' in rocket technology. English

translation; &9 pages,
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Solid Rocket Propellants

D Of all the rocket propellants applied at the present

: . or proposed by technical progress for the future, solid

i rocket propellonts, or, as they were earlier called, rocket
posders, are the most anclent, The first primitive rockets

1 ‘ thot appeared in the distant past burned black (smoky)

powder, i.,e.,, solid rocket propellant,

New compositions of solid propellants are presently
being invented with energy characteristics simllar to
1igquid propellanis, The maintenance of rockets with solid-
? R propellant engines Ls considerably simpler than that of
i rockets with liguid-propellant engines. All this again
g ' ~ sroused the interest of rocket builders toward solid rocket
’ preopellants,

Tnis vamphlct is devoted to avdescription of the
compositions o rocket propellants, their enerecy [power]
' chorscte rintle s, and operstional properties,

‘ The vomphlet was written on the basis of domestic
; apd fore 1y n open-source materials and is intended for

! culisted mwn, [CO's, students of military schools, and
b qlao for » wid variety of readers interested in rocket
technolory.

Anntoliy Ivanovich Silanttyev
Engineer-Colonel
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INTRODUCTION

‘‘cntemporary rocket engines are heat machines. The work of any heat machine
tulres a source of thermal energy, i.e., fuel.

The fuels applied in focket engines are called propellants,

COntemhoE;fy rocket y?opeliants are chemical substances which give off thermal

cnersy ns s result of chemical reactions (burning); therefore, they are called

emicn ]l prcpgllqnfs in distinction, for instanze, from intranuclear and electrical
;(p.!ﬂﬂ o ol“pyﬁ~xw;y:.

I generdl, fc-vft'p}épellants consist of & fuel and an oxidizer. Depending
et e phychal stute ct’ the fuel and oxldizer, rocket propellants, as a rule,

Coouk I twe forms, 1.e¢., linuld propellants [LP] (#PT) and solid propellants [SP]

MITUY, Inosccordance with these forms of propellants, corresponding rocket engines

bt bioen deﬂelcpeq:‘ liguid-propellant rocket engines [LPRE] (¥PI) and solid-

viencllant rockéinenginps SERE) (POTT).
‘ :cl;}'nrOpqllantg sLml;&r.tc contemporary black powder were the first sourcen
o :u»rr; o rocke 0ngiines and were applied for the first time in China and Indl=n
1H"h-'bvgihﬁing of our curondglegy. Black powder later remained only as a
wrope Llwnt.for rocket e.mfin'-.v::.
rrlor to invvntion‘cf tt.r smokeless powder and artillery weapons with ritfl.d
Larrels, rockets wlth SPRiT o« ve wldely applied in military operations and were
tncluse ¢ in tn; armament, ¢ e armies of many countries.
Hux;vér. the con, ratawe by smqlL reserve of energy in black powder and the
mall sunmt Ly of'guscs rform i aurlng 1ts burning 41d not make 1t possible to

clor coperational recskets which could compete with rifled cannon-type artillery,
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As the cannon-type artillery improved, and its powe', closeness ot flring
pattern, and rate of firc increased, the ineffective cperationsl rockets were
almost complelely withdrawn from the armament of armies,

Before the Second World War, are especlally in the course of it, vo v . "4
SPRE of mainly tactical assignmznt again obtained an lmportent wolw o apprurcd
in the svmament of the fighting armies.

Sov iet selentists, considerably earlier thon 'he others, reached successes
in the =re« of creating contemporary rockets with SPRE. Alrecady in 1939 rocket
missiles were part of' the avisiior srmament and in 194l at Moscow ocur famous
"gatyushats" [rocket launchers] brought puaal. #nd terror to the . Jite soldiers,

During the Second Uerld War, rockets with SPkk oi'-~ined the widest upplicstion
and in many cases the impact o Lts influence exceeded that of cannon-type artillevy,

The successes in the creation of ruc:. t5 with SPRE became pos it:c due to the

uge or new nitrocellulose propellants (rocket puwd. ra),

The postwar period of the development of rocket technology wes characterized
by cutstanding achievements in the area of the development of guided rockets with
LPRE. The high effectiveness of liquid-propellant rockets and the well-developed
propulsion systems and flight control systems in a short period of tlime made it
possible to atvain huge successes in the task of the conquest of space. Many
rockets with LPRE of various range also were developed for the needs of the army
and navy.

The appearance of new solid-propellant mixtures and the improvement of the
operating characteristics of nitrocellulose propellants made it possible to develop
r~w, more improved rockets with SPRE.

Thus, for instance, the United States is replacing rockets with LPRE (Coris ral
wnd Kedstone) with rockets with SPRE {Sergeant and Pershing). Sinuitancously,
int. reontinental, antlaircraft, and research sclid-propellant rockets are beins
deve loped (Polaris, Minuteman, Scout, and others). Superpowcrful SrRE's with
thrust up to thousands of tons and a service life up to nearly onc minute 9lso nr
beimy- deasiened, The propellant charges of these engines will we igh hundreds of
tons ond will have a dismeter of up to five meters snd 2 length of up o twenty
mete oo

Table 1 gives data on rockets with SPRE zccording to the devolopment of mw

prope llants =nd more improved engine designs. From a comparison of the aats plve

-2~
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Table 3, Comparative Datw of Rockets with SPRE
Year of . Gross welght ! ¢
application Rockets Propellant ! of rocket, kg Range, km
— e - e v—- - - . e ————— - ] r ngaan 4 v W e msenw
1799 Indiza rocketls Black powder 6 -
1800-1807 British rockcts | The same : 3-11 1.8-2.7
1815-1870 Russian incendi- The same i - 2,4-3,5
ary and fragmenta- :
JAlon-demolition
‘rockets
1agsy-1yly Soviet rockets i Nitrocellulose 8 5.5
u2.5 7.9"805
127 4.5
Loalaloly Jerman turbojet . The same 34 6.9
missiles 127 k.5
1odyaaays American rockets ! The same 19,3 4.75
27.6 0.20
Yo, 21051 Rockets of dif-
iferent capitalistic
countries adopted
for service: . 18-1¢
- antipersonnel, The same 200-400 32-50
— tactical The same 2000-27C0 160-200
Prom 1951 —~ — operational- , Nitrocellulose 9000-11,000 1600-2400
and later tactical tand hybrid
— mediuwn radiusl Hybrid 13,000 8000
of action !
Being ] — inter- ' The ssme Up to 36,000
deve loped : ~~untinental |
Frojects = space ! The same Over 300,000 For satellite
] ' launching
in Tsble 1, ore my sce that considerable successes in the creation of rockets with
GPRE himve been made in the last decade,

Solld propell~n * are finding wide application in the engines of guided
“utitank nissiles [GAMM] (IITYPC), guided and unguided alrciaft rockets, in thr
rockel weapons of the navy, snd also as boosters snd assisted~takeoff engines for
rociets and adreraft (Fi. 1), In addition, solid propellants are being used
suc~2s8s5fully to drive the »Jvus accessories on rockets, ailrcraft, and earth
aatelliten,

w
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The various sress of applicatlon of solid propellants impose on them diversified
requirements which are not always possible to satisfy; therefore solid rocket

propellsnts cannot completely replace liquid propellants., Both propellants are

applied in rocket ftechnology where they can be used with the greatest erfectiveness,




“CHAPTER I
GENERAL INFORMATION

§ 4. Rocket Propellants — Sources of Energy of Rocket Motion

All sources of energy which can be used Tor rocket motion are subdivided into
twC larg: groups: chemical and no;chemical.

The nonchemié@i éoqrégé‘éf energy include sources of electrical energy and
cnergy of nucleér fission (atomié or nuclezr energy); when nonchemlcal. energy
setirces are used in rOckeplengines, the ;ocket must have, in addition ‘o the
;r:psilnn§, n'sﬁbstance that‘d;recply accomplishes work, i.e., a working substance,

Jonchemiecal sourees of energy have not yet found much application 1in rocket

BEY

1. chnology.

thmical sources of energy include all form of chemical substances (fuels)
uhivhtéﬁnvburh fééidly‘lhran engine chamber with the release of a large guantlty
o heat and combngtiqp:products.

) I; nwtiénql—z;onomic:pdwer engineering, fuels are defined only as combustible
aAubstunees (pboﬁ, coal, oil, natural gases) which burn in an atmosphere (in
stmoapheric cxygﬁn%. On board a rocket which moves both in an atmosphere and in =

‘.hm'iY is hscessa;y to hdve both a fuel and an oxidizer or such complicated

chemi-al substances which wonuld have fuels and oxidizing elements in their

somposition,

As we ~lready mentls §, rocket propellants are subdlvided lnto two basic

rorms ncco:ding to thelr pnyslcal aggregate state: liquld and solid.

Liguld prepellanvts, as o rule, consist of two components: an oxidizer and

[

rue L, wi.coh are stor d separately., They are combined in the combustion chamber
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and only there do they become the actual propellant,

In distinction from liquid propellants, solid propellants sare monopropellant.

(complex) which contain both fuels and oxidizing elements in their compositior.

Solid propellants are manufactured in factories from various solid and .1vwaic

subastances in the form of grains in a specific geometric shape =nd ure uoed in

engines ln this form.

The physical properties of the propellant determine the engine design.

17 we compare the diagrams of the [LPRE] (MPf) and the [SPRE] (POTT) (Fig. 2),

it is possiblc to note their essential distinction:

the LPRE are locateo in different tanks or the feed system and are

the propellant components in

- aiped into the

combustion chamber; the c.mbustion chamber in the SFEa. Ls simuitaneously the

propellant container ("magazine"); this is one of the advantages of rocket englnes

Fig. 2. Diagrams of rocket
enginea:  a) diagram of
LPRE with turbopump feed
system: 1 — oxidizer tank;
2 — fuel tank; 3 — oxddizer
pump; % - fuel pump; 5 —
combustion chamber; 6 —
bottle of compressed gas;

7 — bottle with hydrogen
prroxide; 8 — steam-gas
generator; 9 — turbine; b)
diagram of SPRE: 1 -
engine chamber with thermal
insulation; 2 — solid-
propellant charge; 3 —

igniter; 4% — grid (diaphragm).

that opes.ition on solid propellant.

Both liquid and solid rocket propellants
must possess a large reserve of energy and form
a large quantity of gaseous products while burning.

However, solid propellants have a large
number of special requirements.

In general, these requirements amount to the
following:

a) the ready propellant should be chemically
and physically stable, i.e., it should rot
change its properties during storage due to the
influence of external conditions, in particular
temperature and atmospheric humidity;

b) the propellant grains must possess
certain mechanical properties: they muct nol
be destroyed during transportation and during
rocket launching, and must not cssentially change
thelir mechanical properties when the temperature
changes;

¢) the propellants must ignitc easily, burn
completely and stably in the engines at rather low

and hizh p-essures, and insignificantly change

-8-
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their burning rate depending upon the change of the external temperature, -

For use in specific rockets, the propzllants are presented with a number of

additional special requirements,

Knowing the requirements Llmposed on solid rocket propellants, it is possible

to define them: sclid rockei propellants are compact, unitary, complex chemical

systems that poss<ss a reserve of energy and have the nucessary physical and

mechanical properties which permit their use in rocket engines.

The necessary propertlies are giver to solid rocket propellants in process of
thelr manufacture by selecting the neressary chemicals,

Jolid rocket propellants can burn rapidly with the release of a considerable
energy content and combustion products whizh pickup this esnergy and serve as tne

working substance of a Jjet engine.

§ 2. Classification of Solid Rocket Propellants

Solid rocket propellants can be classified according to purpose, engine type,

snd the nature of the substances in their composition (see Fig. 1).

With respect to purpose, solid propellants are divided into primary-purpose

propellants (for primary rockct cngines) and secondary-purpose propellants (for

driving rocket accessories, e.g., pumps, control mechanisms, and for launching

and toosting trolleys.

With respect Lo cngine type, solid propellants divide into propellants for

rocket sustaincrs, for rocket boosters, for ramjet engines [RIE] (IIBFH), end for

suxiliary engines.

With respect to the nzture of the substances in their composition and the

rothods of their manufacture, solid rocket propellants are suvdivided into

nitrocellulose solid rocket propellants (rocket powders) and hybrid solid rocket
propellants,

Mitreccllulose . 11d rocket propellants are, as a rule, complex systems whose
~neryry and physico-mechanical preperties determine the cellulose nitrates which

are dissclved ornd plastirirzed by low-volatile solvents,

H*trocellulose prope Lllants, depending upon the nature of the low-volatile

solvent, are subdivided 1:._:

— nitroglycerin nitror 1iulose propellants, where the solveni of the cellulose
‘trates is nitroplyes ¢in {olyceryl frinitrate);

— nitroglycot nitrocellulose propellants, where the solvent ol the celluless

9=




nitrates ls nitrodiglycol (diethylene glycol dinitrate).

Mixed solld rocket propellants are mechanical mixtures of mineral oxidizcers,
fuels, and binders.

In many cases the fuel also is simultaneocusly the binder, and conve:.cyy:®
therefore, they frequently are combiied into one category, i.e., Juel bliders,

Depending upon the properties of the fuel binders, mixed solid rocket

propellsnits can be:

~ vropellants on a low-molecular fuel base (black powder, RJE propellaats,
ete.)s

— propellants con a high-molecular fue.i-tinder base,

Mixed solid rocket propellants can differ witn ..g~rd to the nature of the
oxidizer and the nature of the nish-molecular fuel binder.

With respect to the nature of the fucl binder, they can be: t: . -:0l, butadien-,
nolyurethisne, bituminous, ete, With regard to the nature of the oxidizer:
perchlorate (on an ammonium perchlorate or potessium perchlorate base), nitrete
(on an ammonium nitrate base with a mixture of it and potassium nitrate), and
picrate (on an ammonium picrate base).

