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History of PropellCln t Development 

-
f.... c; 6465"( .~£ 

VJ ~~c '2..( "5 IQ 

Development of modern gun propellants Clnd the Golid Clnd liquid propcllZln t 

systems used in Gpace rockets and guided missiles owes much Lo the Gtir.-: ultw 

provided by two v,'orld \~arG, but the principle of propu15ion ho.o a much l onGer 

hi s tory. As early as tho 9th century Harcus Graec us in hi.G "Boole of Fir eG fo r 

Burning the E:nemy ll describes the "flying-fire ll of the Greek::; I Cl cor.lbuoti ble Io;i::ture 

of pitch, sulphur, charcoal and turpentine, ingredients which only r eq~ ir cd the 

a dciition of potassium nitrate as oxidiser - an improvement attributed t o the 

. Chinese - to produce the first solid propellant. The Chinese appeo. r to have u5ed 

such compositions to propel their . " fire arrows" at the battle of lZai- fun g- fu i n 

12.52, and s oon after\oJards the knowledge of this rudimentary form of blackpol'Juer 

s prea d to the Middle East and across Europe. 

In the middle of the 13th century Roger Bacon gave a deta i led descriptjon of 

t he manu f acture of blacY.powder, but the synonymouG term "gunpowder" coul u no t 

properly be applied to this product until early in the followine c e ntur y when t he 

monk Berthold Schwarz is said to have invented the gun and used blackpowde r t o 

propel stones frpm it. This is s. notable mil stono since' hither t o usa of t he 

mixture had been limited to pyrotechnic, incendia ry and demolition effects only. 

For a period of 500 years blackpowder served as primin~ composition , fUGC 

mixture and propc l~ Jnt cha rge - providing the complete explos ive train whicl leG ~v 

expulc ion of the projectile from the bnrrel of the gun after ienit ion by flint or 

torch ut the bore-hole. Technical ir:.provc r:· ~L> came in 1425 when Ijranula Lon 1-/;\::.> 

introduced, and in 1525 with the contro.!. (J .:.,r size by screening, and blC1cl~ po \"I( .. 

continued to be u seQ as an important explosivc -ol"ards the end of th e 19 th 

century. 

l'ropellant and explosives technology moved into the modern e r a in t he 19 th 

century with the discovery of nitrocellulose and nitro~lycerine. The fo rr;,e r "'a s 

first prepared by nitra ting papcr (Pc..Louze t 1838) t and Scho'nb ein a nd lX)ttger 

i ndependently discovered ita eXj ,losivc properties in 1846. Sobrero rr.acc nit r o -

.:-;lycerine in t he :. !r,C year, but thia extremely sensitive compound rer.Joinco li t tle 

~,lore than a chemical curiosity for 20 ·yeClre. The prOblem o f cx ceGsive h.:.t~Clrd 

\-Ias solved in , (Xi7 when' Nobel succeeded in de-aensi tising nitroGlyc er i.ne by 

adsorption on ki c;clguhr to protluce dyllamit'e. He alGo invented the me;' cury 

:fulminate blaatin t , cap, and aGsured the commercial success o f t his nC.J cA /)lo" i vc. 
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\':i th in a few yca.Trs hobel (1 875) diGcovered the advantaGes of eclatiniz:'nc n.ilro­

celluloGi by o.clmixturo wit h nitrocJ.yccriI1G. 'l'houo m1xtur~t, i<llo .... n ne b laotin~ 

gelo tin and gcJ.n tin dynam ite, are re l a tively safe to tranoport and h;..lndle compare(j 

with the individual ingredi ents. 

Developm ent of propellant compositions lagged behind the.sc advanc es in 

blD. 6ting explo:; i ve G, but in 1884 Vieille invented Poudre E, a Gr:1o!,:elcuG gun 

propellan t based on nitroc ellulose. This was macie by treatine nitrocellulose \vith 

ether- ethanol solvent to form a gel, which was kneaded and rolled into sheets , thc;n 

cut into squares and dried. Four years later, in 1888, Nobel introduced ballistite , 

th~ first double-base propellant powder. It consisted of soluble nitrocellu lose 

(12.6% nitrogen conten t) and nitrog~ycerine blended with the aid of a volatile 

solvent such aa benzene. Using insoluble nitrocellulose (that is, with nitrogen 

content greater than 12. ~~ )J nitroglycerine, petroleum jelly and acetone, Kellner 

and Abel, in 1889, manufactured the well-known British propellant-cordite. The 

colloidal mixture waS extruded through dies to form cords, then solv ent was removed 
.$ 

by evaporation. It turned out that petroleum jelly acted as a stabiliter in these 

early cordi tes t but i n the years preceding World 'Har I this was supers eded by 

aromatic amines ~cluding diphenylamine and N,N'-diethyl-N,N'-diph enyl urea 

(carbamite or eth~l centralite). Further improvements included the development 

of flashles6 propellants in the United States and -of low-erosion, ·diethyleneglycol 

dinitrate compositions in Germany and Italy. 

Gun design and manufacture also underwent significant advanc es durin~ the 19th 

century, and there were considerabl e improvements in the range and accuracy of 

conventional artillery. Indeed, although war rockets had become an important 

adjunct to guns, by 1900 they were completely eclipsed, and rocketry lay ~ormant 

until after World \{ar 1. However, the availability of more pO\'/erful propellants 

such aa cordite, and an improved understanding of the principles of rocket flight 

led to a revival of interest. Three men are associated with this work: the 

Amer'ican, R. Goddurd; the German, H. Oberth; and the Russian, JL~. iJiol1<o\"skL 

Horking independently, they analyzed the problem of rocket propulsion and recognized 

that the most efficient way of producing forward thrust is by continuous ne.lr\;lard 

ejection of a high velocity stream of gas . 

At the beginning of \'Iorld \~ar II there were military requirements for generating 

heavy fire powe:r without having to deploy a large number of guns, and r oc::cts 
-provided the solution. Developments included cordite-propell~nt antin 'I'uft 

rockets, anti-tank weapons such aa the American "Bazooka", and the HUbGiar oI ... t \tU5ha" 
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bombardment rocket. Pre-\O/ar work on liquid-propelled rockets culminated in the 

German V-2, and this Was the fore-runner of the large multi-stage rockets uDed to 

launch earth satollites and apaoo VQhicloo. 

Cla~ification of Propellants 

The function of a propellant is to produce expanding gases at a controlled 

rate so that they may be used to do mechanical work in a gun, rocket, engine atarter, 

or similar device. Explosives also produce expanding gases , but at a very high 

rate and the process is violent and destructive. A propellant which undergoes 

controlled burning is said to "deflagrate", whereas an explosive "detonates ". 

/ Propellants are conveniently divided into solid and liquid types with further 

sub-d1visiC?ns vhich depend on composition or application. 

Gunpowder ; 

I Cordite 

~ Solid 

~P.ll~compo8it. 
Hybrid 

Single base 

Double base 

Composite-modified 
double base 

propellant "" 

I Rubbery 

Plas tic 

" , Monopropellant 

/. ' 

Liquid 
propellant 

"'" Bipropellant 

Gun propellRnts maybe of three types. The single-base variety contain 

plasticisea nitrocellulose as the sole oxidiser; with nitroglycerine present as a 

second oxidiser the composit ion is termed double-base. A third type, known as 

triple-base, contains substantial amounts,of an organic compound such as nitro­

guanidine (picrita) added to moderate the ballistic characteristics of the 

propellant, and in particular to reduce muzzle flash. 

There are two main classes of solid rocket propellant termed double-base and 

composite. In double-base propellants the chemical system is mainly nitrocellulose 

gelatinised with nitroglycerine, and the ' oxidising componen t of the systcm, nar.1cly 

the organic nitrate group, i 6 chemically bound into the matrix. The othcr main 

type - composite propellant - uses as oxidiser a solid crY 0talline material such as 

ammonium perchlorate supported in a rubbe~binder or a thermoplastic polym er which 
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acts as fuel. A wide range of rub bery binders have found application irlc lurJing 

polJurethanes, polysulphides and polybutadienes, and aluminium is often added to 

increase the energy of the composition . When the binder is a polymerisable 

rubber or resin the propell clD t is made by a cast-and-cure procedure. However I 

in the UK composition kno\':n as plastic propellant the fuel component is simply a 

viscous liquid. for instance. polyisobutylene. Plastic propellant is a putty­

like material which can be extruded or compression moulded. but no chemical 

reactions are involved in the processing. 

Although it is convenien t to recognise these two broad groups of rocket 

propellants the distinction is not entirely rigid. Advanced double-basc propellants 

may c'ontain solid oxidising salts:" these compositions are called composite-modified 

double-base - and conversely, nitroglycerine and other organic nitrates may be 

used as energetic plasticisers in composite propellants . 

Liquid propellantG a r e used only in r ocket applications although atter.lpts 

have been made to devise liquid propulsion systems for guns. Their classification 

is generally into two types, namely monopropellants and bipropellants. The 

former, exemplified by hy crazine, hydrogen peroxide and isopropyl nitrate, consist 

of single compo~ds or stable mixtures of oxidising-reducing agents containing 

all the elements,necessary for complete combustion, whereas in a bipropellant 

system oxidieer and fuel are stored in separate tanks until they undergo reaction 

in the,combustion chamber of the rocket. Monopropellanta are often used as gas 

generators to 'provide auxiliary power in missiles and to drive t urbines to pump 
B~p h:pel/ al1ts 

oxidiser and fuel components of bipropellant combinations. It b:r ~he la~te'l" 'IA1.QR 

. are most widely used to propel large, r.1UltistJ.ge rockets f or satellit e launching 

and space exploration. More energetic compounds can be used than is possible 

with the relatively low energy monopropellants, e~d the use of liquid oxidiscrs and 

fuels enables the rocket motor designer to control thrust by throttling or, if 

necessary, by extinquishment and re-ignition. Thrust control is particularly 

important for launching manned or highly instrumented space vehicl'es to avoid 

exposing the payload to a high gravity environment. Solid propellants are generall; 

fnvour 0j for military purposes in view of their relative sa fety and simplicity , 

although their performance is inferior to that of liquid systems. Furthermore 

there are obvious tactical and strategic advantages to be gained from the immediate 

r eadiness of weapons based on solids. 

