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ABSTR ACT 

rnin , high impetus, low molecu lar weight gun propellants has been 

ts contain ei ther cyclic or linear nitramines as crystalline ox idizers 

, :1 ,, nt matrix. C rre t development efforts are concent rat ing on lowering the 

re xponen of t . e hne r ming rate associated with these high energy 

vanced form lations come operat ional, t hermal barrel erosion will be 

11 t y rv o ·ty projec ile firi ng from operational guns will become possible, 

t1 I y for ca strophic failure result ing from the use of aluminum cartr idges will 

To r ize t ese b nefits, t he nitramine combust ion anomaly must be obviated . 
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SECTION I 

INTRODUCTION 

r Ol.1i) goal m eveloping new aircraft cannon ammunition has been cool burning gun 

,)ro l nts. The f me temperatures of available propellants are such that it is not possible 

·o :. gn ficant ly increase the muzzle velocity of advanced weapons while retaining acceptable 

n b rrel if . A new series of cool burning, high impetus, low molecular weight gun pro-

II nt f m1iles, largely based on rocket propellant technology has been identified during an 

exp ora ory evelopment effort conducted at the A ir Force Armament Laboratory (AFATL). 

These propellant families contain eit her cyclic or linear nitramines as crystalline oxidizers in 

he pro lant m trix. The generic formulations have consistently demonstrated such promising 

hermo lyn mic properties that they constitute a major increase in the state of the art. 

v ed developmen efforts are now underway to tailor the combustion characteristics of these 

mproved systems, n engineering development for gun system application within 3 to 4 years 

1s anticip e . 

ow mo ec r w ight linear nit r mines used as ox idizers in these systems were developed 

FAT contr cts w ith Herc les A llegany Ball istic Laboratories and with the Rocketdyne 

orth Amer·can Roe w II. Current efforts are concentrating on lowering the 

y h1g pr ssur exponent of t he !"near burning rate associated with these high energy 

. W en hes a van formulations become operational, a significant increase in both 

amm nit n techno ogy will occur, and thermal barrel erosion will be virtually 

n y rve oc·ty roject ile firing from operat ional guns w il become possible, and the 

tenti lity for c tastrophic failure resu lt ing from the use of aluminum cartridge cases will be 

removed ecause the propellant flame temperature will be below the ignition point of aluminum. 

This re ort discusses some rudimentary propellant thermochemistry to demonstrate the 

importance of generating low molecular weight combustion products, and it also covers the 

ge er pro lant formulat ions currently bt>ing investigated. The burning rate slope problem 

h is currently i hi itin the operational employment of nitramine propellants is also 

cover . 
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SECTI ON I I 

PROPELLANT THE RM YNAM ICS 

The i .. ,: .... :_ , := P. ' o gu propellants is the basic parameter indicating performance, and 
it is, in effect, a value of specific pe formance potential. The value of F p in ft- b/lb is 
obtai ned from the fo llowing equation : 

T F = _f R 
P M 

ua ion states that t e thermochem ical potential of a gun propellant is directly 
r0 ortio al to the combust ion flame mperatu re, f , d ivided y he mean molecular 

weig , M, of the ropellant combustion products. The univ~rsal gas const~nt, R, in 

e gineering units, s a val ue of 2780 ft -lb/mole ° K. 

( ) 

Gun propellant impetus is similar to the more fam iliar specific impulse, lsp• value used 
for rocket prope lla ts. A rough correlation is that 

Where t he premultiplication factor is a lumped term containing a typical flow factor and 

th rust coeffi cient and g is gravity. 