The primary-purpose propellants used most often in rocket engines are various
compositions of nitrocellulose and mixed (on a high-molecular fuel-binder base)
solid rocket propellants,

They will be considered subsequently in more detail.
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CHAFTER 1II
SOLID PROPELLANT COMPOSITIONS

§ 3. Nitrocellulose Propellants

There are many varietles of nitrocellulose propellants which differ in
composition and component weight ratio. However, the weight ratio of the base
substances — cellulose nitrates and solvent — varies insignificantly. As a rule,
the composition of nitrocellulose propellants (with regard to welght) can vary

witnin the following iimits:
Cellulose nitrates. o . v v v v v v v v v s s v v o o o o 54607
Jolvents-plasticizers (nitroglycerin or nitrodiglycol). ., 25-43%

Additional plasticizers and substances which regulate the
energy characteristics of the propellants . ., . . , . . 8-11%

Chemical stabiliZers. . v + v v v « o o o o+ v o o o « + . Up to 1-5%

Substances which facilitate propellant manufacture
(technological additives) . . . . . . « . « « + « « . . Up to 2%

Sulstances which improve the rate of propellant

burning (cntalysis and barning stabilizers) . . . . ., . Up to 5%

-

Table 2 gives the composition of typical nitrocellulose propellants.

Gl may see pror ~hie 2 that nitrocellulose propellant are very complicated,
multiceomponent systems in which esch substancce has iis own role in accordancr
with its proport s,

Cullulose nitrates (oii] (HID are the energy bascs of propellents, i.c., they

release 2 noximum quantit, . teat upon combustion, They slso simultancously
de tormine the physico-ms ch »1~al properties of propellants,

Collnlow nitr=t. o wpc ol *ained by treating ccllulose matersnls (cotton, paprr)

with nitel- acld in th presence ofr sulfurie zcid, This process is called nitrstion,

~11-
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Table 2, Composition of Nitrocellulose Fropellar.s

Quantity of substances (by weight) %
Substance ~USS USA Former gray army
H THM] M-B[M-13] T-3T T-57 T-of T-8|bigl}Digl| R-0l

-2 10.2| 8.9 .
Cellulose
nitrates j§ 12 57154 —-1| - - - - - — - -
with 12.2 ~ - =] - 56 ~-155.5 -— - - -
nitrogen { 12.5 - = -1 - - - - - 159.8] 61.5
content 13,15 ~| =|52.2{57.3 -—[{57.%; —| 58 [60.2 ~ -
in % )
Nitroglycerin. . . .|28]127|43.0]40.0| 27{39.2{27.5|22.5] -— - -
lirodiglyzol., . . .| = - =] - - =l =1 =139.9435.3[34.0
Dinitrotoluene , . . JAL|15] -1 — [9.3 —110.5/10.5| =~ - -

Diethyl phthalate. .} —~| —
Chemical stabilizers| 3| ~ 0.6| 1.2|7.2| 1.,7| 4.0 8.0] 0.7 2.5} 3.5

-~ — — —_— — — — -—

W\

Graphite or carbon .| ~| —| -] 0.4 -} 0.1} 0.0 - - - -
Magnesium oxide. ., .| =] 2| -~ ]| - - - - -1 0.4 0.3} 0.5
Technological

additives. . . . 1] 2] -] - -} 0.1] 0.5] 0.5 - - -
Cther substances . .| -] —| 1.2} 1.80.5] 1,5] 1.5 0.5 -] 2.1} 0.5

Sulfuric acid is added during nitration in order to bind the water released in the
course of the reaction.

In simple form the reasction of nitratlion may be represented as follows:

C.H,04 (OH), -+ THNO; —a' C,H,04 (OH)s — » (ONO3), -+ nH,0,

Inasmuch as in the process of nitration it is not possible to completely
t~place the OH groups in cellulose with ONO2 groups, cellulose nitrates, with
regard to their chemical composition, are very heterogeneous, high-molecular
compounds that consist of varlous fractions which contain a various quantity of
ONO,, groups (n varies from zero to three)., In view of this, the technical forms
ot cellulose nitrates are distinguished first of all by their nitrogen content
snd solubility in an ether-zlcohol mixture,

Lith regard to nitrogen content, cellulose nitrates are divided on pyroxylin
(with & nitrogen content from 12.0 to 13.5%) and collodion (with a nitrogen content
less than 127),

The nitrogen content also determines many properiies of cellulose nitrates,
rhus, the hligher the nitrogen content, the lower thelr solubility in low-volatile
solvents, Yut the higher their energy characteristics and burning t«mperature,
and the lower the spercific volume of pgases,.

Cellulose nitra‘tes ignite easily from an open flame and even a small spazrk.
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Thelr burning occurs due to the active oxygen that is contained in the ON02 groups

qana ddous not require an (xternal oxygen supply. The combustion products are

2]

002, co, H2O, H2, 2nd H‘ Juse

Ld

Tae heat of rombastion of pyroxylin is 800-900 keal/kg, g£as volume is
#o0=890 liter/kg, nd its turning temy rature is up to 3000°K; the heat of
~ombust tor of ccllodion is 800-900 keal/kg, gas volume is 920-930 liter/kg, and its
sombustion tempersture is 2500°K.

Cellulose nitrates are solid fibrous substances with a specific gravity of
o=l g g/cmj. They are hygroscopic, i.e., they can an<orb and retain a
comprratively large amount (1.5-2,5%) of moisture, Thelir hygroscopicity is less,
the preater the nitrogen content.

With regrrd Lo their reserve of energy. cellulose nitrates could be used
iirently as a propellant since they contain combustible elements (carbon and
Lyirogen) and active oxygen. However, the direct use of cellulose nitrates as
solid propellants is impossible inasmuch as solid, progressive-bnrning grains cannot
be manufzctured from them, Even if they are very intensely pressed in grains, they
will hove pores. The burning of these grains in an engine will occur with an
explosion and will cause the destruction of the engine,

In order to manufacture compact, mzchanically strong grains, cellulose
nitrates are treated with solvents and plasticizers. In the process of treatment,
-1 comparatively high temperstures and pressures, solid solutiong or plasticized
ocllnlose nitrates are obizined., 1In order not to lower the enerpy reserve of th
prope llant, the sowvents and certain plasticizers are selecved from those which
actually contain active oxyren and have a lavge energy reserve, The most
~onveniont for these purposes turned out to be nitroglycerin and nitrodiglycol.
pitrorly serin and nitrodlyelycol also are the energy bases of nitrocellulose
oo bt S snd o AlmedT T on ously ensure the manuiacture ol a2 homogeneous, physliewsily
witorm, prop llant mass,

Thui, nitroc 1lulo.+« propzallonts include, as a rule, two substances that are
by braols sources of ner,y In the propellant (ccllulose nitrates and nitroglycerin
or nitrodclycol), and t) “are are still called doublce-base propellants.

Ritroglyeerin 15 9 couete ester of triatomic rlycerin aleohol and nitrle

Std, T Is osedly roe o by the intersctlion of nitric weid ond rlycerdn in the




i{
’
§
L
i
|
i

presence of sulfuric acid according to the following reactlon:

CHy — OH + HNO, Cll'i,—'O-NO,

He'0y .
Cfl — OH + HNO; —+ CH — 0O —NO; + 3H.0.
CH;—OH +HNO; CH;—0~—NO, .,

iitroglycerin is one of the most powerful explosives, It is very sensitive
t¢ shocks and friction,

Nitroglycerin also burns due to the active oxygen that is contalned in the
ONO2 groups. The total oxyger. content in nitroglyeerin is retained with an excess
for complete oxidstion of the combustibi- elements — hydrogen and carbon. Therefore,
the combustion products of nitroglycerin are 002, HCO, NE’ and a sligiht amount of
oxygen 02.

Burning is accompanied by the r:':ase of 1465 kcal/kg of heat with the
formation of 715 liter/kg of gases at a tempernture of up to 4400°K.

With respect to its energy reserve, it exceeds ceilulose nltrates and is a
very important component part of propellants,

Under normal conditlions, nitroglycerin is a transparent, odorless liquid with
a spaclfic gravity of 1.6 g/me. At a temperature of 13,2°C it crystallizes into
rhombic crystals, Pure (without an acid admixture) nitroglycerin is a more chemically
stable substance thon cellulose nitrate, It intensely evaporates at a temperature
of 5003.

Various ratios of cellulose nitrates &nd nitroglycerine are the double bascs

ol' contemporary nitrocellulose rocket propellants,

Nitrodiglycol is a complete ester of nitric acid and diethylene glycol. It
is obtained in approximately the came way as nitroglycerin:
CHy;— CH.OH 4- HNO;  CHy—CH:— 0 —NO,
b oy 0 + 2H,0,
ClH, —CH,OH 4 HINO,  CH;— CH;— O —NO,

Nitrodiglycol also 1s an explosive; it 1s less sensitive to mechanicasl
inf lucnces than nitroglycerin,

There is less active oxygen in nitrodiglycol. The combustion products of
nitrodiglycol are COQ, co, Heo, Ha, and N2 gases, Burning is accompanied by a
release of ubout 1030 kcal/kg of heat ani the formation of 1020 liter/ke of gascs
with a temperature of up to 2800°K,




Under ncrmal conditions, nitrodiglycol is a colorless, sometimes yellowish,
odorless liquid with a specific gravity of 1,39 g/bm’. It solidifies at a
temperature of —11.303.

Nitrodiglycol dissolves and plasticizes cellulose nitrates better than
nitroglycerin, However, because it 13 ilmpossible to vary the energy properties
of double-base cumpositions of nitrodiglycol and cellulose nitrates in wide limits,
nitrodiglycol is used less often than nitroglycerin, for the manufacture of
nitrocellulose propellants.

Nitroglycerin in combination with cellulose nitrates, depending upon their
r¢ 13t lonship in the bipropellant system, provide wide limits of the energy
capabilities of these propellants. The greater the content of nitroglycerin in the
.ropellant, the greater the reserve of energy. But with a very large content of
 Ltroglycerin (more than 40-45%), the physico-mechanical properties of the double
systems are sharply lowered; they simply become jelly-like (viscous) and it is
impossible to make grains from them., 1n addition, double systems do not always
correspond to the requirements imposed upon solid rocket propellants and a number
ot other properties; therefore, several other substances are introduced into
cellulose nitrate-nitroglycerin (nitrodiglycol) double systems,

Additional plasticizers and substances which regulate the energy properties

of nitrocellvlose propellants, They include dinitrotoluene [DNT] (IMT), dibutyl
phthalate [PBP] ([B3), and diethyl phthalate [DEP] ([32).

Dinitrotoluene COHBC!j(NOE)2 is a dark-yellow crystal substance with a spucific
gravity of 1.52 g,/cm3 and a melting point of 70.5°C. For the manufacture of
propollants, it is applied in melted form,

Dibutyl phthalatc C.H,(C00C,H and diethyl phthalate C-H,(COOC,H, )~ are
67%Y Yy 67y 244/

9)2
colorless liquids which wzll plasticize cellulose nitrates.

The substances 7 thig group, which ere organic compounds, combine well wish
tow-tolatile solvents. 1hey do not contain at all or contain very little
{iinitrotoluene) active o.ygen; therefore, in the oxidation (burning) of the

arbon and hydrogen atoms wbhleh they contain, part of the active oxygen of
vitroslyeerin and cellule . “trates ig expended. The relative amount of oxygen
in the propellant is lowecre.s, which leads to a lowering of its energy

t aracteristics,

Chemivcsl stabilizers are introduced into the propellant to prevent the rapid

~165=

g e = e




.

i

AR AR T

l‘ ~ o)
iy

Rt S i A
mn e ——————— Y ———t— 7

N L I

-

P

SO

>
o

chemicnl Jdecomposition of the chemically unstable cellulo nitrates oo
nitroglycerin during propellant manufacture and storzi,

As noted above, cellulose nitrates and nitroclycerin are chemically unstub?
comnounds wiich are inclined towards spontaneous decomposition with the
of ritroren oxides. The process of decomposition is greatly acoulesntod s
raised l-umperatures and may csuse selr'-ignition of the nropeliiants, especlully in
the pre~ ss of their manufacturce,

. mical stabilizers do not eliminate nitrate decomposiivion, but, after being
combined with the liberated nicoor-n ovides, neutrusize them and thereby prevent
the acceleration ot decomposition.

The chemical stabilir~rs applied are complex oi_ nic compounds — centralites
and acardites.

for instance, centralite No. 1 (die:.i,ldiphenylures) 06H502HR - = CO - Ji =

- Pﬁuaﬁoig is a white crystalline substance witn « svecific gravity of 1.3 g/cm“
and a melting point of 7900. At raised temperature, centralite No., 1 {just as
cther stabilizers) can plasticize col?>dion.

Centralites are introduced into the propellant as chemical stabilizers in

[

small quantities of no more than 3%. They are introduced in larger quantitics -
coliodlion placticizers and as substances which lower the energy characteristlc:.
of propeilants (1u.l T-3, T-6, T-8, seec Table 2).

Substances that improve propellant burning are usually mineral compo.nds:

« JZ.s <3lts or oxides (SnOe, Mgd, ZnG, Cr203), and also carbon black or graphite.
Their action shows up only during propellant burning snd leads elther %o acceleration
or decrleration of the burning process, or to its stabilization in the engine

chembe e,

T-o2hmolegical additives are intorduced into a propellant for the most critical

reohinclogical operations — rolliing and molding (pressing) the propellaent mass -
to lewor mwachine leads and friction, T™rey play the role of a lubricant both
insig the vropellant mass and also between the propellant mass and the tool, 'The
tellewing technological additives ore used: vaseline oil (vaseline), lead
earate, graphite, ana others, They sre introduced in small quantitles,

Tho propellant compositions given in Table 2 were developed basically by

means of « xperimcntul zelection of component substances., At present there is

theoreticul research belng conducted on the purposetful composition of new

=16~




prope Llunt mixtures, However, the possibilities of nitrocellulose propellants are
limicved, In addition, the higher the energy characteristlcs of nitroceiiulose
propellants, the more dlificult nd, essentially, the more dangerous the producti .n,
In particular, prop~ll=nts of the type M-8 and M-13 cannot be manufactured by
contemporary production methods in the form of grains of more than 280 mm in
diameter, which to o considerable extent limits the application of nitrocellulose
propellants for large engines.