Fuels for liquid bipropellan t combinations are generally compounds vii th 

carbon-hydrocen bonds (e.g. keroGtne anu ethyl alcohol) or nitroGcn-hycroDcn bonds 

(e.g. aniline, ammonia, hydrazine anc: nyuro.zino derivat i ves). Com~on oxidicers 
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include nitric acid, dinitroc;en tetroxide I and liquid oxyg en i the b ut cor;lp ound is 

an example of a cryogenic oxidiseI' since it must be stored under refr i geration. 

One ot tho ma~t oftorsct10 oxidioor., liquid !luor1nQ, 1~ uBed only tor cxp~rim ont~l 

purposes in view of its extreme reactivity. The liquid ignites spontaneous ly on 

contact with fuels, and such liquids are described £16 hypergolic. 

In recent years there has been much interest in exploring the feasibility of 

a hybrid propulsion system in which a liquid fuel is used·in conjunction with a 

solid oxidiser, or vice versa. This approach extends the range of compounds und 

compositions available to engine designers, but its practical implementation is 

~ complicated by additional engineering and combustion problems. 

Performance of Propellants 

During ·combustion the chemical enetgy of -a propellant is converted into 

thermal and kinetic enereY, and the efficiency of this process determines propellant 

.f" .. <t<\..,.a~ 
performance. T\O/o j:,,\ld j opa~ lawG, s till generally applicable to the combustion 

of propellant charges, were established from burning stUdies on gunpowder. In the 

early days it waS found that the ballistic regularity or reliability of gunpowder 

was improved by ~areful control of the size and geometrical form of pellets which 

han been well co~pres8ed so that they were not porous to the penetration of hot 

gases. Such p~netration caused a progressive increase in the rate of burning 

with consequent loss of €ontrol. This observation led to Piobert's law of 

burning by parallel layers (1839): if a propellant is prevented from burning on 

. all but one plane surface that surface will regress regularly, as it were layer 

by layer. The law leads to the following expression fo r the mass rate of 

burning: 

m = pSr 

where m = 
p = 
S = 

mass rate of burning of propellant 

propellan t de-nsi ty 

area of burning surface 

> r = linear rate of surface regression 
f 

The second fundamental law, due to de Saint Robert (1862) connects the linear 

rate of burning, r, with the ambient pressure, p: 

9) 
I' ::: ap 

where "a" is a constant . As a result of his \.,.ork on the burning of single-haGe 

colloidal propellantc, Vi eille (1893) generalised this equation in the form: 

r = alP or logr = loga + nlogp 
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where 'a' is known as the "burning rate coefficient" l1nd 'n' il:.J the "pressure 

index" of the propellant. The parameters 'r' and 'p' are measurable, and a 

logr/logp plot will have a slope 'n' and an intercept (log a) characteristic of 

the propellant. ThUG the important characteristics ' a ' and 'n' may be determined 

experirr. entally, and it is ilr.portant to note that as 'n' approacheG unity there \-lill 

be an increasing tendency for combustion to proceed explosivelYi this is 

particularly unde s irable in propellants for rocket motors. 

The burning rate of a propellant depends upon its deGree of confinement. 

f ' 2 ' ... 2 (4 -2 ) 
Guns operate at pressures 0 up to 5 tons ~n 00 ~lN m I whereas rocket 

chamber pressures may be as 10\01 as 300 lbs in -2 (2 NN m -2) • Corresponding burning 

1 ' 
rates range from 100 to 1 mm.a- ,'and total burning time is determined by the size 

and geometrical shape of the grain, by 1nhibiting or moderating exposed propellant 

surfaces, or by introducing porosity. Catalysts are often incorporated to 

enhance the burning rate of rocket propellants, and certain lead compounds are 

particularly useful as ingredients of double-base compositions to give burning 

rates which are substantially unaffected by changes in operating pressure. Such 

propellants are described as "platonised". 

t 
One of the variabl.es used to control the burning rate of propellants i s grain 

geometry or charge shape . In cord or stick form the exposed s urface decreases as 

burning proceeds and the rate of gas evolution falls off. This is called 

'regressive' burning. A tube shape gives almost "neutral" burning because the 

total surface area remains constant apart from slightly irregular anci slower 

burning on the inner surface, but multi-tubular propellant burns "progressively". 

The latter typically has seven tubular holes, and is employed in 'grains' having a 

length about two-and-a-half times their external diameter. Strip or ribbon form 

is also employed - this is slightly regressive - and there is a "quick" form in 

the shape of square flakes. Progressive burnin~ is favoured for gun propellants 

so that a pressure-time curve is obtained which 'peaks ' near the gun breech and 

then decreases as the projectile travels down the barrel and the gases expand. 

Regressive burning geometries are usually used in small arms ammunition, but rocket 

propulsion requires a uniform rate of gas evolution and neutral burning grains are 

customary. 

The initial temperature of a propellant charge also has a signifi cant effect 

on its rato of burning. Decrease in initial temperature causcs ,a marked decrease 

in burning rate and in the maximum pressure obtained. The effect on performance 

is much more pronounced in rocket propellants because these function at relatively 

low, esoentially constant pressures. A typical value for the t ..:."mperature 

, 0 ')<.i'. °C- 1• 
coefficient nf burning rate at constant pressure 16 .L~ • 
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Vieilles equation deals with the burning character istics of the propellant; 

the other 1mPQrtant variagle ~s ~tG ener~ QQntent. It is P999ih~e te 

calculate this using readily available thermoch emical data and making various 

sUlplifying assumptions about the combustion process, but a more practical , 
appr oach is to determine the propellants 'calorimetric value'. -- This is defined 

as the heat evolved when the propellant .is burnt in a sealed pressure vessel 

(a bomb calorimeter) \ .. ithout added oxygen. The tern: should not be confused with 

the expression 'calorific value' used to characterise fuels such as coal, burnt in 

oxygen . Calorimetric values range from a few hundred calories per gramme for 

"cool" propellants used in power cartridges to over 2CXX> (9.0 HJ kg-1) for high­

energy rocket compositions. Gun propellants generally fall in the range 800 to 

-1 
1200 cal.&.. • -
Assessment of Gun Propellants 

Ballistic properties of gun propellants are usually assessed by experimental 

firings in a "closed vessel". This ia of very robust construction with a working 

volume ot 700 cc and a working ma.x.1mum pressure ot 18 ton in -2 (288 MN ID -2). 

The vossIl i8 n,tted rlth tiring eleotrodes, a valve tor thl reI ae ot preeeure I 

and a tourmaline crystal pieza-electric pressure gauge. A water jacket is fitted 
. . 

to control the initial temperature ot the vesse~ and its contents - usually a 

standard charge of 140 g. of propellant. On firing, the signal from the pressure 

gauge is recorded as a plot of dp/dt against p, whence p can be obtained. 
max. 

Combustion in a closed vessel is a reasonable approximation to the high 

pressure system in which a gun propellant functions, and such tests are used with 

experimental compositions and to assist with proof tests of gun propellants. To 

compare two lots of a similar propellant the relative values of p are taken as max, 

· the relative "force", and the relative values of (dp/dt)/p give the relative 
max. 

"vivaci ty". In this way it is possible to compare experimental with standard 

propellants and to judge the effectiveness of blending in a propellant lot, thus 

saving the expense of extensive gun firings. 

Thus the major techniques available for evaluation and quality control of gun 

propellants are the bomb calorimeter (to measure calorimetric value) and the closed 

vessel (to obtain relative force and vivacit). In addition the composition of 

the prope e carefully checked, since this determines ballistic 

reproducibility, and the density, shape and dimensions of propellant grains are 

measured. 

Stability and sensitivity tests are performed during th~ development stages 

of propellant formulation, and to a large extent these resemble the tests applied 
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to explosi Yes. Various accelerated ageing tests are used t in conjunc tion .... ith 

chemical tests and long-term storaee trials, to assess chemical stability. Of 

particular importance is the Abel heat test, in .... hich the propellant is heated at 

160 or 180°7 until ·the liberated oxidee of nitrogen produoe a standard tint on A 

starch-potass ium iodide paper. Stabiliser consumption trials at elevated 

temperatures (about 65°C) are also important for predicting safe-life under normal · 

storage conditions. For propellants stabilised with carbamite this is taken to be 

the length of time required for the stabiliser content to fall to 5~ of its 

original level. 

Assessment of Rocket Propellants 

Although the colloidal propellants which are used in both rockets alld guns may 

be essentially similar in composition, the conditions under which combustion occurs 

are quite different. The combustion chamber of & rocket is not a high pressure 

chamber and operating pressures are usually restricted to the range 500 to 2000 

Iba in-2 (3 .5 - 14 MN m-2). On ignition the pressure in the rocket chamber rises 

after 0.005 to 0.05 sec. to a maximum value determined by the burning rate of the 

propellant and the diameter of the nozzle orifice. Th. charge then burns at a 

steady rate for a total burning time which may be a traction of a second or several 

minutes. 

In liquid-propelled rockets the question 01 control ot burning rate and 

operating pressure depends .to a large extent on engineering design. However, with 

solid · propellants the control is achieved by changes in the propellant composi tion, 

burning surface area, and ratio of nozzle area to burning surface area. Aa with 

gun. propellants, the shape and size of the charge or rocket propellant grain is an 

. (~~~) 

important design parameter for solid systemet The grains, \llhich are very much 

larger than those used in gun propellants, are usually cylindrical with one or more 

internal conduits designed so that the area of exposed propellant remains constant 

as burning progresses. Common designs for the axial conduit include a six-pointed 

star, a clover leaf, and a cylindrical hole with three radial slots. For some 

applications a solid cylinder of propellant is employed, and this is known as an 

"end-burning" grain. Burning on the outer surface of the cylinder is inhibited 

by bonding the propellant to the motor case. Thie is relatively stra:1.ghtforward 

for composite propellants, but colloidal· propellants are usually protected .... ith 

a suitable inhibitor. 

Several methods are available for measuring the burning rate of solid rocket 

propellants. In the "strand burner" thin cords of propellant, inhibited on their 

long surface by dipping in a lacquer, are burnt in a pressurised vessel to obtain 

the linear rate of burning. There is also the "interrupted. burning" technique 

Q . -
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~hich depends upon combustion of a cylinder of propellant under preG~ure for a 

given tim~, after ~hich i t is extinguished by suddenly releasing the preoGurej the 

length consumed is then measured. Finally, the required rates may bo determined 

by firing small experimental rocket motors, a technique used primarily for the 

direct measurement of propellant thrust. 