(2) 

An examination of Equation (1) indicates that if the propellant impetus is to be raised 

and the flame temperature lowered, the only recourse i~ to drastically decrease the mean 

molecular weight of the propellant combustion products. Table I illustrates the implication 
of t his equation. he current USAF goal is to formu late propellants which have performance 

data in he shaded area in the lower portinn of the !able. When contrasted with the currently 
operat ional gun propellant data contained in the shaded upper portion of the table, the proposed 

improvement is seen to be o a revolu ~_;onar, rather than evolutionary nature. There is, ·n 
general, a virtual 1000°K temperature differem:a1 between propellants having 25 and 17 mean 

molecular weights. When considering these iso.;horic flame temp.,ratures, two discrete tempera­
ture values are especially significant. The firs·. is 1700°K, the temperature at which gun barrel 
steel will melt, and the second is 230O°K, tt,e ignition point for the aluminum cartridge case 
material. Quoted values for propellant fiame temperatures are at isochoric, or constant volume, 

T cv• cond it ions, while the gun system has an environment closer to isobaric o constant pressure, 

Tep• co d it ions. A simple equation from thermodynamics gives 

(3) 

Where 1' is the mean specific heat ratio of the combustion gases and has a value on the order 

of 1.22. Thu~ , it is possible for a propellant formulation to have a theoretical isochoric 

flame temperature in the area of 22OO°K and still not expose the gun barrel to temperatures 

above its melting point. 

2 



TABLE I. I PETUS FLAME TEMPERATURE MOLECULAR WE IGHT 
RELATIONSH IPS 

COMBUSTION PRODUCT, PROPELLANT FLAME TEMPERATURES. °K 

Mean Molecular Weight lmpet11s Leve!, Ft-Lb/ Lb 

325,000 350,000 375,000 400,000 

25 2980 -J150- 3380 3500 
.. , . 

22 ~70 ·:'l11ti 2970 3170 

- - .. 
20 2350 2620 2700 2880 

19 2220 2390 2570 2740 

18 2110 2270 2~ 259()·. 

17 1990 2140 2290 2460 
' ... 

F Igurns 1 and 2 illustrate this flame temperature problem. Figure 1 shows a 7 .62 minigun 

after a duty firing cycle of 2000 rounds. The barrels are red hot and ready to fail after an 

approx imately 20-seconds burst of fire. Figure 2 is a sectioned vieY..' of thermally eroded 

barrels :,hawing the destruction of the rifling in the first severai calibers of projectile travel, 

the area of maximum convective heat transfer. 

The sensible flame temperature of the propellant also becomes crucial when considering 

the interaction with aluminum cartridge case material. Due to cost, weight and the increasing 

scarcity of copper, new aircraft cannon systems will be designed to use either aluminum or 

plastic cartridge case materials. Figure 3 provides data on the ignition temperature of .. luminum 

as a function of the ambient stoichiometry. These data (extracted from Reference 1) were 

obtained only to a -10% oxygen level. From that point, a conservative extrapolation indicates 

that the majority of high energy advanced propellants will be below the ignition threshold 

of aluminum. In actuality, the cartridge case ignition points will be even higher than indicated 

beca•Jse the data were generated for micron size particles suspended in a flame, and effectively, 

the r:artridge case may well react more like an extended slab. Thus, even a worst case 

analysis shows that these advanced propeUants will preclude the catastrophic case failures 

pre,,iously experienced in aluminum cartridge case development. 
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SECTION Ill 

PROPELLANT FORMULATIONS 

The preceding sections of this report estab lish the thermodynamic requirement fo r low mean 

mo ec ar wei ht combustion gas products if prop.<¼llants are to provide high performance at low 

-.': am temperature. This section considers how to ganerate these !ow molecular weight gases . 

. ~ ,s mmediately apparent that a formu lat ions must be of high hydrogen content and of 

ax amely f e nch stoichiometry. The standard gun combustion products of H20 and CO2 
:-, ust u rep ac by H2 and CO an must not form any free carbon in the gun chamber . 

.=ree carbon res I s in very poor combust ion efficiency and causes excessive smoke and residue 

to e ge era ed. Determining the formulations of interest to pursue requires the use of 

µropellan therm ochemistry calcu lations. Computer programs, as discussed in Reference 2, 

accept t e heat of fo rmation of the propellant constitutive ingredients and compute the 

combustion parameters of the system as it burns at any specified pressure. The results include 

t 1~ f ame temperature, mean gas r., olecular weight, impetus, specific heat ratio, and mole fraction 

of a the combustion products. These theoretical data are prerequisites for determining wh ich 

compounds to experimentally pursue with formulation studies. The advanced propellants now 

e1o19 eval ated for com ustion charac eristics are the results of many free energy calculations. 