Nitrocellulose propellants are manufactured asccording to a comparatively
compli~sted system with the use of high temperatures and pressure.

The productior task is to manufacture solid, physically compact, propellant
rrolns suitable for use in engines from a large quantity of chemical substances
which differ in their properties and physical state,

The produciion of nitrocellulose propellants is shown schematically in Fig. 3
'na conusists of the following.

411l substsnces that are preliminarily prepared for production are mixed in an

que ous medium in a mixer. Here, nitroglycerin (nitrodiglycol) and other liquid

"“ﬁfﬁ“ plasticizers that are slightly soluble
4l stances

in water impregnate ceslulose nitrates,
partially dissolving them, No

chemical reactions occur, and only

physical processes take place,
The ready mixture of substances

on centrifuges 2 is removed from the

water and directed to hot iollers 3,

where, at raised temperature and under

cylinder pressure, there occur
3
” accelerated processes of dissolution
gzi//, and plasticization of the cellulose

i ’ :EEI:

nitrates and removal of excess water,.

The finished propellsnt emerges

tig. 4. Fundamental di=ar. : - the from the rollers in the form of a
production of nitrocellul.: ,ropellants.

1 — hested mixer; 2 — cenirizuge; 3 ~ s0ft sheet and is then molded on
heated rollers ard w 4" - ror

»lastici-ation under prosguec; 4 — press presses 4 in the form of grains or
or injeetion mochine : 5 — bilt t; 6

machininge of billet; 7 — check for billets 5. The billets zre machined

unifrormity of ¢roain.
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to a specified shape 6, checked, and can be assembled wi‘n an engine,
Most industrial operations for manufacture of propellants are dangerous iu the

gense of fire and explosion, and they are controlled at a distance (remotely)d.

§ 4, Hybrid Propellants

Hytrid solid rocket propellants, in dilstincticn from niticcellulose propellant.,
are mecho ical mixtures or mineral oxidizers snd fuel binders.

The oxidizers used for the manufacture of hybrid propellant are exclusively
the s2lts of mineral aclids which, during thermal iecomposition, can liberate lrce
oxygen.

The fuel binders employed in contemporary hybrid propellants are high-
molecular compounds, e,g., ronomers, which are polymerizeu or consolidated into
polymers during the manufacturing gprocess,

It the oxidizer basically determine~ th energy capabilities of hybrid
propellants, their chemical and physico-mechanical pi.nerties then depend on the
fuel binders,

Depenaing upon the fuel binder employed, propellants can be thermoactive
/(thermoplastic), l.e., Just as nitrocellulose propellants, which are softened under

the influence of high temperature, and thermoreactive (rubber-1like), i.e., which

are pot softened under the influence of high temperature.

In spite of the variety of existing compositions and those being develope d
i foreien laboratories, hybrid fuels, as a rule, contain the following substances
(by weight):

Oxidizers (potassium perchlorate, ammonium perchlorate,
ammonium nitrate) . . . . . . . . 4 e o 4 0 . . . . . 60-80%

Fuel binders (rubber, polyurethane) . . . . . . . . . . 25-15%
Aluminum (in powder form) . . « « « ¢ + ¢« « o o o o o . 10-5%
fatalysts and other special substances, . . . . . . . . Up to 5%

Typical compositions of hybrid propellants are given in Table 3,

By comparing hybrid propellants with nitrocellulose propellants, it is
possible to sece that hybrid propellants are simpler with regard tc composition
and juantlity of substances, They contain two or three (rarely four) substances,

which eusures the simpliecity of thelir manufacture,
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Table %, (omposition of Hybrid Propellants

Substance Guantity of substances (by weight), &

NLT-101 Thiocol |[ELA | AN rolyurethane | Styrenc|!P
Potassium perchtorate 76 -0 | - | - - - - -
Ammonium perehiorste - % -1 45| - 60 |60 72 80
Potassium nitrat. - -~ -] 45]- - - - -
fmmonium nitrate - - - | - 180 - - - -
Biltum v L7 -] = -~ |~ - - - -
Peiroleum ollz T -] = - |- — - - -
Thiocol - 25120 | - |~ - - - -
Polyurethanc - -] - U 25 - _
Aluminum (powder) - - - - |- 15 10 - -
Jynthetic resins - - - | 10|48 - 10 20
Catalysts - - - - 2 - - -
Toluene - —-120 | - |- - - - -
Polystyrene - -] -] - }|= - - 18 -

Hybrid Propellant Oxidizers

The oxidizers in hybrid solid rocket propellants can be solid, chemically
stable, incrt to combustible substances, chemical compounds, upon thermal
disintegration of which the liberation of excess free oxygen is possible,

Inssmuch 25 2ll solid oxidizers also have other, frequently combustible,
¢ lements in theise composition, the free oxygen of an oxidizer is usually thought
¢f as that smount ¢! it which remains after the complete oxidation of the
combustible elcments of the oxidizer itself.

For instance, In ammonium nitrate Nquoj, the combustible element is hydrcsen,
which oxidizes to water upon thermal disintegration according to the following

reaction:
NH‘N03 - 2Hgo "l" Ng +'0.503.

Ir Ho, iz the molecular weight of oxygen, and MNH NO is the molecular welrht
4775

of smmonium nitratc, tue iree oxygen in ammonium nitrsote in percents will be

_05Mo, |00 2:5X32 1450 009,
Mo, 80,0
With respect to its reserve of free oxysen, ammonium nitrate is nlmost the

aame oxidi~er as 4ir,
The quantity of frov o uven ls a very impertant characteristle since i
termine & not only thr oncrg, cbharacteristics of the propellsnts, but 2lso the

possiblility of mwmulrwturing 2 propellant with 9 piven fucl bindcr,

~19-
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For instance, in order to completely burn 1 kg of ¥« rosene, it 13 necessary
to have 14 kp of air and a total of 2.5 kg of oxygen. To completely buirn 1 kg
of bitumn (its composition is similar to that of kerusene), it ls neceasary *
have about 15 kg of ammonium nitrate, If we tried to manufacture such - o}
proocllant, it would be necessary to have up to 97% ammonium nitrate snd % totul
of %5 bitumen, This propellant, due to the small quantity of the fucl binder, will
not po.sess the necessary propertles, Therefore, the greater the amount of free
oxyten Yn the oxidizer, the better it will be.

Other reyuirements for oxidizers are involved with the conditions of nmanufacture
and subsequent storage of the propellants. In accordance with i, requirements,
oxldizers must not interact chemically wit. their tuc. Linder, must not be
hyeroscopic, and must not decompose at high temperatures, and also, musi nut

liberate solid products during propellant turning as much as poss)

Tabic 4 lists some typical oxidizers and thelr properties arz descrlbed below.

Table 4, Properties of Oxidizers for Hybrid Propellants

Molecular [Specific|{Melting|Heat of Reaction of Quantity
. velight gravity,| point, |combustion,|{high-tempcrature jof free
Oxldizer Formula 3 <) kcal/ke ’ disintegration |oxygen, 7
g/cm (o}
Fotassium )
perchlorate |[KC10, 138.5 2.5 600 775 KCIO; -+ KCl 4- 204 4
(decom-
poses)
Lithium
voerchlovate |L1C10, 106.4 2.43 910 LiC1O; ~ LiCl +4- 20, 1]
Ammonium '
perchlorate |[NH,C10, {117.5 1,88 150 591 2NH,CIO ~+ 3HO - >4
(decom- + 2HCI 4 Ng+ 2504
poses)
Potasaium 101 1 1 116 y
v d, . JA¢ M3 2 - 0
nitente KNO3 v 2 333 0 KNO, +§‘,s%;*- Ny+
Ammon Lum 5 N 16 \ NH,NO, 211
oyt 44 . . 160 100 NHNG 2 ~+ ¢
nitrat udknoj 0.05 70 a 090 ;;Qﬂhﬁ- . 20

ar wonium perchlorate NHuClOu is a white crystalline powder with a specific

pravity ot 1.88 g/bmj. It decomposes upon heating to a temperature about 150°C.
1t aboorb. o insipniticant amount of moisture in the air, It is sensitive to
anovks snd friction, especlally when it contains combustibel admixtures. 1t csn
burn and « xplode, 'Ipon burning, it does not release solid productis, but its
combustion products corntain an aggressive and poisonous gas, i.c., hydrogen

chloride HCL,

=20~
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Potassium perchlorate KC10, 1is & white crystalline powder with a specific
Fravity of 2.5 g/bmj. It decomposes upon being heated above 600°C. It does not
sbporb moisture in the air, It ls less sensitive to shocks and friction than
amaonium perchlorate, It does not burn and dees not explode. Upon burning in
propellants, it releases s solid product, l.e,, potascium chloride KCl, which

creastes ¢ aonse amoke cloud,

Ammonium nitrzate (Jorway saltpeter) NHQNO3 is a white crystalline powder with
1 specitic gravity of 1.7 g/cmj. It decomposes upon being heated sbove 170o .
1t is very hygrescople, It can burn and explode. Upon burning, it liberates

ouly = large quantity of gaseous producils,

Potassium nitrate (niter) KNO3 is a white crystalline powder with a specific
pravity of 2.1 g/me. It decomposes upon being heated above 330°C; it is less
hygroscopic than ammonium nitrate, It does not burn and does not explode. Upon
burning in propellants, it reseases a solid product, i.e., potassium oxide KQO.

There is obviously much more to the nature of solid mineral oxidizers thsn
indicated in Table 4%, However, either due to an insignificant quantity of free
oxysen, or because of their physcial properties, they cannot be used practically
for the manufacture of solid propellants,

Mereover, even from the five oxidizers given in Table 4, not all oxidizers
salisfy the reguirements imposed on them.

Thus, lithium pzrehlorate, which has a maximum reserve of free oxygen,
grecdily abscrbs moisture from the air and loses its properties. Therefore, it is
not applied for the manufacture of propellants,

Potassium and ammonium nitrate also are very hygroscopic and, in additien,
have a very low heat of formation, which does not permit the manufacture of a
prope Llant even with z medium reserve of energy. Moreover, potassium nitrate
th rmally disintcgrat =z with the formation of solid potassium oxide, what lowerc
Jts qualities as an oxidizer. Therefore, potassium and ammonium nitrate are
appiicd very rarely,

Potasszium perchlorate's properties are of interest with regard to oxidizers.
Howcver, 1l possesscs one « - - tial deflciency: the potassium chloride that ls form i
auring its thermal disinteprention evaporates at propellant-burning temperatures
¢+t ostronsly lowers tir thorme) properties of the combustion products., 1t is

somtim-s applied eithor as the primory oxidizer or as an additive in nitrocellulos:

21
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propellants,

The only oxidizer which to some extent satisfies all the requiremsnts is
considered to be ammonium perchlorate, dbut it alego is not an ideal oxidizer sir
i1 has a comparatively small reserve of free oxygen and releases aggre< " iv. L -

chleride upon burning, which turns into hydrochloric acid in the preaciec of

moistur-, Ammonium perchlorate at present is the only oxidizer on the basis of

which hybrid solid rocket propellants are manutactured abroad.

Fuel Binders of Hybrid Propellants

As shown above, the manufacture Ja2rpre grains from nitrocellulose propeliants

wlth high energy characteristics is very complicsted and dangerous.

| K Hybrid solid propellants do not yleld to nitrocellulose propellants and even
essentially exceed them with respect to their energy characteristice, 4 make it

f . possible to manufacture propellant grailns of practically any size.

| To manufacture grains of hyhrid propellant, a mobile mixture of oxidizer and

fuel binder is made, and then it is poured into molds or directly into the engire

chamber and solidifies there., In this method of production, the mechanical

operations are reduced to a minimum and ars applied only in the less dangerous
technological processes,

This method of propellant production required new chemicals, The most
suitable ones turned out to be high-molecular compounds, or polymers,

High-molecular, cr polvmer compounds are those substances whose molzacules

consist of numerous elementary members are bound together by intramolecular bonds
into long chalns of linear or bifurcated structure and, in accordance with their

structure, form elastic or rigid space lattices,

The primary chain of organic polymers consists of carbon atoms, sometimes

with Lhe alternation of hydrogen, oxygen, nitrogen sulfur, or phosphorus atoms,

The properties of polymers depend on the chemical structure of the elementary

sections, their number, and relative positions, The following designation has been

adopted for polymers of linear structure:

[} (—‘l—')..
%~“ ; T where M Ls an elementary structural link of the chain; n is the number of 1link or
) Vel i the degree of polymerizution.

R T S

!

)

{ -22~

|

{

{

. s
- ) ——— - g A




S e ey

TEFTRES i L e T

For instance, polyethylene can be designated as
(— CH;— CH;—),.

Polymer compounds are not individual chemical compounds; they usually are a

mixture of polymerhomolczs, l.e,, compounds with various numbers of members.

Mouy polymers are obtained in solid form from liquid low-molecular compounds,
i.., monomers, the length of whose chain consists of a small number of links or
only one link.

Monomers can be spontaneously united into long chains, i.e., polymers, Special

substances called initlators or solidifiers are employed to accelerate the process

of polymerization or solidification.

Many high-molecular compounds can be mixed well and bonded with inert fillers
(powders), and then solidified into a monolithic mass.

Upon heating, certain polymers are softened and become viscous or plastic, and
in this state they can be mixed with fillers and durably held together. They can
be poured into molds and propellant grains of a specific shape can be obtained.

The ability of certain polymers to be bonded with oxidizers and to possess
nigh physico-mechanical properties following solidificatlon made it possible to
develop and manufacture various solid hybrid propellants. Inasmuch as polymers
execute the rcle of = fuel and 3 binder, they are called fuel binders.

fuel binders are presented with the following requirements:

— they must be able to take as large a quantity of oxidizer as possible and
be strongly bonded with it;

— they must be chemically and physically stable compourds, especiallyv under
the influence of external temperature and atmosphere;

— upon solidifying, they should release fewer reaction products and should
not ahrink;

— it is desirabl: have as many hydrogen atoms and as few oxygen, carbon,
ud nitrogen atoms as possible in their composition.