-1 
Generally double-base propellants burn at rates between 0.3 and 1 in.a 

-1) -2 (6 8 -2 
(8 - 25 mm.s at 1000 Ib in • 95 MN m ), and the range may be extended at 

- 1 ( -1) 
the lower end, to 0.1 in.s 2.5 mm.s ,with compopite propellants con.taining 

ammoniumperchlorate • Formulation variables ~hich affect the burning rate include 

. variation in the ratio of fuel to oxidiacr, variatiop in the particle size ?f the 

oxidiser (in the case of composite propellants ), and addition of catalysta~ 
" 

Mention has already been made of the special use of lead salts in colloida~ 
1'-" s 

propellants to achieve a "plateau" i n the 19r/logp curve such t hat burni~~;rate is 

independent of pressure over a range of several hundred Ibs in-2 • 

The performance of a rocket propellant i6 usually described in terms of 

"specific impulse" or I • This is the product of the thrust and time of burning 
sp fa, -1 -1 

divided by the total propellant mass burnt, that is Ibfs.~ (N.s.kg). When 

lsp data are qUOted they should be accompanied by rocket chamber pressure ~~d 

external pressure since both have an effect on specific impulse. Standard~.Isp is 
• o 

obtained under the folloving operating conditions: propellant initially a\ 20 C 

is burnt at a combustion chamber pressure of 1000 Ib in-2 (6.895 MN m~2 ) absolute 

and expanded to one standard atmosphere 14.7 Ib in-2 (0 .101 MN m-2) absolute 

with parallel flov into an atmosphere of the same pressure. 

I 

The specific impulse of rocket propellants (and the force of gun propellants ) 

can be calculated from basic thermodynamic data provided certain properties are 

known, as for example the energy evolved, the volume of gas produced, and its 

flam& temperature and heat capacity. A knowledge of the calorific value gives 

some indication of the burning rate and flame temperature of the propellant • 

where 

Specific impulse i8 calculated from the following equation: 

I _ Lr 2YR To [1 _ i ppa
o
.)· Y~1l_~ 

sp - (y -1 )w \. J I 

y c 
specific heat of gas at constant pressure 

specific heat of gaB at constant volume 

- q -



B = universal gaa constant 

~i ;;: a~agRA~iQn tefflpe~a~~~e ;in ~i\{S e @m\H.un 10n @tmfflfl@f 
0 

W = mean molecular weight of gas 

Pa = external (atmospheric) pressure 

Po = stagnation pressure 

This sho~s that for a high specific impulse, the chamber temperature must be 

. . high, the molecular weight of the exhaust gases must be low, and p should be 
a 

zero, that is the rocket motor should work into a vacuum. 

Flame temperature is given by the ~quation: 

T = 25000 K + 
E2500 

0 C 
v 

where E,ifOO ::; energy released at o ( -1) 2500 K g.ca1.g 

Cv = mean specific heat of gas at constant volume in the range 

o 
2.000 - 3,000 K 

; 
Tables have been 

giving E2500 arid Cv. 

composition by adding 

prepared for the many possible constituents of propellants 

Hence E25QO and ~v may be calculated for any given 

E2500 
Cv 

is the 

the contributions of the separate constituents. That is: 

= EXa E2500a 
= Ex Cv 
weigh~ fr~ction of ingredient a. 

The tables also give individual values for n, the number of moles of gos 

formed per gram of ingredient. Those data may be added in a similar manner to 

derive the value of n for the propellant, and this in turn may be used to 

calculate y from the expression: 

y = 1 + 
nR 
Cv 

Measured specific impulse of rocket propellants is usually 90 to 95 per cent 

of the calculated value. 

50 
-1 

2 lb f s.lb (2'+50 N . s 

Operational propellants exhibit I values from 
-1 ' sp -1 -1 

kg ) for solids, and up to 400 lbf s.lb <3920 N 6 kg 

for cryogenic liquids, with storable liquids in the range 270 to 290 Ibf 

(2650 - 2850 N s kg-1). Flame temperatures may be as low as 10000 K for 

-1 
6.lb . 

liquid 

monopropellants, but more energetic compositions have flame temperatures in the 

region of 3500oK. 
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Thus assessment of rocket_ propellant s is seen to depend on the application of 

computational techniques in conjunction with experimental methods such as the strand 

burner (eo moaeure burning rate) and Btatic prool-testing of small rocket motors 

(to assess thrust). Several motor sizes are made and fired in the approach to the 

final motor, and s ome are subjected to flight-proof firings to tes t possible 

solutions to design problems affecting propellant charge or hardware . 

De velopment studies also involve extensive s t ability and compat ibility trials 

t o est ablish the storage characteristics of the motor, and appropriate hazard 

appraisal tests are done to asseSs its safety. This is particularly important for 

military applications where extremes of climate may be encountered and rough 

handling, vibration or electrostatic hazards may arise. Mechanical property 

assessment is_also an important feature ~f solid rocket propellant development, and 

this is done over a range of temperatures and under various conditions to ensure 

that no unacceptable physical changes are likely to occur during storage. 

Combustion Processes 

Controlled burning of gun and rocket propellants is critically dependent upon 

maintaining operating pressures (of t he order of 1000 lb in-2 for rockets and 

60.000 lb in-2 for guns) which are relatively ' low compared with the several million 
, -2 

lb in associat ep with detona t i on pressures. ~ether nitroglyc erine - nitrocellu-

lose compositions are used as propellants (cordite ) or high explosives (gelignite) 

the energy which is released results from the same kind of chemical reactions, but 

the rate at which the energy is made available is quite di fferent. It is this 

c~ which distinguishes deflngration from detonation. 

The chemical and physical processes which occur during combustion of a solid 

propellant are very complex but research has led to a quali,tative understanding of 

the mechanisms involved and helped to explain many experimental observations. 

A great deal of work has been done on nitroglycerine-nitrocellulose systems since 

these compounds are the bas ic ingredients of all gun propel lants and many rocket 

propellants. 

The initial stages of colloidal propellant combustion involve thermal 

decomposition of the organic nitrates to form nitrogen dioxide and low molecular 

weight organic compounds including alcohols and aldehydes. With an increase in 

temperature exothermic, oxidation-reduction reactions occur between nitrogen 

dioxide and organic substances to yield nitric oxide , carbon monoxide, carbon 

dioxide and water. The final phase of this oxidation leads to a burnt gas 

containing nitrogen, carbon monoxide, carbon dioxide, water and hydrogen i n 

proportions determined by the operational temperature and pres9Ure of the syst em. 

- 11 -
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A model which illustrates the phyoical situation at the surface of burning 

propellant is sho\m in Figure3, • 

.3 
Insert Figure j Model illustrating combustion process in a 

double-base propellant 

1ne temperature profile in Figure 1 gives an indication of the contribution 

of each reaction zone to the release of energy which results in a final flame 
o temperature of about 3000 K. Propellant juet below (~. 0.1 mm) the solid 

surface is at ambient temperature due to its low thermal conductivity, but 

molecular decomposition in the "foam" reaction zone increases the temperature to 

6 0 0 
IV 00 K. This increases markedly in the "fizz" zone, to 1500 K, where about half 

the total heat evolved by the propellant is liberated. Reaction is completed in 

the "explosion" zone and the flame equil'ibriwn conditions are established. 

The explosion zone is an important feature of the model. This zone moves 

towards the propellant surface with the same speed (the flame velocity) as the 

gases move away from it, and the distance between the explosion zone and the 

propellant surface remains conatant. Displacement of the explosion zone towards 

the lureao. inor &101 tho salifioation rAt., booau8e mort hG&t i oonduotod towardi 
t 

the propellant, and the consequent change in flow velocity forces the explos ion 

zone away from the propellant surface. 

This model explains the predominant influence of pressure on the burning 

rate. Increase in pressure decreases the thickness of the flame and fizz zones 

and the di6tance between these zones and the propellant surface. Heat transfer 

to the propellant surface increases as does the rate of the oxidation reactions in 

the gas phase. Higher initial temperatures also favour higher reaction rates 

(Figure~!) • 
4-

1neert Figure $ 

S 
Insert Figure J 

Relation of burning rate to pressure and temperature 

for typical propellants 

Relation of burning rate and flame temperature 

to calorimetric value 

The effect of composition on burning rate is less straightforward. Clearly, 

burning rate would be expected to increase with calorimetric value (Fi~lre 3), 
and any factor which influences heat transfer between the gaseous phase to solid 

propellant will affect burning. It is this kind 'of mechanism which may explain 
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the function of lead salts in double-ba6e propellants in producing a Irplateau lr 

(burning rate independent of pressure) or a IIm ~t.a " (burning rate decreases .. ith 

'prQGGUrct) • 

Combustion of composite propellants .. hich consist of a heterogeneous mixture 

of inorganic oxidiser and organic binder is considerably more complicated. 

Energy release d~ds ultimately upon the overall reaction between oxid iser and 

fuel, but many intermediate steps are involved and the thermal stability of the 

oxidiser is an important factor. Decrease in oxidiser particle size or the 

presence of catalysts such as copper chromite enhance the burning rate of 

composite propellants. and they respond in the same manner as colloidal propellants 

to changes in temperature and pressure. 

Properties of Propellants Affecting Their Applications 

Gun Propellants 

Large quantities of small grains of propellant are required to produc e the 

high mass rate of burning necessary for gun applications. The compositions 

should be capable of rapid and easy manufacture and the processes should be safe. 

Safety considerations also extend to the product itself: it s hould be insensitive 

to impact, friction and electrostatic spark. and possess reasonable chemical 

, stability. These factors are particularly important in handling. transportation 

and storage. Unfortunately nitrocellulose powders and cordites are adversely 

affected by heat and sunlight which promote chemical, and consequently, physical 

degradation. The chemical changes are accelerated by moisture and since cordites 

tend to be somewhat hygroBcopic, they should be adequately sealed. At low 

extremes of temperature propellants may become embrittled with adverse effects on 

gun ballistics; exudation of nitroglycerine on to the surface of the grain may 

result in "sweating" or "weeping". 

With regard to functioning, it is desirable that gun propellants s hould 

be ignited readily by the gunpowder priming compositions which are in general use • 

and that combustion should be regular, with the time to "all-burnt" readily 

controllable. Combustion products should ideally be free from t oxic fumes, 

although most propellants produce carbon monoxide, and there should be no solid 

residues which increase gun barrel erosion. The ideal gun propellant would be 

smokeless and flashless; unfortunately most flash-reducing substances tend to 

increase the smoke. 