In selecting the bin ers an oxid izers to exper imentally formulate, ingredients of both gun 

,1 • roe et propellants were considered. The limitations which permit no solid products in 

tne axha st g.is d e to gu n fou li ng effects and no halogens due to their corrosivity. have pre-

i at C H O ty pe ingredients. As a low gas molecular weight is necessary, the stoich iometry 

of the propellant system must be grossly oxygen starved, thus, the compounds used must 

contain both high energy an high hydrogen content. These limitations present a seemingly 

irreconcilable thermodynami,c situation because virtually all oxidizing compounds that will 

satis y he requi rements are, in themselves, explosives. However, if a suitable binder matrix 

is usec..l, t hese explosive oxid izers will ':>urn as required rather than detonate. At high pressure, 

these ox id izers wil display a drastic change in the pressure dependence of their decomposition, 

The oxidizing compounds wh ich demonstrate the high hydrogen content and requisite 

thermoc emical propert ies are t he cyclic nitramines, the linear nitramines, and triaminoguanidine 

nitrate. The cyclic nitramine most investigated is HMX with a structure as follows: 

02N / CH2 "'-. /02 

'\.N N 

I I 
H2C CH2 

I I 
N N 

02, "\ / " N02 
CH2 
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is compound has a positive heat of formation, -lHF = + 18 kcal/mole, that is, the 

decom pos, ion of he a er ial is exother 1ic. As an ox idizer, HMX is very sta e o h in a 

t e al a d c emical sense, bu wh ile referred to her as an oxidizer, it i y or a 

mo opro llant in the accept sense. A similar mater ial, R X, stra -~ many of t e 

ro r i ~ ;rn o e ially is a less expensive material for formulating r,ropellants. HMX 

has b n sel ct fo r he init ial USAF nitcamine propellant work due o t e xtant broader 

ase of nowledge with regard to its combus ion properties. A er a successful propella t 

or ulation u ing H X, the next step wou ld be to attempt an ROX subs itufon o attain 

r n 3 to 1 cost advan age. 

h starti g ma erial for most of t he li near nitramine work is et hylene-d initramine (E DNA), 

whic was ex ensively invest iga ed in he 1950's. The struc ure of ED A has wo active hydro­

ge si es which will allow the formation of many salts with qu ite prom isi ng thermodynam ic 

properties. 
H H H H 

I I I I 
- f'!J - C - C - N - N02 

I I 
H H 

AHF = -23.7 kcal/mole 

he e sa t were investigated y Hercules Allegany Ballistic Laboratories under USAF 

sponsors i and are d iscu sed in References 3 and 4. 

ost t orough y studied o th r near nitram·ne co pound ar as follows : 

ABBREVIAT 0 NAME FORMULA 6HF (k ca /mo e) 

TAGED 
Triamino Guanid inium C4H22O4N1s + 60 

Ethylene Dinitramine 

OM L.:D 
Dimethylethylene C4H 0O4N4 - 35.8 

Dinitram ine 

DMDTH Oimethoxy C5H14O5N4 - 94 

Dinitrazahexane 

OHED 
Dihydrazinium C2H14O4N9 · 40 

Ethylene 
Dinitramine 

Work on the latter two of these systems has been terminated because OMOTH had a low 

melting point and DHED had binder interaction chemical stability problems. 