Ip the selection or 2 fuel binder, prime attention is allotted to their
teennoloplical propertics in the liquid state and their physico-mechanical propertilces
In the solidifled atate,

The fuel blnder . . Loyed in propellants was butadienc and polyisobutylene
cubbers, polyurcthasnes, polysulfldes (thiocols), bitumens, and ccrtain other

polymers,

‘h
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Butadiene and polyisobutylene rubbers (
CH,

)n ar. ubtained srtiricially

ana contadn carbon ana hydrogen atoms., Unsolidified rubbers a:e very viscous,

sticky liqulds. The density of rubbers somewhat greater thon unity. 7Th; ..,
tak: 2 large wuantity of oxldizer and bind well with it. It is po.sit © L. preparc
a mixtur. of one part rubber and ten parts oxidizer without sry particular
diffriculties,

Folvisobutylenes retaln their elasticity to a temperature of -70°C. They are
stable to the action of water, oxygen, and ozone, snd burn well. They are very
stable to aging. They mix well with bitum ns (rubberized bitumep:}.

Polyisobutylenes can be molded a2t a temperatucr of 180-200%. They ore treuvted
with fillers at lower temperaturcs, The heat of combustlon of rubbers in oxygen
is 10,000-11,000 kecal/kg.

The rain deficiency of polyisobutylenes is thcir "cold fluidity," i.e., the
ability to change shape ("flow" at room temperature even under the action of

gravity).

Polysulfide rubbers (thiocols) [— (Cﬂe)m — 8 — 8 —)],, are obtained artificially
and, in addition to carbon and hydrogen, contein up to 40% sulfur,

Unsolidified thiocol is a viscous, sticky liquid with a sharp unpleasant odor,
The density of thiocol is greater than unity. In solidified form, it takes on a
rubber-like state, At a temperature above 80° , thiocol decomposes gradually;
upon cooling below 15°C, the polymer becomes brittle.

Vulcanized (solidified) thiocol is very stable to oxidation, the action of
light, atmospheric oxygen, ozone, and also aging.

Thiccol can take a large quantity of mineral filler and does not lose its
vulecanizing ability.

Thioccol is vulcenized with the liberation of water, for the bindiug of which
spe:ial additives are introduced into thiocol., To increase the strength of
vulcanized thiocol, strengthening additives are introduced into it. The heat of
combustion of thiocol in oxygen is almost twice a5 less than thut ot polyisobutylenes
and 1s equal to 5500-6000 kecal/kg.

Thiocols are widely applied in industry for the manufacture of various
vessels and wire insulation. A variety of thiocol 1ls fuel binder C-12,

Fuel binder 2-12 is a high-molecular compound similar to thiocol but with s
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larger content of carbon and hydrogen and a smaller quantity of sulfur, As compared
tc ordinsry thiocol, C-12 mak-s it possible Lo obtain a propellant with a larger

value of specific thrust,

Polyure thane s ( l; ? )n are obtained artificially. They are a class of

~N—C—0—
polymers whose properties can vary within wide limits depending on the selection of
the apprepriate parent substances. Their density somewhat higher than unity. Thzir
he at of combustion in oxyger is 6500-7000 kcal/kg.

I.iquid polyurethanes are employed for manufacturing propellants. They are
monomers which solidify after mixing with an oxidizer.

Liguid polyurethanes are very viscous, sticky liquids which take to minersl
oxidizers very well. In the solidified state, they are durable materials that
cun o1t at temperatures of 150-200°C, Their elastic properties of polyurethane
sre rctained even at negative temperatures. They are stable to the action of
oxygen,

Low-molecular polyurethanes are used for the manufacture of films and fibers.
Higher-molecular polyurethanes are used for the manufacturc of various instrument
components by pressure die casting. Polyurethanes are widely employed for the
marufacture of fosm vlastics, thermal insulation, and building materials,

Polyurethancs are very widely used as fuel binders in hydrid solid propellants,

Bitumens are the final products of petroleum and coal processing. They are
1 complex mixture of saturated and unsaturated hydrocarbons and carbon and their
elemental composition is similar to that of keroswene, The density of bitumens
is sumewhat great than unity and the heat of combustion in oxygen is the same a5
for kerosene, i.e., 10,000-11,000 kecal/kg.

Bitumens, Jjust as many other polymers, are thermoplastic and are easily
softrned at a tempeyr *are of 50—7000; in the sof'tened state, they are easily mixed
with oxldizers and c¢an toke them up to 90% by weight; at low temperaturrs, they are
brittle vitreous mater’-ls; they are chemically stable to the action oxygen, air,
nd 309 waler; they ure very lnexpensive and are widely employed in building
technelogy. 1In the pras - of a good oxidizer (with 2 large reserve of free
oxyren) bitumcn can nrovi: a propellant with a very large reserve of energy.

A serlous deficlney o ¢ (tumens »s binders 1s their low mechonicsl strength

at low (brittlencss) and hign (rluidity) temperatures; upon mixing with rubbers

25~
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(rubberized bitumens) their mechanical properties can be imgroved.

The prozess of manufacturing grains from hybrid prunellants depends on the

psture and properties of the fuel binders and can be set up according to two plans

(Fig. U):

a) for thermoplastic (Fig. la) fuel binder (bitumen type);

n) tror polymerized and solidified (Fig. 4b) monomers (voiyurethane snd other

rubters),

Prepared oxidizers (they are pulverized to specified dimensions; and fuel

Linds rr

Parent
substances

et

0

[ et T

Cold

To
[ >]

B

Fig. 4. Fundamental diagram of the
production of hybrid propellants: 1 -
mixers with Z-shaped mixing rods; 2 —
container for transporting propellant
mass; 3 — englne chamber; 4 — cooling
of «ngine with molding rods; & —

prop: tlant solidification directly in
ngine with neating; © — machining; 7 -
Jquallity control,

mixed in special mirers 1 that have Z-shiaped mixing rods.

On the diagrsm in Fig. 42 mixing
oceurs with the mixer prehested, and
in Fig. Ub, culd water can be fed to
the mixer %o delay the pr«~nras of
r-1vmerization,

Afte: mixine the fuel binder und
oxidizer, the propellant mass is
transferred to a container 2, frem
which under air pressure, by means of
pumps or under slight pressure of
presses, it is poured into molds or
directly into the engine 3. If it is
transferred directly tuv the engine, its
internal walls are first lined with
special putty to which the propellant
durably adheres. A central molding rod
is inserted into both the mold and the
engine to format the internal burning
surface of the grain.

On the diagram in Fig. 4a, the grain
is solidified by cooling 4, and in
Fig. %b, by heating 5 to s temperature

of 60-80°C for 20-70 hours. During

that time, the liquid monomer is polymerized into a solil polymer,

The final operations consist in facing 6, trimming the excess

26~
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and quality control 7 of grain uniformity with aid of flaw detectors,

air bubbles are removed from the propellant by creating a vacuum in the mixers )
and engine chambers during loading,

The operaticns of mixing snd loading are dangerous in the sense of fire and
explosion, They 2re controlled from behind thick partitions and at o distance.

The production 0! hybrid propellants is considerably simpler than that oy

nitrocellulose ones and this is one of their advantages.
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§ 5. Types of Propellant Charges

Jolid rocket propellsnts in rocket engines are used in the form of charges,
i.c., products of a specific geometric shape. Charges can be made from identical
¢ lements or one similar in shape, i.e., grains, and are also made in the shape
ot individual articles of complex configuration.

Propellantc charges can be freely inserted into the
engine chamber or attached to the chamber,

The basic parameters of any charge are the thickness

¢ the burning section (web) and the size of the initial
and 1inal burning areas.

The thickness cf the burning web depends on the

configuration of the charge and is determined by the
Pir. 5. Thi #nces
of burming sectlons
cof a telescoplc

direction of burning, which occurs in parsllel layers in

oharec: L. =— propellanss. It determines the time of constant engine
O~ 1

thickness of burning performance.

section (wet) of

central cylinder; Figure 5 shows the thicknesses of burning sections

1
ty — thickness of for a so-called telescopic charge which consists of a

burning section (web)
of ¢xternal cylinder, tubular grain, inside which a cylindrical rod is inserted,
1n the telescopic charge the central cylinder {grain) burns over the entire

surtace, while the . ternal one burns only over the internal surface,

| Lol

In a corrce.ly designed charge 211 = 11; this ensures simultaneous combustion
of the entire charge,

Depending apon what part of the initial surface of the charge starts to burn
upon ignition, prepells: + rges of fuels are subdivided into two types:

s} with unrestricted turning (distributed burning);

b) with 2 restricted buranlng surface (restricted burning).
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Figure © showa the burning of a prop:!lsnt charg
in the form of an exposed cylir grain {Flg. o)
which burns trom all surfaces, and the same char:. ,
but with a closed external surface (coated ale
external surface) which burns only arr.. -« cuo .oruel
perforatior and from the ends (Fig. €b).

Depending upon how the burning surtace chalyes
during engine operation, we distinguish one following

cnarges:

a}) wlth a constant burning surface;

Fig. ©o. Burning of a b) wit™ an increasing burning surtace (progressiv

propellant charge: a) )

burning over the entire burning) ;

surface (distributed ’

turning); b) burning ¢) ulth s decreasing burning surracs ! rcegresaive

only around the internal

pe rforation and from burning) ;

tve end yrestricted

burning). d) with burning suri. e according to a specificd
program,

A change of the burning surface shows up in a change of engine pressure and
thrust., A constant burning surface will also correspond to constant engine thrust,
while & decreasing burning surface will correspond to decreasing thrust, and
conversely. Figure 7 shows crosc sections of different charges, and the graphs
illastrate the change in ergine thrust during the time of charge burning which
corresponds t0 them,

The most popular shapes of charges made from nitrocellulose propellants are
charges of type a, a', £, and g. Shapes b, e, and g are characteristic for
hybrid pronellants. These charge shapes ensure constancy of the burning surtace,

The charge with the star perforatlon 1s convenient because the engine wull
during ~ropellant burning is protected from the influence of hot gases, The
defizirrdes of Lhis type of charge shape include the propellant partlcles that
remain after combustion of the main portion ~f the charge which, while burning at
low pressures in the chamber, lead to a lowering or specifie thrust,

The =ppearance of designs for powerful and superpowerful solld-propellant
enpines that are capable of developing a thrust up to thousands of tons and
rontains ~harges welighing up to huadreds of tons place a number of coumplicated

problems before the propellant specialists. The fact is that the manufacture of o
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large-~size charge, its trensportation
and utilization, involve large
difficulties.

In the United States there have
appeared projects for the manufacture
of charges directly at the launch
site by means of loading the raw
proepellant mass into the engine
followed by its solidiflication. It
has also been proposed to make the

charge in separate sections and

assemble it at the launch site,

It has been suggested that
large englines be assembled from
separate finished sections, as shown

in Fig. 8.

The designations of propellants

Fig., 7. Types of charges and character of and charges, and also their names,
i?ii%&j?ééggggggb§3£§52§P§1¥h:%§2522222nd have not yet been firmly establlshed;
;éﬁrgéi’c) bJ;ninglzlgﬁ'xncreagigz sgrface; therefore, it is possible to encounter
ot e TS SUITAGE] 6] a1 the most Giverse designations.

o o sarregs Dalnc: o) sietteds It propellants are designsted
S g, purtasy and Lo (rop THanGs Weh by ghe etter i (for donestis

internsl and fast-burning external, propellants) and the letters [ and E

(forUsS.propcllants), they indlcate a -Jjtrocellulose nitroglycerine propellant.

ilv xt to the rirst letter therc can also te other letters and numbers which
decignats the nature of the additional or special substances introduced inte the
basic ~omposition of ropellant, HNumbers and additional letters that follow
the desiynation of the ture of the propellant may signify tre variety of the
¢ bven propellant,

In the Unitcd States, :r-nellunts for boosters are designated by the following
symbols acecrdiug to thel, . ture and physical state:

A = Dblitumen + 1 cate g

B = arherisal or «ranutr ,crder of the ballistite type;
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D -- nitrocetlulose propellant obtalnod

C ~ solid hybrlii prepellant on w
% ’ picrate or hitrote base;

by pressure;

E — nitrocellulase prop -iuant of aned
Fi.. €, Design of a large SPRE , medrr e o devien “
conslal vy of various sections. by extrusion (pressing reom a device similw
to 2 mrat-prinder);
K — cast svlid propellunt on a perchlorate base which is different from the
bitumir ous tyoe;

N — nitrates or nitro compounas :'hat differ from cellulcse nitrates
nitroglycerin;

and

P — plastic compositicr. that can be shaped easily by the applicstion of
small loads;

S — solid, difficult to shape, propellisar.
The general designation of a booster denotes the , ~opellants only by letters.
For instance, JATO 15KS-1000 designates:
JATO — the name of the broster;
15 — its operating time in seconds;
1000 — thrust in pounds (457 kg);
KS = s0lid perchlorate propellant obtained by casting.

With respect te the nature of the oxidizer, propellants in the United Statces
are deslgnated in the following manner:
SPP ~ potassium perchlorate propellant;
SEHI(AN) — ammoniam nitrate propellant;
AP — ammonlium perchlorate propellant.
Finished charges of solid propellant, as a rule, satisfy the majority of
requircrm-nts which are presented to them.
&t the same time, the nature of all solid propellants to a certain extent

make them unstable systems and comparatively sensitive to a change of external

condltions,

heliable and unfailing [SPRE] (POTT) operation 1s possible only under the
condition of the carcful adherence to the rules of maintenance snd storage of

charges. The rules for the storage and handling of charges are set up on the basl=

of the operational properties of the propellants,

~30-
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CHAPTEER III
OPERATIONAL PROPERTIES OF PROPELLANTS

The operational properties of propellants are determined by their chemical,
nhysical, and mechanical properties.
Solid propellants are not used immediately for launching rockets, and are

trrequently stored for a long time in warehouses and in troop areaaz,

During storage, propellants are subject to cooling (in the winter) as well as
henting (especislly in hot areas and in enclosed places); in addition, they can

heat up intensely during the day and cool off at night, be subject to the action of

moisture, high temperature, and sunlight, All this affects the physical and

chemlcal propertics of the propellants snd can alter them to some extent,

It 1s necossary 2lsc to know how to handle propellants during engine assembly

and disassembly, overlosds, snd transporation, i.e., in the process of their
ntili~stlon,

§ 6. Physical Properties

Appearance, The appesrance of a solid propellant charge resembles a dense

wrticte of chief'ly dark colors,
The color of tot a s0lid propellant is determined by the nature of its
parent substances and additlives,

Type H nitrocellutose propellants usually have a dark-brown color and their

appearance 1s similar to 2 r~orniculate substance, If carbon black is added to
this type of propellsnt, 1% t<kes on a black color.