Solid Rocket Propellants 

The large solid propellant grain used to propel a rocket is usually developed 

for a specific application, and the propellant composition a~d geometry are 
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"tailored" to meet certain performance requirements. 
. . A high releaGe of energy 

on ignition is often the most obvious requirement and the greater the amount of 

oh~m1a~1 on@r~ ~v~1~~l., th~ h1ghtr ~1ll co th~ oomguat1~n tom~~rQturg QfiQ 

specific impulse. 

molecular weight. 

Performance is maximised by producing exhaust gases of low mean 

When the propellant undergoes combustion it should burn at an appropriate 

rate at the chosen operating pressure, and if possible without being affected by 

. temperature. High flame temperatures are desirable, provided they can be 

tolerated by the hardware. Ease of i gnition, relatively low thermal conductivity, 

and high specific heat all contribute to improved functioning by controlling heat 

transfer to the grain. In some military applications absence of smoke and flame 

from the exhaust is desirable, and for guided weapons there should be minimal 

interference with micro"'/ave signals by the exhaust plume. 

Physical proper t ies of solid propellants intended for rocket applications are 

of critical importance. Structural f a ilure of the propellant in a rocket motor 

will caus e serious ballistic malfunction and may even lead to burn-through or 

pressure burst i ng of the rocket motor case. The charge must be sufficiently 

strong (or rubberrlike) to .withstand changes in temperature due to climatic 

variations durin~ storage, and to tolerate forces arising from ignition and, 

pressurisation, and acceleration in flight. Clearly, rocket grains must be free 

of cracks and voids which might encourage anomalous burning, and the composition 

should be chemically stable. Polymers chosen as binders for composite propellants 

( should have good low temperature properties, maintaining their rubbery state during 
I 

low-~eO]perature storage and showing no tendency to "crystallise" with consequent 

decrease in elongation. 

High density is advantageous in rocket changes because it permits a smaller 

(and lighter) case to be used for the same weight of propellant. For the same 

reason, that is to save hardware weight, the charge must occupy as much as possible 

of the motor volume.· Case-bonded charges were developed to meet this requirement, 

but this approach is successful only if the cs se-bonded propellant is capable of 

withstanding the forces arising from the difference in the coefficients of 

expansion of propellant and motor caGe. . If the bond between the propellant and 

case fails or if the propellant cracks, fresh burning surfaces will be exposed and 

a pressure burst may occur. Often the motor Case is fitted with a rubber-based . 

"liner" and the propellant should bond well to this. 

. In the early stages of composite propellant manufacture the in~redients -

oxidiser, pre-polymcr, curing agent and other constituents - should give a 
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"processable" mix, that is to sa;j the viscosity of the mixture before cure should 

be sufficiently low, and its "pot-life" sufficiently long, to ensure that the 

composition may b. thoro~ihly mix.a AnQ OAat into the motor whilst ~till in Q liquid 

state. Reproducibility of propellant properties is assisted if the composition is 

relatively insensitive to trace impurities or to changes in the supply of raW 

materials. 

Rocket propellants share the same safety requirements as gun propellants with 

regard to impact , friction and elec tric spark, but there is an additional feature, 

namely the riok of s elf-heating associated with large masses of propellants. 

Compositions with high autoignition temperatures are safer in this respect, and 

the incorporation of "stabilisers" into colloidal propellants reduces the likelihood 

of autocatalytic, exothermic deoomposition in these nitrate-ester based mixtures. 

Liquid Propellants 

In liquid bipropellant systems it is generally desirable to achieve ignition 

with minimal time-lag after mixing. Hypergolic systems ignite spontaneously in 

less than 50 mse~, but the components of such systems are often highly reactive 

chemicals which present severe handling and storage problems. Stability and 

compatibility trials must be done to select the best materials for construction of 

tanks, pipes and ~ther structural items, and provision must be made for venting 

decomposition gas'formed during storage. Another factor to be consider ed is the 

toxicity of the fuel, oxidiser or exhaust products; personnel may require 

protective equipment if toxic hazards cannot be avoided. Explosive hazard 

appraisal is a lso important, and appropriate drop-weight and card-gap tests are in 

use for t his purpose •. 

Physical properties such as viscosity, freezing point and melting point all 

need to be taken into account in selecting liquidS for propellant applications. 

Clearly, low boiling-point liquids require pressurisation and relatively heavy­

weight tanks. Such weight penalties are minimised by choosing high density liquids ' 

whenever possible thus reducing the size of storage containers. 

For most practical purposes one of the moat significant factors which . 

determines the selection of both solid and liquid rocket propellants is that of 

cost. Plant-scale manufacture of general-purpose propellants or large rock et 

motors demands that the ingredients should be readily available and relatively cheap. 

In practice, compounds which are difficult or expensive to make are rarely used 

unless they offer sienificant improvements in performance without prejudicing 

stability or safety. 
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Solid Propellants 

The term colloidal propellant is usually applied to compositions based on 

gelatinised nitrocellulose. Ul single-base types, or nitrocellulose powders the 

nitrocellulose is gelatinised with volatile solvents such as ether and alcohol. 

Gelatinisation of double-base compositions (containing nitroglycerine) or cordites 

may also be achieved by the action of solvents - acetone or ether-alcohol - or by 

the action of heat in the presence of a gelatiniser, for instance , carbamite. 

It is a characteristic property of all colloidal propellants that the nitrate 

ester constituents, particularly nitroglycerine, undergo slow, but autocatalytic 

decomposition even at ambient temperatur~s. The decomposition products - nitrogen 

dioxide, nitrous and nitric acids - are absorbed by incorporating stabilising 
-. 

compounds, typically aromatic amines such as carbamite, diphenylamine and 2-nitro-

J diphenylamine, in the formulation, but the rate at which the stabilisng compound 

is consumed s ets an effective shelf-life on the propellant charge. This is 

usually predicted on the basis of accelerated ageing tests in which the rate of 

at biliser cons~tion is monitored by periodic analysis employing chromatographic 

and spectrophotometriC techniques. 
"' I 

~ 
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Single-base Propellants -
Invention of the first smokeless powder is credited to Captain Schultze of the 

Prua~iAn Artillory in 1864 and hiG procoDo lod to tho !C powdorD produc~d by tho 

Explosives Company in England in 1882. The advantages of completely eelatinising 

nitrocellulose were first appreciated by Vieille (1884), and his Poudre B Was quickly 

adopted by the French army for rifle ammunition. Following work by Honroe (1891) and 

Berdanou (1897), NCT powder , containing 0.5% diphenylamine as stabiliser, was 

introduced into t he American Service during World War 1. 'l'he propellant, gelatinised 

with ether-alcohol, was extruded as cord then chopped and dried. It Was smokeless 

but , the grains contained residual solvent, were hygroscopic and gave considerable 

muzzle flash. Developments in the US after the war included addition of dibutyl­

phthalate and dinitrotoluene to reduce hygroscopicity (NH- or "non-hygroscopic" 

powders) and of potassium sulphate to red~ce muzzle flash (FNH/P-or Jlflashless , non­

hygroscopic" powders). These powders were used extensively in World War II, 

although it was still necessary to add a supplementary charge of potassium sulphate 

t,o reduce muzzle flash in big guns. The compositions have to be made in granular 

form because they are too brittle to use as cords; however this is often advantageous 

for filling certain cartridge cases. It is necessary to ensure that the powders are 

well sealed; this:reduces evaporation of ~olvent trapped in the grains from the 
( , 

manufacturing process and helps to maintain regularity of ballistics. 

Single-base powders are less powerful than cordites and burn with a cooler, less 

erosive flame. Surface moderants such as methyl centralite (dimethyl diphenyl urea) 

and dibutylphthalate may be introduced to encourage progressive burning - as in the 

Nobel's Rifle Neonites (NRN) made by }les6rs ICI Ltd - and these are particularly 

useful in ammunition for machine guns where long barrel life and m~intained accuracy 

ar~ essential. Tin (metallic)orjas an organic compound) may be incorporated to 

reduce fouling of ,the gun barrel, and grains are usually graphited to make them free­

flo\lii.ng (for filling) t and to reduce "static" hazard. 

More energetic composi'tions knoW}) as Nobel's Nitro-Neonite (NNN) contain up t9 

8% nitroglycerine,with carbamite as stabiliser in place of diphenylamine. Faster 

burning powders are obtained by making the grains porous. This is done by 

incorporating potassium nitrate in the nitrocellulose "dough" then leaching out the 

salt by soaking or "steeping" the grains in "'arm water. Alternatively, fast-burning, 

fibrous powders suitable for shot-guns and small-arms may be made by gelatinising . 

only the surface of the grain. 

Single-base powders are manufactured by mixing alcohol-wet nitrocellulose and 

other ingredients with ether-alcohol solvent in an incorporator. The resulting 

stiff dough, which vari es in colour from yellow to brown, is block-pressed <3,000 

l.b in-2 21 ").1 2) d 
) I' U' m-/to remove air, then the blocks are placed in prees cylinder6 an 
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extruded through water-cooled dies at 2,000 ... 4,500 lb in-2 (14 - 31 lI.N m- 2) t o 

form 601id~ or perforated ~ord of the required diameter. After chopping the 
strands to grain length, the propellant i8 dried in warm air , f inal tra caB Qt 

solvent being removed by steeping in warm wat er followed by further hot air drying . 

A method of manufacture known as the Ball Powder process was developed by 

the Western Cartridge Compa~ during ¥/orld Wa.r II. Gun-cot ton (13.1% ni t roe;en) is 

gelatinise d with a wat er-immiscible solvent, then the resulting lacquer is added 

to water in a stirred pan. When the mixture is warmed to evaporate solvent the 

globules of lacquer harden and form spheres of nitrocellulose. Gum arabic is 

added to the water t o improve the shape of the spheres~t •• '.eeellalose. 6an! , 
era b j"g iLl) a.sea 53 ~fte .. atel to itilplo,e the ehapt of the IJpile •• er (0 .2.5 to 1 mm 

diameter ) , and occlusion of water is minimised by adding sodium s ulphate. 

Nitroglycerine may be incorporated into ball powder at the lacquer stage or 

subsequently by agitating the "base grain" with nitroglycerine in water a t 60°C. 

Moderants such as dibutylphthalate, carbamite or dinitrotoluene may also be applied 

to the surface of the base grain to modify its ballistic properties. 