Another thermodynamically promising crystalline oxidizing compound being investigated 

by the Naval Ordnance Station, Indian Head, Maryland, and by Rocketdyne Division of 

North American Rockwell under USAF sponsorship is triaminoguanidine nitrate 

8 



= 

H 

HF = -11.5 cal/mole 

Thi e, .,I izer provides very 1gh propellant system burning rates, ano, in adequate perC6~1 age 

concentra 10 . app rs to partia ly m s < the nitramine combustion slope problem. 

ti s r es h~ type of pert rm nc which may be attained from these discussed 

pr p I formul I n . T e circles on the figure correspond to current issue generic gun 

rope lant y s. From the I wer left to the upper right on the figure, these circ es represent 

le n· rocell ose; nple b se, str igh nItroce Iulo ; and at very high flame mperatures, 

mtro ycerine lo propellants. Thes operational propellants show a relationship between 

fl me temperat re an impetus which ha led to the misconception that all possible pro-

t can ormul t must fal in th ·s performance band. 

by triangles on Fi re 4 illustrate he USAF developed prope lant 

in this report, and their rformance demonstrates a major breakthrough from 

r vI0 s techn ogy rformance imitations. These system run from coo l linear nitramines 

inder thro gh cyclic nitr mines in rubber binders to high energy cyclic and 

in ar nitram nes in- nitroc llulo e binde1r. Detailed processing and formulation data on these 

ms re prov ·ded in ReLrences 5 and 6. 

t is to e ized t e systems are not only the resul of theoretical thermo-

I co ns u n ccessfully manufact red. They are thermally and 

lly s b rn eel en combustion efficiencv when fired in a clo 

born e son re tly improved propellant system~ are not yet ready 

pf"cat u ti a requires a hort discu ·on of gun interior 
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SECTION IV 

TERIOR BALLISTICS AND BURNING RATE 
EXPONENTS 

1~ re 5 om res typical plots for burning rate vs. pressure for conventional and nitramine 

r pe ,t~. An empirical formula used to describe the burning rate of a propellant is 

r = pn (4) 

on ( ) ate t at the r ression rate, r, of a solid propellant will be a function of the 

:, :n r pressure P rai ed to ome exponent n and multiplied by a constant, a. This equation 

Jr se from r y g n closed- omb combustion studies ,conducted with nitrocellulose propellants, 

n are homogeneous sol ids that burn with a reasonably constant value of n~0.9 across the 

com p ete s ectrum of g n pressures. Figure 5 illustrates this behavior with a burning rate 

;:> ot for M-10 pro pell nt , which is composed of 98% nitrocellulose. Composite propellants do 

not ave homogeneous matrix but rather a dispersion of various sized oxidizer particles 

we by either an inert hydrocarbon or energetic nitrocellulose matrix. Also illustrated on 

1gure 5 1s a pot for a propellant (HES 8301 consisting of 87% HMX and 13% hydrocarbon 

in er) t at exhibits the classical nitramine combustion anomaly. A single n value can no 

on r be defined ov r the entire pressure range. As is seen, a low value exists to approxi-

m tely 4,000 s·. followed by a slope break and very high n values, in this case 1.57. In some 

ycl mtram ·ne formul tions with large oxid izer particles, this second n term has taken values 

bove 3. Also, typica ly a second break occurs between 10,000 and 20,000 psi, resulting in 

n n value light y higher than 1. 

A I v n e nitramine gun propellant formu lations test fired by the USAF to date have 

dis yed is combustion anomaly. Whether inert or energetic binder, cyclic or linear 

nitramine, metallized or non-metallized, the slope break phenomenon is invariably exhibited. 

Thi ni r mine ch racteristic was initially encountered during experiments (Reference 7) in 

t e early 1960's. The burning rate slope break onset was found to be a strong function of 

t e crystaline nitr mine particle size. 

Th abr p change in the mechanism of decomposition was deduced to be related to the 

p h of t e met layer on the surface of the deflagrating propellant. Recent NASA-sponsored 

nay ·c pr pe lant combustion studies at the California Institute of Technology (Reference 8) 

rov1de h oretica ubstantiation to this experimentally generated postulation. The results from 

t )e i antici ate a discrete slope break in the composite propellant combustion rate 

surface reactions attain regression r .. te dominance from a subsurface melt rate control 

mechanism. The nitramines have the potential for gross n value changes as they transition 

from an endothermic melt to an extremely exothermic gaseous decomposition due to th6,r 

positive heat of format ion and highly energetic monopropellant nature. 