The color of hy -

0

*ild prepellants depends on the fuel binder:

bituminous —~
black; polyurethane — black-gruy,

.
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In distinetion from nitrocellulose propellants, for In:iance, pclywr-tnzg
and thiocol hybrid propellants are similar to strong , vulcanizod wubber, but
1233 elastic and more brittle,

It should be borne in mind that it is difficult to eviluate zolid pre

on the basls of appearance alone, However, external inspe~ntion of' .(r=r e

necwu3wry since it permits the detection of possible rejects und zurfrnee defects

o1 the charge.

The density of propellants is a critical characteristic and slways 1s checked

during vinpellant production.

Low propelliant density indlcates th.t there are pores and saps in the

propellant, which are impermissible for high-quaiity propellant charges. Low

density, also affects the bur~ing rate of the propellant: with the decress. of

density, it increases, and counversely.

The density of solid propellants is dete::‘irod by the density of their
ccmponents and the production mesthod. It has following value for high-quality
propellrnts:

For regular nitrocellulose propellarts without additives . 1,58-1.6 g/cm3

For nitrocellulose propellants with mineral-oxidizer
and metal addivives

L T e S S L T T Y )

... 4.,6-1.7 g/em”

For hybrid propellants based on various oxidizers,
including propellants which contaln aluminum .

D

1.7-1.9 g/em’

The densiiy of hybrid propellants is somewhat more than that of nitrocelluloae
ones, which is one of thelr advantages, since the greater the density the higher
the effectliveress of the propellants.

The thermo-physical characteristics of propellants, i.e., the coefficients of
linecar a snd volume B thermal expansion - give an idea of what changes in length

and velume of the propellant. charge can cecur when its temperature is changed,

The conditions of attaching charges to englines, the size of the clearancus,
and the requirements for the strength characteristics of charges that are attached
to the engine chamber depend on the change of the geometric dimensinns of the
charges with the chanpe 0f temperature.

in the temperature range from -40 to +40°C, the thermo-physicsl chsract ristles
of propellants have the rollowing values:

— for nitrocellulose propellants, a = (1.2_2'0)_10-4 and B = 0.5-10'j 1/°K;
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— for hybrid propellants, a = (0.5-1.5)+10"

Y

and B = (0.3-0.4)-2077 1/°K,

The values of o und B are close for various propellants, but they are 7-10

times greater than thoso ot steel,

’he difference in the values of o and B for

propellants and for steel compllicates .he conditions of attaching a propellant

charge directly to the steecl wall of an engine chamber.

‘The 1o rmo-physicsl characteristics also include the specific heat cp, the

heat~conductivity tactor A, and thermal diffusivity a.

Thesc quantities characterize the ability of propellants to perceive heat

upde r the Influence of temperature (cp) and conduct (diffuse) it throughout the

thickness of the propellant (A and a).

They are used in theoretical calculations

ot thermal stresses of charges that are attach to engine chambers and burning

rates of propellants in engines,

The numerical values of the thermo-physical

churacteristics are given ir Table 5.

Mmlle 5, Mechanical and Thermo-Physical Properties of Solid Rocket Propellants
snd JSteel
!hesig- Nitrocellulose Hybrid
Characteristic ration [Dimension | prupellants propellants Steel
Fensile strength 5 kg /mm® 1 0.09 48-60
Coeffricient of linear i -y "
thermal expansion a deg (1.2-2.0) 20 (0.5-1.5) 10
Apecific heat e, Egggég 0.35 0.30 0,11
keal - -6 -6 va =l
Heat-conducitlivity by ThTsec. 36 (0.50-0.53) 207" [(0.7-0.75) 107~{1.1°10
e’ -4 -4 -2
Thermal diffusivity a Sec 0.215.10 0,30-°10 0.31-10
Opeclfic gravity Y —53 1,58-1.,7 1.7-1.9 7.8
cem

& change in Lhe

the influence of =
The »bility

ic called physical stabliity.

When there are consi
solid rocket propellonts o o
nd the appuearance oy

R Tor )

degree s choracteristie for

“33-

change In external temperature, moisture, and time,

rhysical properties of propellants during storage occurs under

of prorellents to resist to changes of physical properties in time

* ble changes in temperature, physical instability of
be noted as a disturbance in continuity of the charges
(Fig. 9).

Lurge, thick-web charges and cnarpes that are sattached

This form of physical instability to 2 larg:
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to the engine chambcyr, In the laot cuse the
appearance of cracks 1s couscd by the upicurin.-.
of temperatur. stresses due to the variouws
coefficients of linear exvansion ct ¢

propellant and the materizl < v Lue wall,

I

v D) Charges in which ~racks are formed or
Fiz. 9. Cracks ir propellant
charges. 2a) longitudinal cracks;
b) crack in the most stressed
places and breasking away from
the wall or 2 charge attachcd

to a chamber.

discontinditi~s sppear are unconditionslly

unsuitable for use and must be replaced., The

o)

formation of ¢»=7ks ¢an be established by
spz 211 flaw detector,

Another form of physical instabllity of solii ~vorsllants is the tcndency of
individual component parts o lhe vropellant to be separated on the surface 2t the
charges and to volatilize,

Yolatilization of propellant components st-~-noly increases at high temperatures,
Hitroglycerin from nitrocellulose propellants is very strenely volatilized. Thus,
at 50°C after 24 hours of storage, about 0.1% nitroglycerin is volatilized from
the propellant, and up to 1.5% arter 300 hours.,

Volatilization of the component parts of a solid propellant is an extremely
undesirable phenomenon since the propellant composition then changes, the
continuity of the charges can be disturbed, and the energy characteristics can be
Lowered.

Hybrid propellants do not have volatile components and therefore they are not
dangerous at temperatures up to 1.00%,

Physical instability of hybrid propellants can appear in the form of continulng
polymerization of monomers, and then aging of polymers in the process of storage.

Polymer aging appears as a disturbance in tre continuity, strength, ana the
structure of the charge.

The influence of molsture is related to the hygroscoplcity of propellants, i...,
to propcerty of absorbing and retaining a certain quantity of molsture.

Th- hygroscopicity of nitrocellulose propellsnts is relatively low, Certain
l.ybrid propellants are more hygroscopic. Intense molstening of hybrid propelisnts
i5 impermissible since 1t can lead to the partial dissolution of tle oxldlizer and
thereby change the composition of the propellant.

Chargses are protected from the influence of molsture by plazcing them in a
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watortlpht seal and by hermetically sealing the engines. The airtightness of the
3 4V und enrines should not be disturbed; but if it is disturbed, it is necessary
to ceorreet the damage.

Fhysicol stebility, volatility of componenis, and hygroscopicity of propellants
wr¢ evylusted according to the results of tests conducted on them in lasboratories
and on the buasls of the results of long-term storage.

Cracks iu charges are determined visually or with special instruments. The
volatility of components is estimated by the decrease in welght of a prcpellant
samplc while 1t is at a high temperature (50, 75, and 95°C). Hygroscopicity is
Jetermlacd according to the increase in weight of a propellant sample while it
is in 2n atmosphere with high humidity, and sometimes simultaneously at a high
t-nperature,

The tests are accelerated by creating more rigid conditions than those in

which the propellants will be stored in warehouses and troop areas.

§ 7. Chemical Properties .

The chemical properties of propellants imply their interaction with the
materisl of the engine walls, toxic properties (toxicity), and the ability of
propellants to retain the invariability of their chemical composition in the
process of prolonged storage.

The sbility or propellants to keep their chemical composition constant in

the process of prolonged storage is called their chemical stability. Chemical

slability, as a rule, dotermines thelir service life,

As for their sgressiveness towards structural materials and their toxic
influence on the human organism, solid propellsants are practically safs. When
stored under normzl conditions, they do not give off aggressive substances and
do not interact with the materials of the engine wall,

Nitrocelliuiose : rmpellants, due to the volatility of nitroglycerin, can
~qusdc bricf, not very severe, headaches, which occur when handling propellants

constantly, This inflv nee of uitroglycerin on the human organism is not dangerous,

Chemical stability of propellants is related to those slow spontaneous processes

of decomposition which ¢.. .+ ".side the propellant and are very expressed for
nitroeclilulose propellant: .
Cellulose nite«t 5 and @ ttroglycerin, as unstable chemicul compounds ip the

. ocess of storage and under the Influcnce of high temperaturcs and a smsll
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quantity of moisture, are able to disintesrate comprret™ Ly slowly .ilh the

detachment of the ONO2 group, In turn, the ON02 grouy, which iz an sctive

oxidizer, enters chemical reactions with the nitiocellulose :radicsla witi th

liberation of water, low nitrogen oxides, and other inturmedinte prod:

¥

The nitrogen acids and oxides that are rormed are able t¢ nce ..y Lhe

process »nd thereby cause self-accelerated decompositi~, or che propellunts, jlot

only sre reaction products released during decon. .sltion, but also heat, If

decorwosition is not retvsrded, the propellant can self-ignite.

The process of chemical accuimosition of progpellants is retarded by ob mienl

stabilizers. Upon cutering chemical compewrds with nitropen onl: , Uy restriet

the process of decomposition and do not let it deveirou, ' Lts own accelesrntion,

In this case, naturally, the ch mic-i stabllizer is expended; thercfore, or of
methods of evaluating chemical stability :o to determine the rem-!

the atakiilzer,

amount, of

Decomposition of nitrocellulose propellants in the presence of a chemical
stabilizer occurs so slowly that the serviceability of the propellisnts is retained
for 15-20 years.

Chemical stability of nitrocellulose propellants is checked regularly in

special chemical laboratories,

Inasmuch 23 the process of propellant deccmposition under nermsl conditlons

cecurs very slowly, control samples of propellants are tested at high temperatures

rer o leng period of time, Stabllity is checked, for instance, by the reddening

of blue litmus paper (it turns red due to the influence of acids on it).
Chemical stability 1s estimated according to the total number of test hours

in ten days under the condition that every day the ssmples are heat for no lLonger

than seven hours. Each propellant has its own norms o” stability hours.

A3 2 rule, the more nitroglycerin in a nitruvellulose propellant, the greater
the rcserve of energy in it, and the lower its chemical stability., This is an
essential deficiency of propellants witn a large content of nitroglycerin and it
timits thelr use and manufacture,

The chemical stablility of hybrid propellants is different.

Polymer compounds of hybrid propellants can interact with stmosphe ric oxyren
and be destroyed (age). The various Intermediate reaction products can react

simultaneously with the oxidizer and thereby lower the chemical stability of the
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propellant. The chemical stability of hybrid propellants has not yet been studied
sufficiently.

Desplte the fact thst sollx rocvKet propellants are chemically unstable syster -,
ander normal conditions of storage they are not destroyed for a long time and do

not cause difficultics In utilizatiz...

§ 8. Mechanical Properties

Solid propellant charges are subjected to the influence of various kinds of
overloads during the operation and lasurching of rockets., These overloads can be
trom scveral units to hundreds of terrestrial accelerations and cause stresses
the propellents, which they are not always able to sustain.

Overloads during rocket launching appear due to the fact that the engine
thrust 1s grevter tran the rocket's weight. Under the action of thrust, a rocket
obtsins an acceleration a that is many times greater than the acceleration of
terrestrial gravity g and directed in an opposite direction., As a result, the
rocket on the whole and the instruments and propellant on board become “heavier,”
depending on how much greater the rocket!s acceleration is Chan acceleration due
to terrestrial gravity g. The relationship a/g also will be an overload.

During the iransportation of assembled rockets and containers with finished
cngrines, the overto.is can reach 10 units,

For charges that are attached to the engine chamber, there are additional
thermal stresses which are caused by the difference in values of the tempcrature
vXpansion coefficients of the propellant and the material of the engine chamber,

One of' the conditions of high reliability of the actiun of [SPRE! (rpjrT) is
the solid propellant charge keeping its given shape and continuity, and the abscnce
of" breakdowns during the time of its complete combustion in the enginz., Disturbance
o' the peometrie shape of a charge can lead to the faet that the bypass seclions
“or the combustion pr.. ts will overlap (Fig., 10). A consequence of this, as
» rule, 1s unstable engine operation, which frequently causes its destruction,

Destruction of 2 crrge of solid propellant in the beginning and at the ¢nd
of burning also leads to 9 disturbance in normal engine operation and ¢ven can
cause it to malfunction,

I turbodet mls~l' | nose speed in flight reaches 20,000 rpm, solid
arope 11ant charges cun be deatroycd under the gscetion of centrifugal forces st the

time whon the Inrger poart of the thlekness of the burning web is burnlng.
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In order to ellm!. ‘te abnormrl ngine operstion

due to the indicated causes, solid propellanta

must possess surflciently nlgh mechonle i

Fig. 10. Distrubance of properties.
%3???2r23e32223501 charge The mechanical propertles o siisd rocket

propellants are estimted by a number of
characteristics. The most important ones are: tensile strength, compressive
strength, impact (dynamic) strength, and the increasc in length of a propellant
sample as & result of extension,

Comprrasive and tensile strength are determined for static (nuncpanging) loads
and are designated by %, and vp, respectively. The stiei7th of solid propellsnts
is 20-100 times less than that uf ¢:Jinary steel and durable aluminum alloys.

ir, for instance, 9 = 48-60 kg/mm“ rcr ordinary steel and il....:um alloys
{duralumin), op ~ A kg/mm2 for nitrocellulose propetii »ts, and op = 0,09 kg/'xnm2
for polybutadiene nybrid propellants.