Table I 

Single-base Propetlant Compositions 

I -
COmposition CaL 

Name % N Ignition Tempera ture I Val. 
~ Ne I Stabiliser in NC Temperature of Explosion I (water - ·K J liquid) 

t 
etc. Co. i 

I I 

NCT 
I 

0.5 Diphenylamine 12. 6 178~ 3014' : 865 99.5 I 
I 

2681 
i 

770 NB 86 1 Dipheny lamine 13 .15' 170 ! 

3 Dibutylphthalate i 
10 Dinitrotoluene 

FNB 84 1 Diphenyla.mine 13.15 16.5 2.511 750 
.5 Dibutylphthalate 

10 Dinitrotoluene 

FNH/P 83 1 Diphenylamine 13.1.5 
5 . Dibutylphthalate 

10 Dinitrotoluene 
1 Potassium sulphate 
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Combustible Cartridge Cases 

In recent years there hrts bean an ~nterest ~ making cartridge cases which burn 

completely before the projectile leaves the muzzle of the gun. Such casea would be 

lighter and cheaper than conventional bruss cases, and ~here would be no empt y case 

disposal problem. Success has been achieved using a resin-impregnated nitrocellulose 

kraft paper mixture (2:1), and large cases may be made by a [elting and forming 

technique. These' ·ca.sos have not yot found wide application because there are usage 

problems connected with maintaining an adequate pressure seal in the breech of the 

gun. However, they have to some extent replaced "bag ll charges for firing "separatedll 

ammuni tion. 

Double-base Propellants 

Early double-base colloidal propell~tst for example Mk I cordite were made by 

mixing dry gun-cotton (13% nitrogen) with nitroglycerine using acetone as gelatinising 

solvent, with a small proportion of mineral jelly. The latter was added in the 
ci;e.. ,.,.. ... ~ 

belief that it would lubricate the ~ of the ~t although it was s oon found that 

its chief benefit was to function as a stabiliser, absorbing tho acidic decomposition 

products of the organic nitrateso British y~ I cordite was replaced by cordite MD 

(modified) (Table II) when it was realized that the high nitroglycerine content 

(,58%) of the form 'r caused 'hot', erosive burning, then. in 1935. Cordite W was 

introduced to tako advantage of the stabilising an~ gelatinising properties of 

carbamite. Use of mineral jelly was discontinued. 

Another significant development between the two World Wars was the discovery 

that nitroguanidine or ' picrite' markedly reduced muzzle flash, provided a. sufficient 

amount (...,~) was present in the composition. Such propellants (N and NQ) have a 

low calorific value (~800 cal g.-1 ), and give combustion gases with a hieh nitrogen 

content, both factors contributing to reduced flash. A small amount (0 .3%) of 

potassium cryolite also helps in this respect. 

Dry guncotton is a very danBerous material, and nowadays it is handled as an 

aqueous slurry; this is treated with nitroglycerine, then the mixture is filtered on l 

cloth to give a nitrocellulose-nitroglycerine pulp which is spread out on alumuiium 

trays and dried in hot air . The resulting dough is placed in an incorporator, 

gelatinised with acetone-water (90:10), then treated with th e additional ingredients 

such as stabiliser. After 4 to 6 hours incorporation the lpaste' is tr.J.nsforred 
. -2 ' 

to a press houGe to be pressed through steel dics at 600 - 1500 lb in (4 - 11 MN·m-' 
o 

forming cords which are cut to length and dried for several weeks at 40 C. 

Residual volatile matter is of the order of one per cent. 
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l1anufactuI'ing time is greatly reduced in the process for making "solventless " 

cordite (se and IffiC) and the product is not contaminated with solvents. Hot-rolling 

~t 5,oC ropl~Qoa colvont iol&t1n1eat1on, an~ the ~i.GPp'Ar~OO o! tho !1Dro~. 

structure of the nitrocellulose is assisted by the presence of c~rbamitei candelilla 

wax is also added to aid extrusion. The gelatinised shee ts are loaded into presses 

as discs or "carpe t rolls" and extruded at 700 e and 7,000 lb in-2 (48 MN m-2) to 

give gun cordites o'r large rocket charges (up to 35 cm diameter). 

The solventles6 cordite process is attended by some fire risk during rolling and 

pressing, and it is cuotomary for the plant to be fitted with drenching devices, and 

t o be operated by remote control. However, use of dry nitrocellulose is avoided, 

~d. since no solvent is used, the fina~ cords require no stoving, and the grains 

are not subject to shrinkage. Relatively large diameter grains suitable for rocket, 

applications may be made by this process because no problems of solvent removal arise. 

The limit on diameter is Bet by the size of the extrusion presses which are available • 
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I 
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Double-base Propellant Compositions' 

. , 
. X =- r""' _L ""'''-l 

Name Composition % N I Ignition 
I Temperature Cal. 

NG Ne I in ITemp~rature I of Explosion 1 Vale 

I 
I 

Stabiliser, etc. Ne i (water 
% 

oK 
% I i ' C I I liquid) 

I 

58/37 

I 

I 
I 

Cordite Hk I 5 Hineral jelly 13.1 160 i 3676 
i 

I I 
I 1225 

I 
: 

I 
I 

11 MD 30 65 5 t-iineral jelly 13.1 160 I 3217 I 1025 
I 

11 N 18.7 19 7.3 Carbamito 13.1 I 165 2426 755 
54.7 Picrite I 
0.3 Cryolite I ;, I 
0.2 Cha.lk I 

I 
I I 

- . 
! I 

11 NQ ' 20 21.5 3.5 Carbamite 13.1 165 2797 880 
I I 

54.7 Picrite I 
0.3 Cryolite 

i 
I 

I 

0.15 Chalk 
I 

I I 
... 

41.51 
i 

11 se 49.5 9 Carbamite 12.2 j 1,54 3090 i 970 

I 
0.15 

I I I 

I 

" HSC 47 49.5, 3.5 Carbamite 
I 

164 3625 12.2 , 1175 
I 

I 
I 

( 0.15 Chalk I 
I 
I 

Ballietite A 39.5 60.; - 12.65! .165 3782 1250 
I· 

11 B 38 60 0.5 Carbamite 12.651 - - -
1.5 Potassium 

nitrate 
0.6 Graphite 

Cast Dou'ble-bas8 Propellants 

Extrusion pressing of solventless cordite is satisfactory for the manufacture 

of certain rockets, particularly the 5, 7.5 and 12.5 cm charges used during World War 

II. However, very massive presses are required to ~~ke ~ger charges, and it is 

impracticable to exceed a grain diameter of about 35 cm. It was to overcome this 

limitation that the cast double-base process was developed in the years following the 

\lIar. In essence this involves filling a mould with pre-gelatinised nitrocellulose 

powder which is llcured" with nitroglycerine at an elevated temperature (60 - 70°C) 

for a number of days. 

Using this process in conjunction with suitable formers it is possible to mould 

complex internal grain geometries. and to cast the motor directly into a "beaker 11 of 

inhibitor material (for example, cellulose acetate). Inhibition of extruded, 
Ojr(", i., .. rlv,:,s 

solventlesG cordito ~. nope by pasting on thin layers of inhibitor, a slow and tedious 

process. A further advantage of ,the casting technique is that the rocket motor case -
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suitably coated internally - can itself be used as the mould in which the charge is 

cast. 

Cast double-base charges are made from a casting powder and a casting liquid. 

The preparation of the former, which conta in6 60 - 90% nitrocelluloee (12.6% nitrogen), 

o - 3ry~ nitroglycerine, and 10% of other ingredients (stabilisers, ballistic modifier, 

ete) , resembles the manufacture of small, cylindrical grains ( .... 1 nun ) of solvent-

extruded gun propellant. Alternatively the casting powder may be in the form of 

small spheres, .made by the ball powder process. Casting liquid consists of nitro­

glycerine (65 - 7~) desensitised with a non-explosive plasticiser such as triacetin 

or diethylphthalate. 

The casting po~der is first loaded into the mould and evacuated overnight. 

Casting liqui~. also de-gassed in vacuum, is admitted, usually by air pressure, and fLU 

the interstices ·between the casting powder ,grains. These swell and coalesce as 

casting liquid is absorbed. forming a single large grain within the mould. Individual 

grain boundaries are still visible but in mechanical property tests the final grain , 

behaves as a homogeneous mass. When the curing operation which takes about 3 days 

at 60°C, is complete, the mould is disassembled, and the grain is finis hed by sawing 

to length and machining any features not produced by the mould. 

I 
Composite-modified cast double-base propellant is made in a similar way. but . 

higher propellant performance is ·achieved by incorporating ammonium perchlorate and 

aluminium into the casting powder. 

Composite Propellants 

Composite propellants have three basic components - oxidiser, fuel and binder. 

Most of them rely on ammonium nitrate or awmonium perchlorate as oxidiser, with 

aluminium .as the preferred fuel if additional thrust is required. A wide variety of 

organic elastomers and resins have been used to bind the solid ingredients together . 

(Table Ill ) and the binder also serves as a gas-producing fuel. 

- 21 -



Table HI 

Types of Propellant Binder and Their Gl:lre O¥stema 

Pr,epolymer CurinG ~ent 

Vinyl polye6ter Hydroperoxidea 

Hydroxy-terminated polyesters and polyethers Isocyanatea 

Carboxy-terminated polybutadiene Aziridines , epoxides 

Polysulphides Metal oxide and epoxides 

Styrene-butadiene rubbers Sulphur, and other cure systems 
-, 

Asphalt ) . 
Polyisobutylene ) 

Require no curing 

One of the most important properties of composite propellants is their rubbery 

nature. Expansion and contraction of the charge under changing climatic conditions 

can be tolerated without cracking, and ~ithout separation of the case-bond between 

propellant~and motdr case. ' Moreover, the rubbery nature of the charge enables it 

to withstand the squeezing action of the rocket case in hot environments - when it 

undergoes only a relatively small expansion compared with the propellant. 

Composite propellants are made by pressing techniques and by cast-and-cure 

processes . Pressed charges , manufactured by consolidating the ingredients under a 

pressure of 5 tons in-2 (80 ~m m-2) often consist of ammonium nitrate (10 - 35%), 
guanidine nitrate (60 - 8~) and a rubbery binder, for example epoxy-cured polybuta~ 

diene acrylic acid (PBAA) . Their size is limited by the availability of large 

presses, and the grains are hard and rigid, but rather brittle and temperature­

sensitive. They find application in cool, Glo~-burning power cartridges, and share 

with double-base compositions the advantage of a clean exhaust. 