Ex per mental and analytic results conclusively indicate that the nitramine propellant 

regression rate slope discontinuity will be less pronounced as oxidizer particle size is decreased. 

Curren USAF efforts in de·1eloping gun propellant formulations are being channeled into 

oxid izer particle sizes in the micron and submicron range. 
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Witno t considering the physics of gun interior ballistics, it might be assumed that these 

ni n v es could be obviated by proper propellant web selection -and burning rate 

rogressivity. The fallacy of this assumption is apparent after considering the two types of 

n efficiency wh ich the ammunition designer strives to maximize. The first type is ballistic 

efficiency. In effect, it is the ratio of total ,thermoch~mical energy contained in the propellant 

wh ·ch, fter firing, has been delivered as useful directed kinetic energy to the projectile 

·stic efficiency is equal to projectile kinetic energ.v/total energy) . The total energy 

• aila e from a given propellant is the impetus divided by a fuooion of the gas specific heat 

ratio [ total energy = F µl(-Y • 1 ) ] . 

With Y having a value of 1.22 and F typically 362,000 ft-lb/lb, then 1 pound of gun 

pro .~ lar.t has the potential of 1,600,oocf ft-lb of work A gun propellant is then an 

maz y energetic material, and a well designed gun is an efficient thermodynamic engine. 

Typic I gun ballistic efficiencies are in the area of 36%, while most comp,•:~le rocket 

efficiencies are well below 10%. 

The next term to be considered is piezometric efficiency. In effect, this is the ratio of 

e average pressure working on t he projectile during the gun firing to the peak chamber 

press re ttained during the gun king. 

For equate aircraft cannC'n ammunition design, a piezometric efficiency of 35% is typical, 

n some gun Jesigns have even somewhat higher valwes. In normal gun design, a tradeoff 

m st t e place between ballistic and piezometric efficiencies. The design changes which 

increase one efficiency will invariably decrease the other at any reasonable ammunition 

configuratlon. 

With the current advanced propellants which haven values above 1, howaver, the 
analytic and experimental interior ballistics data show that as the n value goes higher, both 

ball:stic efficiency and piezometric efficiency get worse together. 

This effect is demonstrated in Figure 6 which illustrates interior ballistic firings in an 

experimental high performance 20mm aircraft cannor1. Figure 6(a) depicts the pressure-time 

trace of a conventional operational single base gun propellant and demonstratll standard 
performance with both ballistic and piezometric efficiency about 36%. Figure &(b) depicts 
an experimental nitramine gun propellant with combustion slope n • 1.4 and has a higher peak 

pressure in conjunction with a 500 ft/sec lower muule velocity for a gross deer••• in both 

types of efficiency. An examination of these two pres,,,re time plots shows that 1hl h.,_ n value 

leads to a high spike pressure with a narrow base. As the work done on the projectile is defined 

as the area under the curve, a high thin curve is non-optimized from all aspects of ~ physical 

system. The web of both the conventional and the experim.,tal propellants w• optimum a 

selected by analytic interior ballistic computations. In short, remonable int•ior ballistic design 

is a fundamental thermodynamic impossibility with propellant n values lbow 1. 
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SECTION V 

CONCLUSIONS 

The state of the art for aircraft cannon ammunition propellant is on the verge of a tnet0r 

tformance breakthro gl\. When the high energy, low flame temperatwe formu'8ti0ftl 

ome operational, thermal barrel erosion can be eliminated, aluminum c:artridga c:8181 can be 

employ with no possibility of catastrophic failure, and the era of the hyperwlocity Iii· 

era nnon wil be at hand. To real ize these benefits, the current nitramine combustion anomaly 

st b obviated. The AFATL development effort, in conjunction with industry and other DOD 

boratories, is aggrv.>Sively pursuing the solution to this final factor inhibitine operationaA test 

and evaluat ion. 
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