Impact (dynamic) strength (e.g., flexural strength) is estimated by the
amount of work that occurs per square centlimeter of the destroyed section. It is
called impact toughness 8. For the best propellants, this magnitude is no morc
than 15-20 kg-cm/bme.

I'nit elongation characterizes the ability of propellents to be deformed by the
beginning ot destruction. Solid propellants possess two to five times greater
unit elongation than metals, Most propellants have an elongation to 404 and, for
instance, to 60% for a polybutadiene propellants.

The mechanical properties of propellants depend on the temperature and rate
of applicatlor of the load. This 1s explained by the fact that the structural
base of propellants is composed of polymers. Most polymer materiels change thelir
mechariical properties when the temperature changes,

With a decrease of temperature to -50°C, brittleness increases (aK decreases)
four or five times, and elongation decreases to 20% for nitrocellulose propellants.
At the same time, compressive and tensile strength increase four or five times,

Nitrocellulose, bituminous, and other thermoplastic propellants are softened
at high temperatures and can, in general, lose any strength.

For nitroceliulose propellants with an increase or temperature, a lowering

of %, and op by four or five times, an increase of unit elongation to 507, and
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a2 two=fold increase of impact toughness are characteristic.

The decrease in the vsrilous propellant characteristics wlth the change of
tempersture makes it ye-essary to limit the positive and negative temperatures
2t which charges can be normzlly used., For instance, the upper temperature of
stourage for fuel M-8 is +50°C, +65°C fcr ALT-161, and +65°C for AP.

§ 9. Sensitivity of Propellants to Various Forms
of Initial Impulse

Solld rocket propellants are explosives that are capable of chemical
transrormation either in the form of burning or ir the form of an explosion., Under
comboat conditions, propellant burning is accomplished.

Under normal conditions of storage and utilization of propellants, the process
ot burning cannot start by itself since it requires an external initial impuise,
burling the precduction, storage, and utilization of propellants, the external initial
impulse. During the production, storage, and utilization of propellants, the
external initial impulse can be expressed in the form of a shock, {riction, or the
int'luence of heat,

Independently of the form of the lnitial impulse, its magnitude always can be
cquol to the minimum energy which is necessary in order to csuse intense
transformation of the rropellant into combustion products, The magnitude of this
energy, expressed ln various units, also will determine the sensitivity of
propcllants to various forms of initial impulse,

The scnsitivity of propellants to an external initlal impulse determines the
degree of their safety during production and utilization, and the reliability of
thele use in engine. The sensitivity of propellants to shocks usually is estimated
by the f'requency of explosions (in percents) under specific test conditions. For
instance, » 10 ke weight is dropped onto s propellant mass from a height of 25 cm.

Impact sensitiv'iy depends on many factors: character, composition, and
others.  For nitrocelluiose propellants, it increases with the increase of the
nitroglycerin content, 'he presence of solid impurities, and at high and low
temperatures, The lmpact o nusitivity of certain solid propellants is a few times
greater than thet of an . lve such as trotyl (tolite). High-energy propellants
are especlnlly sensitive - lmpact. The handling of propellant charges and assemblcd

ngines should be ordorty, ttoy should not be dropped, and sharp impacts should

be avolded,
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Propellants also are sensitive to Iriction., Stron.  .letion cnr Lo occur urine

assembly and disassembly of charges in an engine during the appllcation of lar:

.

forecss, Propellants ignite and burn without explosion due to frictlon.

Of the destructive factors of an atomic explosion, the shock wave 1

A
o o, e, 8%

flzuh are dangerous to solid propellant charges; they are capabi: ¢ i Loang
open pronellant charges at compecatively lone distances frum Lue eple.nter of i

. explosion,

e e e —— . — —

the sensitivity of propellants tc a thermal impulse is estlamted by the
< temperature o) self-ignition., Une temperature of seli-ignition of propellants
depends on the naturce of the propellant, ...- rate of heating, = cimpe of
holding the propellant at a given temperature. Whei ... rate ol heating is 300
per minute, the temperature of ..li-ivnition for nitrocellulose propellapnt. ls equal
to 200-23000, and about 300_340°c for hy.:131 propellants, Under o ary corditions
ot propellant utillzation, such high temperaturc. =7 not occur, However, a

temperature close to 200°%¢ can appear during long-term flignts of rocket-type

flight vehicles. In this case, propellants that are utilized ¢lither in the fom ot
primary charges or in suxiliary devicies sn be heated to high temperatures,
Propeliants with high thermal resistance are employed in such vehicles.

Solid rocket propellants, with regard to their physical and chemical propertics,
arc comparatively stablt to the vailous external ..nfluence by the chamical energy
sources of rocket motion, Their handling is comparatively simple and does not
require any special measures or particular conditions. However, only their proper
3 utilization and timely quality contrsl can ensure thelr reliable and effective use

in engines.
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CHAPTER IV
BURNING OF SOLID ROCKET PROPELLANTS

§ 10, iegnition of Propellants

The ct - mical energy which a rocket propellant possesses 1s converted inte
ithermal energy when it burns. ™ie perfection of the transformation of chemical
cnergy into the thermal energy of the combustion products depends on the organization
of the burning.

Burning of solid propeliants begins with their ignition by a special igniter
(Fig., 11), The role of the igniter consists in heating the surface layers of the
prorellant to a termperature at which there begins an intense chemical transformestion
of the propellant, and in simulteneously creating the pressure that is necessary
for normal burning of Lhe charge, Igniters frequently employ black powder or a
m tal-oxidizer mixture (e.g., aluminum or magnesium and potassium perchlorate).

The solid metal oxides that are formed as a result of burning promote the best
propellant ignition. The igniter usually is placed in the bottom portion o’ the
cncine and is actuated by an electric squib.

In end-burning engines, the igniter is mounted at the nozzle.

The first black ,. ¥ r was a mechznical mixture of finely pulverized potassium
vitrate Kﬂoj, carbon, and sulfur, and was used in this form for fireworks, igniting
‘ompositions, and primi.tve rockels. Then they learned how to pack 1t, granulate
it, and make articles from it, ircluding the rocket charges which were still
cmpioyed in the Second Wor:. * sr,

Contempo~ary blac» -~ . r consists of 75% potassium nitrate, wha. serves ss
ne oxldirer, 157 charcoal, ana 107 sulfur, ‘The last two components are fuels,

while the sulfur is also a binder which ensures the necessary density and strength
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of the black powder.
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Black powder is manutactured elther in the fovm of

v-:w R 'x“:“\‘\l;:o':ng'" X ad

grains of various dimensicns (ordlnary granul - »r),

the form of small articles shaped likse pri a3+

Y e

wr m.n“?%'

or several channels and cubes (ge..ety:ii): .o Ls durk-

-g

gray and its specific pgravity Ls equal to 1,50-1.() v/um).

Black powder i3 v ry sensitive to the flame and
Fig, 11, Igniter: 1 -

eleotrie snuib: 2 — spark which appears upon lmpact with metallic objects
wULEO 2f 3

i?gﬁngiﬁiéﬁiicgfiggﬁpo- and therefore requircs especially orderly handling,
Si;gg?g ig;i%égmig:?,or Granular btlack powder does not « anitormly; it
ﬁ — black powder,

burns at a very high spe. ° ~t high pressures. Black
powder that is pressed ¢o a specir:c ~ravity of 1.8 g/me, even at large pressures,
burns uniformly in parallel layers.

Up to 47% solid and 53% gaseous products are r.leased when black powder burns.
585 keal cf heat, 280 liter of gases, and 680 g of solids are released (per kg of
powder)., Its burning temperature is on the order of 2000°¢.

Due to the formation of a large quontity of heated solid particles, black
powder has a good igniting ability and ensures reliable actuation of the main charges
of rockets and cannon-typed artillery.

The welght of black powder for an igniter is selected experimentally in order
to ensure reliable ignition of the entire surface of the charge, but not to cause
its destruction,

The response time of the entire igniter 1s very short measured in hundredths
of a second. In order to obtain a faster growth of pressure., the nozzle 1s closed
by plug (cover) which 1s ejected or destroyed upon reaching a specified pressure,

The ignition of a charge occurs in the following way. Current is fed from
the grouna power source to the bridge of the electric squib. The inflawmsble
composition inflames and lights the black powder of the electric squib. The
combustion products that are formed plerce the cover of the igniter and ingite the
black powder which is located there. The hot gases and solid particles of the
purned-out igniter ignite the main charge of solid propellant.

' 2 The solid propellant charge starts to burn along the surface in parallel layers,
jﬂ releasing a large quantity of gases which, in passing through the nozzle, also

create engine thrust, In distinetion from ordinary industrlial f.rnaces, the burning
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of a solid propellant in an engine chamber

S T e occurs under very tense conditions,

A charge of solid propellant that is

Fig. 1. Motion of gas flows during burning in an engine chamber is surrounded

buruing of a charge in an engine. on all sides by gases which are compressed

to o high pressure aud heated to 2500-3000°C, The formed gases move along the charge
st high speeds (100-200 m/sec) to the nozzle (Fig. 12), frequently forming counter
flows., These gas flows render a strong influence on propellant burning, which

lesds to abnormal phenomena in some instances.,

The process of propellant burning in an engine is estimated according to the
‘nange of pressure during the time of charge burning. To do this, when the charges
and engines are being adjusted and tested, an electric pressure pickup is placed
in the combustion chamber and its readings are recorded on moving photcgraphic
paper or film in the form of a pressure-time curve,

The normal form of this curve is shown in Fig. 13, The section 0-a on the
surve retflects the response time of the igniter; section a-b indicates the burning
time of the main charge, and section b-¢ characterizes the escape time of the
combustion products of burning af’ :r burnout cof the charge.

» Propellant burning is a very

v femd

complicated physical and chemicel

process of the rapid transformation of

. a solid, dense substance into gases.

a § ¢ Tsec
The rational use of propellants

Fig. 13, Change of pressure in engine

during propellant burning. and control of the process which occurs

in the engine requires a knowledge

of the essence of the burning process.

§ 11, The Burning Mechanism

The burning rachanism of nitrocellulose propellants has been studied most
fully and in most detail,

During burning, the solid propellant is converted into gaseous combustion
products duc to the react.. .. of thermal disintegration and subsequent chemical
reactions,

The heat releascd as a reoilt of burning, in turn, influences the still

unburned propellant sod thereby automatically supports the reaction of thermal
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disintegration and then the chemical reactions, The burri:yg of solia rropellants
occurs both in solid phase (on the surface) and in gas phase (in the volune).

The burning temperature always increases, beginning with the initisal (rope!
temperature T0 to the highest possible temperature under the given cond? .

of burning Tmax'

As & result of experimental observaticns of the burnine process, it was

possible to establish that the whole process c¢i b.:. ing is multlstage and fully

e cornsecutive., In sccordance with this, the entire burning region is conveniently
ree separated int. . serles of zones (Fig. 14).
Tmes ¢ burning zones whicu cnditions Ly
Direotion
of burmu: divided into s.. '~ns, are characteri-cd by
Ta the following processes.
. Lere XXy is the heatliy .. Sometimes
9 4 it is calleu th= zone under the burning surtues,
Fig. 14, Diagram of burning In this zone the propcellant does not yet
zones for nitrocellulose
propellants. burn, but unly is heated rrom the initial

temperature T. to the temperature of the beginning of the intense chemical reactions

o
which occurr on the burning surface,

The width of this zone (the heating depth) depends on the temperature of the
surface, density, heat capaci‘y, and thermal conduction of the propellant, and alsc
on the burning rate, The greater the thermal condition of the propellani and tiac
surface temperature, the greater the depth of heating, and the greater the burning
rate of the propellant the smaller the depth of heating. The value of this zone in
the burning mechanism is essential since propellant burning under unfavorable

conditicns will depend on how much heat was stored in the heating zone.

Zone Xy=%z is the zone of thermal disintegration of cellulese nitrates and

nitroclycerin and intense chendical surface reantions, Due to heat withdrawal from
the t'lame zone, the propellant surface melts, and the cellulose nitrates start to
thermally disintegrate approximately at a temperature of 190-200°C into nitrogen
oxides and intermediate substances.,
. Hitroglycerin decomposes analogously.
“.E The process of decomposition of cellulose nitrates and nitroglycerin uccurs
| if with the liberation of heat, which csn lead to partial thermal disintegrstion of

the other crpganic substances contained in the propellant.
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The free nltrogen oxides that have been released partially enter chemical
reactions with the intermedi«te products of thermal disintegration. Mor: heat is
then relessed, and the surtzce tomn rature rises to 300-35000.

The externzl oppesrance of the burning surface resembles a fast-changing,
tonming with gas btubbles, psartlally r 1..d and luminescent region of propellant
turning.

The voluc of this zone in the overall burning process is very great since the
senaitivity of the burning rate of propellants to the change of pressure and initial
Lompr roture depends on the specific gravity of the chemical reactions of this
¢ In the wholc burning process and the quantity of heat that is liberated. The
nore intensely the resctions occur in this zone, the less sensitive the propellant
is to = change of pressure snd initlal temperature, and its advantages are even

crester,

one z-Xs, the mixed or "boiling" zone, is directly adjacent co the burning

surface, and externally resembles paths of flying incandescent solid particles
mixed with gas flows., In this zone there occur intense chemical reactions between
nocous nitrogen oxide and the solid intermediate products of the disintegration
of rellulose nitrates and other parent substances, heat 1ls also liberated, and

temperature increases,

Zono X5=Xy s thue dark or induction zone, does not glow at low pressures

(1H-20 kg/bme) in an 3tmosphere of inert gas and is similar to the lower nonluminous
section of a candle flame,

In this zone there occurs accumulation of the active intermediate combustion
products (NO, CO, Hg, and others) which then energetically react and form final
products, The presence of the dark zone 1s explained by the fact that the reactions
o nltroyen oxide HO with the intermcdlate products are comparatively slow and
require o definite time, i.e,, inductlion perilod.

The induction perioca is reduced with the increase of pressure and inltial
propellant temperature, -nd conversely.