A thermoplastio' binder, usually polyisobutylene, is used in plastic propellant, 

and no chemical reactions are involved in the processing. Ilmmoniwn ·perchlor'ate 

/v , (~85%), milled to a dry powder, is mixed to a dough with polyiaobutylene (viscosity 

105 poise) and a small amount of wetting ngont. Other ingredients such as runrooniwn 

picrate (to moderate the burning rate), or aluminium and combustion catalysts are 

then incorporated. The propellant is transferred to the cylinder of a hydraulic 

press and extruded directly into the motor case which has first been coated with an 

adhesive or bonded to an inert liner. Plastic propellant is cheap and easy to 

manufacture, and has a very satisfactory burning rate range and storago stability. 

There is a limit to the size of motors for which it is suitable since plastic flow 



may occur especially at hieh storage temperatures. 

Propellant compositions based on polymerisable binders are u~do by mixing the 

ingredients in a stirred vessel under vacuum. For example, hydroxy- or carboxy­

terminated polyester is treated with the appropriate amount of ammonium perchlorate 

(65 - 75% of the final mix), followed by burning rate catalyst, and aluminium powder , 

(up to 1%) t then the mixture is \-/armed and de-gassed. After adding curing agent 

( for example, tolylene diisocyanate ) to the cooled mix, it is vacuum-cast into the 

... 
prepared motor case, and converted into a rubbery charge by heating in a curing 

stove. Removal of the silicohe-coated former from the propellant gives a case- bonded 

grain with the required burning surface geometry. 

Solid Propellant Performance 
. 

Considerable effort has been expended to seek improved oxidisers. fuels and 

binders for composite propellants. The stoichbmetry of balanced combustion is such 

that the oxygen-carrying component of the system must comprise 70 to 80 per cent of 

the total weight, and research effort has been primarily directed towards attempts 

to improve this ingredient. 

Calculations qf the th,:&9retical specific impu.laes obtainable from hypothetical 

propellant systems, (Table ~) show that the metal perehlorates or ammonium nitrate 

give low performance, while ammonium perchlorate is higher , though not in the same 

range as nitronium perchlorate • . 
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Table ~ 

Theoretical Specific Impulses of Hypothetical 
aal~Q ~~~pBllant ~yptama (Unmetalli~aa) 

Oxidiser Fuel Wt % SEecific IrnEulse Chamber Densit~ 

fuel Ibf s lb- 1 · ·N 6 
-1 T3mp • (g cm- ) 

kg ( K) 

LiCl04 
CH

2 
15 234.1 2295. 3060 1.94 

NH4CI0
4 

CH
2 

9.5 252.8 2479 3018 1.76 

NH4
Cl04 

CH
2 

15 246.5 2417 2950 1.66 

N0
2

Cl04 
CH

2 
21 278.6 2732 3603 1.70 

NH4
N0

3 
Polyester 20 202.8 1988 1753 1.51 

NH4CI04 
Polyester 20 237.7 2330 2834 1.73 

,-

N°il04 Polyester 32 258.0 · 2530 3375 1.75 

NH
4

CI04 
Polyurethane 15 245.2 2405 2912 1.70 

NH4CI04 Polysulphide 14 241.9 2372 2926 1.81 

NH4
Cl04 Doubl,:-base 40 250.7 2458 3051 1.73 

The great majority of modern , high-performance composite propellants employ ~monium 

perchlorate as oxidi ser. Ammonium nitrate is still used for cool-burning, gas­

generating propellant composit i ons, and for applications where" a smokeless exhausVis 

required. Howover, only relatively low burning rates can be achieved with awnonium 

nitrate , and its use is hindered by the polymorphic transitions which occur in the salt 

" with changes in temperature. Tne resulting changes in volume, unless they are 

accommodated by the binder , may have deleterious effects on the case-bond. 

A number of oxidisers are known with superior energ~tic6 to ammonium perchlorate 

~ 
or too 

(Table ~ ), but in general the compounds are too incompatiblejhygroscopic for practical 

application. This is particularly true of nitro'nium perchlorate, which is energeticalJ 

attractive and haa a hiGh density, but is extremely hygro8copic. Perchlorates of 

hydrazine and hydroxylamine have been considered, but they also have shortcomings ~hich 

hinder their use in real systems. 
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·" Provided combustion efficiency is adequate, considerable improvement6 in 

specific impulaa can ba achieved by incorporating light metals or their hydrides 

in Golid p~opol14nta (Tablo~. Thoes oaloulAtionc 5how that about 17 ~1to 
(lbf a lb-1

) of specific impulse are gained from aluminium, 27 unite from aluminiuu 

hydride, .39 units from beryllium, and 57 unite from beryllium hydride. 

r 

, . 
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Table t!J 

"-Properties of Some Solid Oxidisers 

KNO 
3 

NaN0
3 NH4N03 NH4C104 N02ClO4 N

2
H
5

Cl04 N2H6(Cl04)2 NH
3

OHClD4 

Oxygen, wt. % 47.47 56.4T 59.96 54.5 66 48.3 54.9 59.9 
H

f
, kcal mole -1 

-~17.76 -111.54 -87.Z1 -70.73 +8.88 -'42.5 -70.1 -66.5 

-1 ". 

H
f

! kcal atom oxygen - 39.3 - 37.2 -29 . 1 -17.7 +1.5 -10.6 - 8.8 " -13.3 

Density, g cm-3 2.109 2.261 1.725 ,1.95 2.22 1.939 2.2 (2) 

Melting point, °c 333 310 169.6 137 81 

Decomposition temp., °c 400 380 210 2:70 120 145 170 180 

Molecular weieht 101.11 85 0 01 80.°5 117.5 145.47 "132.51 232.98 133.5 

...... 

,: 
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Table VI 

Theoretical Specific ImpulseG of Hypothetical 
SOli.cl. Propollant SyatGmo (l'lGt~llizQd) 

Additive 

(w t . ;:6) 

A1 (19) 

Binder 

(wt. %) 

A1H3 (34) CH2 (15) 

Be (12) CH
2 

(15) 

BeH2 (25) CH
2 

(20) 

OxidiGer 

11 

If 

If 

" 

Specific Impulse 

lbf s lb-1 N B kg-1 

246.5 

264.1 

285.6 

304.0 

2417 

2590 

2689 

2800 

2981 

Chamber 
Temp. 
(oK) 

2950 

3179 

2546 

3172 

2644 

Density 
(g cm-3) 

1.66 

1.53 

1.66 

1.14 

Beryllium is more effective than aluminium by virtue of its exceptionally 

high heat of combustion per unit of weight. However, beryllium and certain of 

its compounds are highly toxic, and the formulation and testing of beryllium­

containing propellants present formidable problems. Most practical high-energy 

compos itions contain aluminium. 

. -
Choice of binder also affects propellant performance, as well as determining . 

the physical characteristics of the charge. Hydrocarbon binders or polymer 

systems. which do not contain appreciable amounts.of oxygen, for example poly­

urethane or polysulphide are preferred. Weakly-bound oxygen, found in the 

organic nitrates of double-base systems, is acceptable, but performance is 

somewr~t lower if the oxygen is bound direotly to carbon as in a polyester. 

Ballistic performance, in terms of delivered energy, and burning rate, is by 

no means the only criterion influencing the composi tion of a solid propellant. 

Other factors include the size and chemical stability of the charge, and its 

ability to withstand extremes of tempera ture and rough handling, and the forces 

of ignition and acceleration. Improved physical properties are favour ed by 

reducing the solids loading (at the expense of performance), controlling the 

particle size of the solids to permit optimum packing, and by improving the 

binder-filler bond ( for example, by ndding "bonding agentsll) and the physical 

properties of the binder itself. 

Lightly cross-linked, high molecular weight (3000 to 5000) polymers with a 

fairly broad molecular weight distribution are generally used for solid 

propellants. A brond dis t ribution helps to maintain physical properties over 
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a , .. ic1er temperature range, although low molecular weight material is best avoided~ 

~ ~ .. 
. this may result in low s t ren!jths. Low-temperature 'physical properties are often 

'-' 

• 

improved by incorporating organic esters (for example, dioctyl adipate) as 

plasticisers . The level ef GhemiGal reaativitl between the prea.pGl¥mer and the 

curing agent should be low enough to give a reasonable. "pot-life" without being 

so low that additional cross-linking takes place during storagej s uch flpost-cure" 

may cause changes to occur in physical properties. 

Representative performance characteristics of the major classes of solid 

rocket propellants are given in Table vrto Choice of propellant for a particular 

application depends upon numerous factors , not least being the question of safety 

-both during manufacture and in use. 

Table VII. 

Performance Characteristics of Solid Propellants 

Type of propellant CDB C HEC CMDB 

(lbf s lb-1) 170-220 170-230 240 260 -.. 

Specific .impulse 
(N$,kg-1) 1670-2160 1670-2260 2350 2550 

Burning rate (mm 5-
1) 5-20 1.5-35 5-35 8-25 

i 

Flame temp. ,oK) 1900-3000 1400-3000 3000-3800 Over 4000 

Density (g cm-3 ) 1.50-1.63 1.58-1.77 1.66 1.86 

CDB cast double - base 

C composite 

HEC high energy composite 

CMDB composite-modified double-base 

Liquid Propellants 

Monopropellants 

Choice of liquid monopropellants is restricted to fluids which are stable 

at storage temperatures but are capable of undergoing exothermic decomposition to 

yield gaseous products at a rate suitable for rocket applications. Moreover. 

safety considerations limit the choice to relatively low impulse substances since, 

at a given level of energy, liquid explosives are much more hazardous than solids. 

Nevertheless monopropella.nt rocket motors have severe.l advantages compared \lith 

bipropellant systems, particularly with regard to hardware requirements and 

operational simplicity. 
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Altman (1 960) distinguished three classes of monopropellant. 

Class A 'I"nis class, in which oxidiser and fuel ore in the Game molecule, is 

exemplified by nitromethane (CH3N02
) , ethyl nitra t@ (C

2
li

5
OtI0

2
), isopropyl nitrate 

(C
3

H7
0N02 ), ethylene oxide (C

2
H

4
0), and hydrogen peroxide (H

2
0

2
). 

Class B Compounds in class B have positive standard heats of formation, and 

decomposition energy is released when their atoms re-combine to form more stable 

molecules. Hydrazine (N2H4 ) is a well-known example • 

. 
Class C Stable mixtures of fuel and oxidiser are grouped in class C. 

Mixtures which have been considered include methyl nitrate-methanol (Myrol), hydrogen 

peroxide-methanol, and tetranitromethane-fuel (for example, benzene). However such 

mixtures are generally too sensitive to be recommended as monopropellants. 

Hydrogen peroxide 

Hydrogen peroxide io used in the form of high-test peroxide (HTP), a 90 per cent 

str ength solution obtained by fractional distillation in vacuo. In use, RTF is 

decomposeq catalytically (samarium oxide-coated silver screen) into superheated 

oxygen gas and water vapour. 

The theoretical chamber temperature and specific impulse for 1ory~ hydrogen 

peroxide are 12500
K and 146 lbf s lb-

1 (1432 N s kg-1) (20 to 1 pressure ratio) 
o 

respectively. Presence of water lowers the chamber temperature (320 K decrease 

for 13% H2
0), and this io advantageous for gas-generator applications requiring a coo: 

clean exhaust. Further advantages of HTP include its high density (1.39 g cm-3 ) 

and ease of ignition. . Its chief disadvantage is its thermalfgtability and 

tendency to react with many metals to form oxides which catalyzethe decomposition 

reaction. Even contamination by atmospheric dust may be sufficient to promote 
l 

rapid, exothermic decomposition. l~e liquid is usually stored in vented aluminiUm 

containers , thoroughly cleaned and pre-conditioned by treatment with concentrated 

nitric acid. 

An early use of H1'P for military purposes was in the German V-2 rocket during 

World ~'/ar II. Alcohol and liquid oxygen were employed as the main propulsion 

system, and these liquids were fed into the combustion chamber by turbine-pt~ps 

driven by hot gases from hydrogen peroxide decomposition. 

Isopropyl nitrate 

Isopropyl nitrate (IP~:) undergoes exothermic decompocition over chromic oxide 

(pre-heated) to yield hot gases consisting mainly of carbon monoxide, carbon 
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dioxide, nitrogen and steam. '1"no gaseD are used to drive a tLlrbine for an engine 

starter system in which LPN is decomposed on an electrically pre-heated catalyst 

U~~.· ~N ~o ~ ~t~ol. l1qui~ And may b~ atorc4 in m1~~ et~cl v86601s. 

Hydrazine 

Hydrazine has two modes of thermal decomposition: 

3 N2H4 -> 4 NH3 + N 
2 + 80.15 kcal 

4 NH3 -7 2 N2 + 6 H2 _4L~. 00 kcal 

Dissociation of ammonia is negligible below 4000 K but is almost 0 complete at 800 l{. 

Specific impUlse romains nearly constant over the range 0 - 50% ammonia dissociated 

because the decomposition of RmToOnia produces hydrogen, and the average molecular 

weight of the exhaust gases decreases about as rapidly as the decrease in 

combustion temperature. Optimum specific impulse at low combu6tion temperatures is 

obtained in the range 30 - 50% ammonia dissociated. 

Hydrazine has a fairly high freezing point (1.4°C) but this may be lowered by 

admixture with monomethylhydrazine (MMH) or unsymmetrical diroethylbydrazine (UDHH). 

Bipropellants 

Since the Qxidiser and fuel components of bipropellant systems are stored 

separately it is possible, in principle, to consider using much more energetic 

substances. However, availability and cost have to be considered as ~/ell as high 

energy, and shortcomings in performance can generally be overcome by suitable 

desi gn. One of the most successful design features is the multi-stage rocket. 
, 

This allows more efficient utilization of propellant by ensuring that the cases of 

empty, burnt-out motors are discarded in flight, and do not add dead-weight to the 

payload. Rece!"t space projects hav e generally relied on liquid propUlsion in 

conjunction with multi-stage rockets, and relatively cheap combinations such as 

liquid oxygen and kerosene are widely used, particularly in first-stage motors& 

Theoretical studies show that specific impulse is enhanced if oxidiser and fue ~ 

react to produce more heat or if the mean molecular weight of exhaust products is 

decreased. Only low atomic weight elements and their compounds provide useful 

combinations and, for oxidisers, the choice i5 limited to Group VI and VII elements 

oy~gen and fluorine, and to compounds of these elements with carrier atom s such 

as nit~gcn or chlorine. Commonly-used oxidisers for ro cket applications include 

liquid oxygen, hydrogen peroxide, nitric acid and dinitrogen tetroxide. 

performance potential of liquid fluorine is well-known, but its use is still in an 

experimental stage due to its hazardous nature. Research on morc advanced 
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oxidisers (,a6 been much concerned with the chemistry of fluorine-base d corr.pounds, 

particularly those containing O-?, Cl-F and N-F bonds. The aim has been to make 

comFound~ with woakly-bound tluor1no, and to tako Advan tAge of th~ high hcate ot 

combustion ,which are the nett result of breaking weak ,valency bonds and forming 
YIIL 

strong bonds (Table ~). However I the compounds ",hich have be'en investigated are 

generally too unstable or too explosive for practical purposes. 

Table VIII 

A B . ( - 1) 
veragc ond Energ~es kcal mole 

Desirable in oxidisers 

Marginal value 

Undesirable in oxidisers 

Desirable, in products 

1"-1" 38 

0-1" 50 

Cl-1" L~5-60 

N-r 66 

P-F 65-119 

S-1" 67- 86 

C-F 115 

Si-F 132 

H-F 134 

Li-F 137 
Al-F '140 

Be-F 149 

B-F 154 

0-0 37 

N-O 48 

Cl-O 48 

s-o 60-80 

C-O 81 

P-0~80 

Li-O 85 

B-O 109 

H-O 110 

Be-O 118 

AI-O 168 

Choice of fuels is also restricted by atomic weight considerations to members 

of the first and se,cond periods of Groups I to IV. Conventional liquid fuels 

are usually based on compounds containing C-H or N-H bonds such as kerosene, 

alcohol', aniline, and methylhydrazine. Boron hydrides and their derivatives -

compounds with much higher heats of combustion than hydrocarbons - have also been 

considered, but the fuels are toxic and air- and moisture sensitive. Moreover, 

the formation of boric oxide as a combustion product creates difficulties in engine ' 

design. 

Liquid hydrogen is outstanding aB a high performance liquid fuel, apart from 

its low boiling point (-252.8°C) and low density (0.07 g cm-3). A very high 

specific impulse i8 obtainable in combination with liquid oxygen, but this is offse ~ 

by the additional structure weight and aerodynamic drag associated with the larger 

vehicles required to carry the low density fuel. This means that the advantages 

of using liquid hydrogen are best realised in applications ou~side the Earth's 
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atmosphere; for instance, L. the upper stages of space rockets. Evaporation 

losses from liquid hydrogen are minimised by storing the fuel in the para fo~. 

Th.or~ticQl QvQQifio im~ulQQS of oonventional liquid aystemQ whioh invo lvG 

only the elements C, H, 0 andN, range from 150 Ibf 6 .lb-1 (1470 N 6 kg-') for 
. -1 ( 4 -1) 90 per cent hydrogen peroxide, up to 300 Ibf s Ib 29 0 N s kg for liquid 

.1}7:' 

oxygen-kerosene (Table ~). Tne highest performing members of the storable 

bipropellant gr oup are combinations of din i trogen tetroxide and hydrazine deriva­

tives, and to achieve higher specific impulses it is necessary to use the 

cr yogenic cxidiser, liquid oxygen • 
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Theoretical Performance of 
. Li~uid PropollQnt Syutoma 

Propellant Density SEecific imEuls6 Flame temperature 
g cm-3 -1 -1 oK lbf 8 lb' . N 8 kg 

Monopropellunts 

9o:h H202 
1.39 151 1481 1030 

N2H4 1.01 191 1873 890 

Storable bipropellants 

9~ H2O!JP-4 1.29 266 2608 2800 

I WFNAa/ JP-4 1.33 268 2628 3230 
I. 
I IRFNA/ MAFb 1.31 270 2648 3030 

j IRFNA/ UWJic 1.25 ?:17 2716 32.30 

j N204/5Q% N2H4 + 50% Me2N2H2 1.21 288 2824 3360 

, N204/MeN2H
3 

1.21 288 2824 3370 

I 4:1ryogeniC bipropellants 

0iEtOR '92.~) 0.99 287 281Z, 3370 

0!RP-1 1.02 .301 2952 3650 

°iH
2 

0.28 391 3834 3010 

Advanced cryogenic bipropellants 

(3~ F 2)FLOXd/RP-1 1.09 321 . 3148 3980 

OF !RP-1 1.34 350 
\. 

3432 4350 

.OF/MeN2H3 
1.25 351 3442 4350 

OF!B?!6 0.87 364 3569 3970 

F/N2H4 1.31 364 3569 4640 

F/H2 0.46 410 4021 3950 . 

• 

f ~A White fuming nitric acid 11 

• bIRFNA/MAF = Inhibited red fuming nitric acid/mixed amine fuel 

cUDMH = unsym-Dimethylhydrazine 

dFLOX 1:1 Liquid fluorine/oxygen 

- 33 -



• 

Ox j:i isers 

Tne ¥operti es of some cor.ventional li.quid oxidisers based on oxygen are s hown 

in Table ~ t ogether with those of mere aavanoed oxi disers, in~luding fluorine. 

Z 
'lIable ~ 

PhyoSicnl and Thermodynamic Properties of Liquid Oxidi.sers 

Compound 

Oxygen 

Hydr ogen peroxide 

Nitric acid 

Dinit rogen t etroxide 

Fluor ine 

Chlor ine trif1uoride 

~gen di f luoride 

Liqui d Oxygen 

Formula 

- 218.4 

-0.41 

-42 

- 11.2 

- 223 

-83 

~223.8 

-183 . 0 

1.50.2 

86 

21.2 

-188 

-144.8. 

Dens ity 

Stat e g cm-3 

(1) 

(1) 

1.142 

1.463 

1 • .502 

1.45 

1.50 

1.809 

1.528 

-182 

20 

25 

20 

- 188 

25 

-147.3 

State 

(g) 

{ (g) 

~B 
( g ) 
(1) 

(g) 
(1) 

i ( g ) 
l (1) 

( g ) 

kcal 
mole- 1 

o 
at 25 C 

o 
-32.5 
-44.8 
-41.4 

2·3 
o ! 0.5 

o 
-3.0 

-39 ! 1 
-44.4 

8 

Liqui d oxygen is produced very cheaply by fractional distillation of liquid air. 