Al ceriain pressures the se reaciions, in general, cannct appear, and then in
the reaction products the » 1] be many nitrogen oxides NO. The value of this
~once in the over«ll burnln, ..rocess conslsts in the fact that its width and

mpusition ot combustion jroducts determine the fullness (completeness) or

neompleteness of propeliant burning at a glven pressure.
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If the external conditions are favorable, the inten - chemical re-ctions of
the induetion zone lead to final combustion products and the formation of a flome
aone %4 =0,

The composition of the final reactlon products is establlshed in n .. u
with the laws of chemical thermodynamics and with the final bur irs ter pature
Tmax and pressure,

It should bz borre in mind that the sonal < ..slderation ot the burning prccess
has 2 somewhat conaltional character since in the actual process the zvnes are not
always clearly discernible, a: i the chemical reaciions in them can oceur in series
as well as in parallel. The detailed mcc¢}onism of the burning o - 'id propellants
at present is also an object of study.

The burning mechanism c. nyorid propellants has been studied in less Jetaiy
than the burning mechanism of nitroceriuvicse propellants., 1In prir ' =2, it could
ke represented by the same diagram as thail for nitrocellulose propellants,

However, the burning mechanism of hybrid propellanits has a number of
peculiarities that are determined by the composition and natur< of the substances
in them,

The burning of hybrid propellants, just as nitrocellulose ones, begins in the
solid phase with the thermal disintegration of oxidizers and fuel binders, The
burning process is completed in gas phases due to the intense chemical reactions
between the gaseous products of thermal disintegration of the components,

In distinction from nitrocellulose propellents, higher temperatures of the
burning surface (to 500-60000) and meximum burning temperatures closer to the
burning surface are most characteristics for the burning of hybrid propellants.

The process of burning solid rocket propellants is very sensitive to external
influences: e.g., pressure and initial propellant temperature.

With the increase of pressure and temperature, zones x,l--x3 are sharply reduccd,
and the flame zone approaches right to the burning surface. The hesat supply to
the bucrning surface increases, the burning rate increases, and the heating zone lis
narrowed,

When pressure and temperature is lowered, conversely, the zones are expanded,
and at a certaln critical pressure the flame zone disappears and the burning
becomes smoldering; the temperature in the zones does not rise above the temperature

of the dark zone. 1In the combustion products these appear many nitrogen oxides,
~46-~
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energy is not completely released and, as they say, there ozcurs incomplete burning.
In order to avoid thess unfavorable conditions, burning catalysts are employed
that accelerate the chemical rescticns in the solid and gas phases, which promote

more complete burning and in the final result improve the propellant characteristics.

§ 22. Propellant Burning Rate

A quantitative appralsal o: the process of propellant burning is made by
using either the rate of movement of the burning front or the mess of propellant
burnlng per nnit time from a unit >f the surface.

In first case the burning rate is said to be linear and is expressed in
mm/sec or em/sec; in the second case it is called the mass burning rate and expressed
In g/cm2 sec, In practice, the linesr burning rate is used more frequently.

The burning rate is a very important operating characteristic of a propellant
since 1t is used to estimate the quantity of gases which are formed during
propellant burning per unit time from the surface of a charge. It is one of the
basic parameters when designing propellant charges.

The burning rate of a propellant depends on the pressure in the engine, the
initial temperature of the propellant, its densi’y, energy characteristics, the
pature of the component parts of the propellant, the size of the oxidizer particles
(in hybrid propellanis) and the burning catalysts,

For practical purposes, it is always necessary to first of all know the
relationship of the burning rate to pressure.

The relationship of the burning rate of solid propellants to pressure is
determined experimencally and expressed by formulas which have been called the

laws of the burning rate. The laws of the burning rate for many propellants have

the form
U=a-+bp"

where u Ls the burning rate in mm/sec or cm/sec; p is the pressure at which the
propellant burns in kg/cme; a, b, and ¥ as experimental coefficients that
characterlize the nature ot the propellant, the presence of catalysts, the
dimensions of the oxidize: 3 .r'icles, and other properties of the propellant,

The law of the burniny rate 1s found experimentally for each propellant in the

t slred pressure rangc,

According to the law of the burning rate, it is possible to zalculate burning
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i } rate for any pressure,
.1; Teble 6 gives the values of burning rates and the laws of buralng rates fLor
i:§ typlcal propellants, and they are depicted graphicually in I.g. 15,
;‘ Table 6, Burning Ratz of Solid Rocket Propellonts
3: Burning rate iq‘wm,;??
- Pressure Law of burning | for p in ke/em”
.i range rate 30 | 60 l 100
%i Nitrocellulose propellants, type H, T-6 and HM-2
“ B8 | e | o] e o
¢ Nitrocellulose prooellants, type M-8 and -%
| 30-120 | w=0.885 p09 | iol 1m0 etz
| Hybrid rropellants with Nuucllo,l type AP
» \ 14120 | u = 2.2 p**" 9.6] 10.5| 17,
% Hybrid propellants with Kulw, type ALT-161
70-140 | a=1.24 p0-1 16.4] 19.1 31
Hybrid propellants with NHuNO3 type AN
: u=04 po? 0.6] 1.0 3.0
f Yhen evaluating propellants with respect to burning rate, not only is the
i value of the burning rate at the given pressure taken into account, bui also its
f ’ denendence on the change of pressur:. In many cases the propellant wlll be better
; suited for use in an engine, the less sersitive the burning rate is to the change
i of oressure, i.e., the smaller the coefficients v and b,
E ‘ sl § 13, Temperature Coefficient,
! of Burning Rate
? wr Besides the absolute value of the burning
% " rate, another no less important charactcris:iic
:f 10+ prerocils — of solid propellants is the dependence of
5t /’?rwen§:;‘~"5!k_——— their burning rates on the initial temperaturc
0 z'a —:.; 7] 12) 150 150 p kefem? . of the charge. This dependence is expressed
;ig. 15. Dependence of burning by the temperature coefficient (gradient}
;.Z . % ;?g;eggagzzfsure for various of the burning rate Au/At, which may be
;’;:;;mﬁ calculated by the formula
} U el Y
; at fy~-ty '
%r. A 18-
!
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whe re Au is the burning ratce increment, which depends upon the temperature lncrement;

At is the temperature incremcnt; Uy is the burning rate at temperature tl; u

t,

1 2

is the turning rat¢ at temperature te.

This is shown graphically in Fig, 16,

The temperature gradlent of the burning rate siaows how the burning rate
changes when the temperature change by 1%%.

The burning rate of certain propellants with a change of temperature, e.g.,
trom -4C to +h0°c, can increase from one and a half to two times,

The strength of the walls of & rocket engine and the flow area of a nozzle
ususnlly are calculated for a specific pressure and quantity of formed gases. The
latter depends on the burning rate.

It the engine is calculated for minimum pressure during propellant burning
at low temperatures, an increase in temperature results in an increase of the
burnir.g rate, an increase in pressure, and the engine can be destroyed.

Conversely, 1f the engine is calculated for maximum pressure, the gas entry
will be small and pressure will drop at low temperatures due to the small burning
rate. Thrust then decreases and the engine'!s service life increases.

n rmfsec | As an example, Table 7 shows the

Vogor
i change in thrust and operating time
depending upon temperature for the booster
‘_“;‘,,,—*"’ JATO 15 KS-1000. This engine is
[ﬁ » , i:fw calculated for a thrust of 450 kg and
-40 -2 0 20 40 ¢ a temperature interval of use from -5k
Fig, 16, Dependence of burning to +60°¢.

rate on initial temperature of charge.
As can be se=n, all engine parameters

change sharply during temperature variations.

In order to excti... abnormsl engine operation, propellants are selected with

a small Lempersture dependence of the burning rate and the temperature interval

of its use is assigucd.

Tsv! 7., Change in Engine Performance
of ., . ( 15 K8-1000 Depending Upon

Iniii.1 Temperature

Lgnlition Service
delsy, sec Thrust, kg life, sec
=54 0,21 370 18
+15 0.11 480 14
+60 .09 600 11,5
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Table 8, Temperature Gradients of Burning Rate and Temps v sture Intervsls of
Propellant Use

Temperature gradient | Temperature intercv .l
Propellant of burnir: rste o .0
mm/sec dei ! of' use, C
Ordinary nitrccellulose . . + « + « & 0.015-0,02¢ - -
Nitrccellulose with high-energy
characterlstics, type M-8 . . . . . . . . 0,039-0,040 -30 - +60
Hybrid, type ALT-261 ., . . . . . . . . ¢, 057-0, 000 =55 - +75
Hybrid, ammonium perchlorate base,
TYpe AP o v v v s s s e e e e e e e e 0.03%-0,02 =55 ~ +75

The temperature gradients o:r the burning rate and temperature intervals of
use for typical solid rocket propellants are shown in Table 8,

In cases when it is nct rossible to select the ne.. 'sary propellant with rest. .
to Au/At, the flow areas of the nozzL. s are adjusted or the engines are speucizally
heated. 1In th. first case, at low temperaturcs, the size of the crl-i-2l area
cf the nozzle is partially overlapped or several rnozzles are completely closed off
if the engine has more than one nozzle., In the second case; as was done ror the
American rocket "Honest John," and electric b_anket is placed on the rocket

and the charge tewperature is sustained at the necessary level in the winter,

§ 144, Erosional Burning and Critical Pressure of Complete Burning

The above-considered dependences for the burning rate of solid rocket
propellants are not always observed under the conditions of an actual rocketl englnc,

Experimental data, in particular, show that with the increase of the velocity
of the gas flow parallel to the burning surface of the charge, the burning rate
increascs to values which exceed its normal magnitude as obtained from the law of
the burning rate.

This phenomenon 1s called erosional burning.

There are oplnions that tliere is a limiting veloclty of gas flew (threshold
veloclity) below which the speed of flowing gases does not affect the burning rate.

Culculation of erosional burning ls especially uecessary in engines with high
internal flow velocitles,

Lrosional burning also can be caused by the collision of counter flows and
jet streams. In turn, it can be the cause of unstable, resonance burning.

Solid propellants also have a limiting critical pressure, below which the

burning is ipcomplete, In incomplete burning, engine thrust drops sharply, and the

t




combustion products contain many Intermediate products that have not been completely

burned.

Prorvellants have pressure limits, below which it is impossible to use the
propellants.

These limits (approsimale) are shown in Table 9 for verious propellants.
¥rom the dats given in Table 9, it follows inat:

— the higher the encrgy characteristics of nitrocellulose propellants, the

lower the critical pressure of complete burning;

— the critical pressure of complete burning of hybrid propellants is lower

than the actual pressures at which SPRE operate.

Table 9, Limits of Critical Pressure for Various Propellapts
Lower limit of
Propellant critical pressure,
kg/cm2
Ordinary nitrocellulose, type H . . . . ¢« . « ¢ + « « . 4o
Nitrocellulose with high-energy characteristics, type
M=8. o v e e e e e e e e e e e e e e e 15
Hyorid, type ALT-161 . e e e e e e e e e ‘e 50
Hybrid, ammonium perchlorate base . . . . . « . . . . . 14
Hybrid, ammoniupn ~itrate base . . . . . . . . . . . . . 7

The limit of complete burning of nitrocelluleore propellants is lowered by

introdncing burning catalysts into their composition.

lower the critical pressure ¢I complete buvning from one and a half to two times,

§ 15, Abnormal Burning

Abnormal prepellant burning in an engine appears as an irregular change of

pressure in the engine chamber (Fig, 17). Despite the fact that the phenomenon

of' sbnormal propellant burning in an engine was known long ago, there is still nc
cxhaasting explsnation of the causes wvhich bring asbout such burning.
Ic is assumed thuv cue various cases of abnormal burning usually have two of

the most characteristic forms: unstable and incomplete burning.

dnstable burning (lig, 17a) is characterized by a sudden growth of pressure

iv rocket engines ~r by ¢ sharp increase of the burning surface (internal defects
or partisl destruction o #3. charge), or due to the appearing resocnance of high-
f'requency sound vibr-. . of rases in the englne (resonance burning).

Regononce burning is related to the presence of a critical point in the
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burning zone thich has 2 .ero gus

P
kofeme
jr-/\"“\\\ _ velocity. The burning of a charge iu

T 500 thls point is accompanied by the
a) separation of gas flows in L. .
,th of the nozzle and in .t o wolte
/\ /\ direction.
/\ A A"-—;‘m Incomplete burning (Fig. 17b)
b)

appears us' ally as a sharp drop cof

Fig. 17. Abnormal burning: a' vnstable;

pressure in the engine and is accomparni
b) incomplete.

by pauses, "gasps," = 1 "sputtering."

This character of burning is explained by the :Vlowing:

Propellant burning at low pressures is slow and takes place at some distance
from the burning surface, If burning cc.3¢s due to a drop in pres: v« or because
the ras flow along the charge surface is so great that it carries incompletely
burned prcducts from the nozzle, the flame temperature arops sharply and the
quantity of gaseous products decreases, This leads to a lowering of pressure in
the chamber, a drop in surface temperature, and the cessation of burning,

The following cycle begins due to the fact that the exothermic reactions in the
heated layer of propellant do not stop and the propellant, which obtains additional
heat from the engine walls, again ignites and increases the pressure in the engine.
However, the heated layer burns quickly and does not ensure normal pressure, as

=Y

2 resuit of which the pressure again drops and the cycles can be repeated several
times.

Burnine catalysts promote acceleration of the chemical reactions in the
propeliant burni.g zones and thereby ensure complete propellant burning at lower
pressures and initial charge temperatures.

The stability of propellant burning is ncreased by changing not only their
properties, but also the geometric shapes of vhe charges, and alsc by closing off
part or the charge's surface with a nonburning material, i.e., an inhibitor.

The charge is then placed in the engine in such a way that it is always
possible for the gases formed during burning to pass through the nozzle without
any obstructions.