I t i s a very efficient liquid oxidiser on a weight basis and is non-toxic and non-

cor rosive. One disadvantage is that it is highly rea ctive with most organic material~ 

and therefore cons titutes El serious fire hazard. Oxygen equipment must be kept clean 

and free of contaminan.ts, and personnel wear goggles and leather gloves when handling 

the liquid to avoid low temperature ''burns'' • 

Hydrogen Peroxide 

Because of its tendency to undergo slow decomposition hydrogen peroxide has found 

little application as a bipropellant oxidiser. It j.s however employed as a mono­

propellant and gas generator. 

Ni tric Acid 

Nitric acid is a widely-used,storable liquid oxidiser which is cheap and readily 

available. It is generally used in two forma = white fuming nitric acid (\"IF~U) 

containing leaathan 2% water, and red fuming nitric 'acid ( RFNA ) , consisting of nitric 

acid with about 14% dissolved nitrogen dioxi de; the colour of the latter may be 

orange or dark red. Both forms may be treated with 0.5% hydrofluoric ac i d to reduce 

the corrosivHy of the acid and to permit long term storage in aluminium or sta. i IllC6S 

steel tanks (TableIJ). 
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Table Xl: 

Specifications for Nitric Acids 

WeiGht % \'IFNA 

I 

liN03 97.4 min 

H2
O 2.0 max 

N02 ·5 mu,x 

Solidn as nitrates .1 max 

HF 

lA 

96.6 min 

2.0 max 

·5 max 

.1 max 
+ 

.7 - • 1 

Type 
RFNA 

III 

82.4 85.5 

1.5 - 2.5 
14 + 1 

.1 max 

IlIA 

81.6 8lt.9 

1·5 - 2.5 
+ 

1/-+ - 1 

.1 max 
+ . 7 - .1 

Concentr ated nitric acid is very reactive and corrosive; there is a fire hazard 

with many organic substances including wood, Protective clothing has to be worn when 

t he liquid is being handled, and .gas masks with self-contained air supplies are often 

us ed. 

Dinitrogen Tetroxide 

Dinitrogen tetroxide has been used in combination with hydrazine for rocket 

applications includipg the US Titan rocket. The oxide exists as N
2
04 in the solid 

state but . partial dlssociation to N02 occurs in the liquid, and the equilibrium moveS 

further in the direction of N02 in the vapour state;. at 1000 C the mixture i~ 90% N0
2

• 

The oxidiseris very toxic and inhalation of vapours is a serious hazard. A further 

disadvantage is that the liquid has a fairly high freezing point (_11.2oC)j this may 

be lO\-/ered by adding nitric oxide t but 2% NO is required to reduce the freezing point 

to -550
C. 

Liquid Fluorine 

Reaction of fluorine with hydrogen to produce hydrogen fluoride gives theoretical 

specific impulses over 400 lbf· 8 lb -1, and this is a very significant improvement over 

conventional systems • However, fluorine is the most reactive element known, and its 

use presents severe handling and compatibility problems. Even the protective clothing 

which is essential when dealing with this very corrosive and toxic substance may be 

attacked. 

fluorine: 

Several materials are available however for storing and handling liquid 

metals such as "Monel", 18-8 stainless steel, and aluminium 61 have been 

used for storage tanks, and polymers of the "Kel-FII ::tnd "'l'eflon ll types are suitable 

as valve packings. At present it appears that fluorine will only be used for 

special applications where high performance is critical. 
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Chlorine Trifluoride 

Chlorine trifluoride rese41bles fluorine in being highly reactive a.nd very toxic. 

Host me t als are corroded although several, including Hone,l and nickel, form protective 

. fluoride films which protect the metal even at elevated temperatures. The problems of 

handl~lg and transporting this oxidiser are reduced to a slight extent because it may 

be treated as a non-cryogenic liquid. 

Oxygen Difluoride 

Oxygen difluoride is also very reactive and extremely toxic. Its chemical 

behaviour is similar to fluorine in most respects, although it is somewhat more 

compatible with organic substances because its reactions involve higher energies of 

activation. 

Fuels 

A wide range of compounds have been employed as fuels, although the majority 
'"RII. 

contuin C-H or N-H bonds (Table ~). 

Table XII 

Physical and Thermodynamic Properties of Liquid Fuels 

Compound 

RP-1 

Ethyl alcohol 

Aniline 

Ammonia 

Hydrazine 

( 
Formula 

Hydrocarbons -49 

-117.3 

6.2 

- 77 .7 

1.4 

160-299 

184.32 

-33.4 

Density 

State 'g cm-3 

(1 ) 0.806 

(1) 

0.789 

1.022 
0.817 

1.011 

15 

20 

20 

-79 

20 

State 

(1) 

( g ) 

(1) 

j (g) . 
L(l) 

{
(g) 
(1) 

kcal mole-1 

at 25°C 

'. 

-5 .9 

-50·2 

8.3 
- 11.0 
- 16.6 

22.8 
12.0 

I . Unaym-Dimethyl -57.8 63 (1) 0.790 15.6 (1) 12.7 
I · . hydraz,~e 

I ! 
.. Diborane 

Hydrogen -259.14 -252.8 (1) 0.071 

Hydrocarbon Fuels 

- 112 f(g) 
£0 .. ) 

-252.7 J(g) 
l(l) 

o 
-2.0 

Petroleum fractions selected on the basis of low volat ility and freezing point, 

and high flash point, are among the cheapest and most widely us ed fuels for j et or 

liquid rocket engines. Specifications f or these complex mixtur~s usually refer to 
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boiling range , cieEsi ty, hea t:Jlg value and limits of cOnlposi t i on . Exampl 86 inclu de 

JP-4 which contains 2% aromatics (DJ' vol\;r.:e ) and boils over the range 93 _ 288°C, 

~n~ ~Pm~ ~eilin! f~em ~60 • 299°0 (Table ~). Those fuels give speoifio impUiS~R 
of about 300 lbf s lb -1 (29 40 N s kg - 1) with liquid oxygen. 'rhis is rather lower 

than . t he theoretical performance obtainable from lower molecular weight hydrocarbons 

(C1 - C4 ) or from olafins (C2 - C
3

), but the former are cryogeni c, and the latter t end 

to polymeri ze on storage . 

Table XIU 

Typical Data for Petroleum Fuels ' 

Distilln.tion 

1<::% (oC) 

50% CoC) 

90% (oc) 

Volume % 
Aromatics 

Olefins 

Flaahpoint ,QC) 
F i. . . (oC) r eeZl.Dg POl.Dt 

Viscosity at _40°C (centistokes) 

H combustion (kcal g-1 ) 

Density at 15°C (g cm- 3) 

JP-4 
102 

159 

218 

25 
5 

-14 

< .60 

3.5 
10.39 

0.773 

. RP-1 

199 

219 
242 

5 
1 

> 44 
-49 

13.8 
10.38 
0.806 

The higher boiling point petroleum fractions have excellent handling and 

storage characteristics , and Jp-4 a nd RP-1 are stancial'd fuels for jet aircraft and 

rockets respectively. 

Ethyl Alcohol 

Both ethyl and methyl a lcohol were used in·early liquid rocket engines; the 

German V2 missile was propelled by ethyl alcohol-liquid oxygen, a combination with 

a theoretical s pecific impulse of 287 lbf s lb-1 (281 4 N s kg-1 ) . Petroleum 

fractions and hydrazine-based compounds have now replaced these relatively low density 

fuels. 

Aniline 

Anil ine reacts spontaneously.with fuming nitric acid and this bipropellnnt 

system has been used in several rockets . For example the US Army "Corporal" was 

propelled by red fuminS nitric acid and a fuel consist i ng of equal parts of aniline 

and furfuryl alcohol with r~ hydrazine. Aliphatic amines such as methylamine have 

been employed as fuels occasionally for special applications, byt hydrazine and 

un~ym-air.1ethyl hydrazine (U DMH) are generally preferred for their higher pcr:ormance. 

i 
I. 
, 

I' 
I 

, 
r 
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Liquid Arr.moni.:l 

Ammonia is the s implest of the N-H ty pe fuels, bu t t:1e cor.:pound has no t been 

used extensively for rocke t: applicatiena becaua6 the liquid has a very high vapour 

pressure. It WaB used in combination with liquid oxygen in the US X-15 rocket 

re s earch aircraft. 

Hydrazine and unsym-Dime thy 1 h.ydrazine 

A high denDity and an absence of carbon contribute to th e hieh performance 

potenti al of hydrazi ne, but its freezing point is unsuitable. In practice the 

co~pound is usually mixed with UDMH to lower the freezing point with minimal loss of 

performance. A typical mixture is Aerozine-50 - a 50/50 blend of hydrazine and 

These 
Uri-iH , used in combination with dinitrogen tetroxide in the US Titan missile. 

amine fuels , hydrazine, UDHH and Aerozine-50, are insensitive to shock, but 

hypergolic (a utoigniting) with several rocket oxidisers. They are generally 

employed in conjunction with nitric acid or dinitrogen te t roxide , whereas liquid 

hydrogen and hydrocarbon fuels are often combined with liquid oxygen. 

Amine fuels are strong baSeS and reducing agents with characteristic fishy 

odours. Even low vapour concentrations of hydrazine and it~ derivatives are highly 

toxic, and strict PTotective ,measures are necessary When handling the fuels. 

Ammonia is stable, put hydrazine undergoes catalytic decomposition, and UDV~ is 

sUQceptible to slow air oxidation. Several types of aluminium, stainless steel and 

nickel are su'itablc for use with hydrazine, and these are also satisfactory for UDME. 

A wide range of non-metallic materials are also available, including Teflon, Kel-F 

and polythene. 

Mixed amine fuels (MAF) may contain several constituents. For example, 11A.'F-1, 

used in the US Bullpup engine, consists of 50.5% diethylenetriamine (DETA), 40.5% 

UDMH, and 9.0% acetonitrile. 

Diborane 

Diborane (B
2
H

6
) is the simplest borane, a group of boron hydrides which i ncludes 

pentaborane (B
5
H

9
), boiling point 58°c, and decaborane (B,OH14), a solid melting 

. at 99.5°C. The compo~~ds offer promise of high performance, but they are costly 

and toxic , and some are very reactive towards air and waterj diborane and penta­

borane ignite spontaneously in air. A great deal of work has been done on the s e 

fuels in recent years, but their practical usage remains a difficult problem. 

Liquid Hydrogen 

Liquid hydrogen is an extreme fire hazard, forming explosive mixtures ... ith air , 
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