Consequently, a 3olid-propellant enyine, with the exception of the end-

burning tyve, always has a free area inside, which also means a free volume which
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is not f1lled with propellant.
Thus, for a typical SPRE, the <ollowing distribution of volume between its

aggregates is characteristic:

Propellant . . . . . . .+« . . ¢ . . 15.7%
Insulation of chamber wall . . . . . 1.,3%
Front and rear bottoms . . . . . . . 0.2%
Diaphragms . + « v ¢« « v s o o o « « 0.6%
Igniter .+ . v v v ¢ v v v v v . .. 047
Free volume for passage of gases . . 21.8%

The size of the free volume in an englne determines the charging and
consequently, the relative propellant weight in the engine.
In turn, the charging density 1s equal to
=Fr

=X

Fu'

where F, 1is the cross-sectional area of the end of the charg=z; FK is the cross-

zectional area of the combustion chamber,

§ 16. Energy Characteristics of Solid Rocket Propellants

Up till now we have been considering th¢ various properties of finished
propcllants. When describing the properties of the separate components, we took
into accour.t the possibility of manufacturing the propellants and their physical,
chemical, and mechanical properties.

However, the most important for so>lid propellants, just as for any propellants,
are thelir energy characteristics, 1.e,, thelr calorifle value and specirfic impulse
(specific thrust).

The calorific value of a propellant is determined by the quantity of heat
which is released during combustion of 1 kg of substance in oxygern 2r air under the
condition that +11 combustion products are reduced to standard conditions (to a
temperature of 25°C sua : pressure of 760 mm Hg).

The calorific value, or caloricity, of rocket propellants, which is za measure
of thelr potential chemlcul energy, does not yet completely characterize rocket
propcilants as sources of ercrpgy of rocket motion., The fact is that during the
discharre of propellant o . .:tion products from the nozzle of a jet engine, they
are not cooled to th 4 L temperature at which the calorific value 15 determined.
Jsualily the temperature of the g ases at the nozzlce outlet is greater than 1000°C;

theretfore, the calorif!e value of propellants in a jet engine is used not completcly,
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Th- lnccompleteness of the use of the calorific value of vrovellants in 4 englne
is estiwated by efficiency [KPR])n (KL )n, which ic slways less thun unity.

The calorific value of propellants is an important and necessary characterie*’
of the energy cazpablilities of propellants: the greater it is, the better e
propellant as a source of energy. But this, it seems, is not enciu to : valuate
the propzllant completely. It is also necessary to considar the properties of the

combustion, products,

The quantity which considers both the energy source and the prop-.rties of

P e s . ot i o P
St

the working substance is speciils thrust.

o g

o

Specific thrust 1s the engine thrusti referred to a unit o1 th~ - .ight rate of

Y
¥

"k
£

propellant flow, i.,e., to the amount of it which pa:'~= from the nozzle in the
form of combustion products per sscond,
If the combusticn pruducts of the p.opellant in the nozzle of - . t englne

e expznded to external pressure, the specific rerust can be determined by the

forrala

e e W ok m me eean

T ) kg thrust
2k TR
P"‘“‘ k-1 RT[“‘(I’;) , ‘ kg orgpellunt/sec’

where R is the specific gas constant in kgm/kg deg; T is the propellant burning

j‘_’;

temperature in °K; Py is the pressure in the combustion chamber in kg/cmg; P, is
the pressure at the nozzle cutoff in kg/bme; g is acceleration due to graviiy
in m/sec2: x is the adiabatic exponent.

The specific thrust of solid propellants is frequently called the specific
impulse, or the anit impulse of thrust - 1I1,.

The product of the value of the unit impulse multiplied by the weight of all
the propellant in the engines gives the value of the total impulse of the enginec

l=l1w=P1,

b

where - 1o engine thrust in kg; v is the service life of the engine (propellant
burning time) in sec; » 1s the propellant weight in kg.
Specific thrust (unit impulse) may be calculated if the calorific value of

the propellant Hu and its engine utilization factor 1 are known:

7
!

e e

Pa=1=931 ) Ny,

However, it 1s not alwsys possible on practice to directly determine 1its
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calorit'ic value and utilization factor since they depend on the precsure and
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temperature of propellant burning in the eungine chamber and lne combustion products
at the nozzle cutoff,

In cther words, they are varistle quantities and depend on the specific
conditions of propellant burning: thersfore, specific thrust (unit impulse) is the
most common energy charscteristic of rocket propellants. Thus, if the calorific
value of rocket propellsnts characterizes them as sources of chemical encrgy, the
cpeeific thrust (v-it impulse) makes it possible to evaluate propellants as source
of energy of rocket motion when they are used in sprclific engines,

In the formula for specific thrust, the pressure :n the engine Pg and the
pressure at the nozzle cutoff p, can be specified beforcnhand by the nozzle design
and are in no way connected with the propellant, The relationship po/pa is called

the expansion ratio.

If we assume that pressure Po and the expansion ratio in the engine will
remain constaat, the specific thrust will depend oniy on the composition of the
propellant, its cslorific velue, and the properties of the combustion products,
.., on T and k.

1t should be recalied that propellants can be ccmpared amoryy themselves with
respect to the mrgnitude of specific thrast (unit impulse) only in if the expanslion
ratio is the same. The greater the expansion ratio, the greater the specific
thrust (Fig. 18). The greater the specific thrust at a constant expunsion ratio,
the better the rocket propellant as a source of energy of rocket motion,

The relationshnip between the oxidizer and

Kkt thiat

W’ET}mmunmkec ] fuel elements in a propellant, independently of
40}

what their combinatlions are 1s defermined by

236 the excess oxidant ratio a.

220 For propellants that contain oxygen, hydrog: b,

210 carbon, and nitrogen atomc, the excess oxidsnt

Ky >Mp>X,

200 ratio is defined as the ratio of the number of

R U U U SR oxygen atoms in the propellants to the number
20 & 60 40 w00 120 »
1& necesssry for the combustion of hydrogen to watrr

and carbon to carbon dioxide.
Fig. 18. Deépendenc- of

specific thrust on expomast - When there is exactly the umount of oxygen
ratio tor design conditior .

of diacharge of comb ‘ in the propeliant necessary for complr te combustion
produacta,

ot the substanccs remsining in it, the mixture lo
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saild to be stoichiometric and o = 1., But inasmuch as ther < heavier _ ues in
the combustion proaucts (steam and carbon dioxide), it ! . anproritsl . Lo inor o soc .

With the increase of temperature, the gases that are formed begin to
dizsociate, and break up into simpler ones; therrfore, the components of olid
propellants are selected in such relationshlips so that the excess oxid .t ro-
is rot very large, but corresponds the maximum value of speclific thru. L.

An important condition that limits the value of o .lso are the tecnnologicsl
capabilities of menufacturing the propellants and their physical-mechanical
properties. For instance, nitrocellulose propellants which are prepared with
tne relationship of the entering substances corresponding to the optimum value of
o are not suitable for use with regard to their physical-mechanl: . | roperties.

Many hybrid vropellants which sre optimum with respect ‘o their energy characteristicr
cannot be prepared technologics«ily. 1In virtue of these reasons, solid propellants
as a rule have o = 0,58-0,70 for nitrcceil.lcse propellants and o - .,70-0,85

~pd ug te ©,40 for hybrid propellants.,

Table 10, Encrgy Characteristics of Solid Rocket Propellants

Prope llants
. . Nitrocellulose Hybrid
Characteristic Dimension H, HM-2, |M-8, M-I3 Polyurethanc
7.6 |JPN | AN [ ALT-161 | AP|L;ehout
aluminum
Burning tem-
perature at ;
pressure 40-70
k&/bme %k 2200-2300] 3100-3200 [1755| 2000 p80O| 2800-3000

Specific
*hrust (unit
impuis«) at

P

£ = 4o kg thrust
P, K¢ propellant/sec

208-210 | 225-230 | 4182 175 232 233-236

o

Py
(theoretical
valu~)

Caloritic
value keal/keg 850-880 | 1170-1200| — - - -

= 1 The same 220--224 240-245 | 200] 190 249 250-253

Table 10 gives the energy characteristics and thermodynamic properties of
certsin propellants,

It folliows from the data lr Table 10 that the specific thrust of solid rocie t
propellants vories In wide limits, but ls not very great in absolute vnlu-. In
order to be convinccd of this, it is sufficient to compare the encrgy charsct pictics

o' liquid ~nd solid propellants (Table 11),
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Toet le 11, Enerpy Caaracteristics of Liguid and Solid Propellants

Specitic [Burning Specit'le thrust at
Fropellant gravity, | tempersture, po/p& = 50/1,
¢ fem’ ok kg tirust
kg propellant/sec
Lijuid propellants )
Kerosere + 987 HNOz . . . . . . . . . .| 1.36 3000 235
Keroscne + nitrogen tetroxide (ueoq). doo4,38 3200 245
Kerosene + liquid oxygen . . . . . . .} 21,00 3650 l 280
93,57 ethyl alcohol + liquid oxygen . .| 0.99 3350 260
Dimethylhydrazine (CH3)2N2H2 + liquid
OXYIEIe o o o o o o o o« o o+ o o o « » « of 1,02 3400 290
Liquid hydrogen # liquid fluorine . . .| 0.75 o8B0 350
Applied solid rocket propellants, . . .[1.6-1.7 2600-3000 220-240
Prospective solid rocket propellants. .{1.7-1.8 3200-350G 2 5-250

One of the simplest ways of increasing the energy capabilitiec of hybrid
propellants is t¢ use metals JIn their compositicn in the form of powders (e.g.,
aluminum or magnesium). This method makes it possible to increase specific thrust
in some cases by 10-15 units. Table 12 gives the comparative energy characteristics
of vaclous hybrid propellants with various metals,

It follows from the given data that the most effective additive is aluminum
in a quantity of no more than 15-20%,

In addition to ralsing the energy characteristics of propellants, metals also
inerease thelir density (they are supposed to reduce the specific gravity to
appreximately 2 g/bmj). However, the manufacture of such propellants requircs
powders with a particle diameter of less than 20 microns (from 1 to 0.1).

This improves the combustion of metals, but the production of such powdera
+nd their preservation in au unoxidized state is s difficult task,

An egeential deficicncy of such proupelilants is ihe Fact that during their
Larning very high ten ~ratures are developed and a large quantity of solid products
qre relessed,

Another way of incroaaing the energy charocteristics of hybrid propellants
is to rind new oxidizers with a large reserve of free oxygen and r'ucl binders in
shich the ¢nrbon atoms woo: . ' replaced by atoms of metals (AL, Mg, B). At
presents such methods re onity bedng inveatiprsted abrond,

The rollowing ~cneilusions csn be made from the data gliven in Tables 10, 1,

and 12,
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Table 12. Energy Characteristics of Propellants Containiry Metals

~ 1]
\ g - . ‘
Propellant o | = ° x5
1 19 =v 32 QO 9 M SR oo
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= D -~ @ St edeed | O el 1 D] e~ Wt !
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Characteristic ZE 215811179 e ® | B AT B 2, 8 " t\i;
~ SR SN &8
Forprr bwstiwat brr prr et (oo
nn |~ W N~
WO oy .o RS z§§§ WIREL | ¢ v | e
NN OO |- M\ | N QM= - - K
= O] N |0 NT]WO N | e~ [0 N |~ oy
burning temperature in %k P20 |279C | 3002 | 3221 3290 53519 | 2915 2481
Content of solids in % - - 18,9 |57.85 [18.85 | 27.9 | 16.6 U
Specific thrust at po/pa =
kg thrust et e L
= o 2 [ ]] N7 o)
70/1 in KZ propeliant/ecc 224 236 |248.5 g, 252.6 254 | 243, 4 241

With regard to effectiveness and ».oine design features, iigquid ...pcllants
ati!l surpass solid propellants. Contemporary tiauid-propellant rockets have a
very improved design, the welght of which, as compared .. total gross, weight, is
insignificant, The welght of the liquid propellant placed in a rocket, with respect
to the weight of the entire rocket is a [LPRE] (}Pf), reaches 80% and more, The
relative propellant weight in contemporary solid-propellant rockets and solid-
propellant engines amounts to a total of 30-60%.

The larger specific thrust and better design characteristics of LFRE provide
the liquid nropellant with a greater effectiveness as compared to solid propellants,

The appllcation of light and durable materials for the manufacture of solid-
rropellant engfnes will make it possible to considerably improve their design
characteristics, which will also increase the effectiveness of the solid propellants,

The re are projects for rockets and engines (e.g., those designed in the United
States by Rocketdyne) which will make 1t possible to have a relative propellant
welrht ue wo 90-93%, However, this is still only a project and the only data
availstle are taken from advertisements,

[or-theless, solid propellants and solid-propellant rockels are more convenler
for operution. Solid-propellants rockets always are ready for lesunching and posscss
rrenter relisbility os compared to liquid-propellant rockets, HMoreover, they are
less expensive,

The ground eguipment for ligquid-propellant rockets is very complicated and
expensivc, For instance, from the total cost of an "Atlas" rocket comple: the

rocket itsclf compriscs only 25%; the remaining cost is taken up by the propellant,

FTD-MT-64H=504 -58-
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the monltoring and observing equipment, the wages of the maintenance personnel,
snd expenditures for the construction of the launch site,

The replacement of Liguid~prop: llant rockets by rockets with SPRE will save
the armed forces from nusing the complicated and bulky equipment which is necessary
when liguid rocket propellants are employed,

In sddition, liquid propellanis are poisonous substances which require special
precautionary measures dering handling,

A lorge advantage of solid-propellant rockets over liquid rockets also is
the1y high operaticnal reliability during launching.

According to American data, the reliability of liqulid-propellant rockets
docs not exceed 80-98%, whereas solid-propellant rocket engines ensure a
ro 1Lability of 99.96-99.99%.

The convenience in handling, safety and simplicity of storage, and high
‘liemical and physizal stability of solid propellants make it possible to employ
them in rockets of the most diverse assignment and almost under any conditions,
However, they do not compare very well with ligquid rocket propellants with respect
to cnergy characteristics.

Research on new materials for the manufacture of engines and the creation of
more modern charge designs and new ~hemicals for the manufacture of solld propcllonts
rill make it possible to create morc improved, reliasble, and lnexpensive rockeis
which will bc nearly as elfective as liquid-propellant rockets and will utilized

«xtensively for the solution of the most deverse problems,
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