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Temperature and Pressure Sensitivities of Burning
Wave Parameters of Nitramine-Containing

Propellants and HMX

A. A. Zenin,¤ S. V. Finjakov,† V. M. Puchkov,† and N. G. Ibragimov†

Russian Academy of Sciences, 117977 Moscow, Russia

Burning rate and burning surface temperatures have been obtained experimentally for modern double-base
propellants containing nitramine additives and for HMX. Temperature sensitivities of burning wave parameters
were estimated from the experimental data measured at pressures of 20 and 100 atm and at sample temperatures
of ¡ 80, +20, +100 C. Evaluation of standard deviations of the estimations shows that smoothing procedures for
dependencies of burning wave parameters on pressure and temperature are necessary to obtain correct values of
the sensitivities. Calculations of the criteria for stable combustion show that Novozhilov’s [Novozhilov,B. V., “Non-
stationary Combustion of Solid Rocket Fuels,” Nauka, Moscow, 1973 (Translation AFSC FTD-MD-24-317-74) (in
Russian) and Novozhilov, B. V., “Theory of Nonsteady Burning and Combustion Stability of Solid Propellants by
Zel’dovich–Novozhilov Method,” Nonsteady Burning and Combustion Stability of Solid Propellants, edited by L.
DeLuca, E. W. Price, and M. Summer� eld, Vol. 143,Progress in Astronautics and Aeronautics, AIAA, Washington,
DC, 1992, Chap. 15, pp. 601–641] criterion correctly predicts regimes of stable combustion of the propellants and
HMX. An analysis of burned surface irregularities of the propellants con� rms one-dimensional character of the
combustion under the investigated conditions.

Nomenclature
E = activation energy of solid gasi� cation, kcal/mol
k = Zeldovich criterion of stable combustion,

dimensionless
k01 = pre-exponent factor, 1/s
k¤ = Novozhilov criterion of stable combustion,

dimensionless
l = thickness of heat layer in solid, ¹m
m = mass burning rate, g/cm2 s
p = pressure, atm
Q = heat release in solid, cal/g
Q¤ = maximum of heat release in solid, cal/g
< = gas constant, cal/mol K
r = temperature sensitivity of burning surface temperature,

dimensionless
rb = linear burning rate, cm/s
Ts = burning surface temperature, ±C
T0 = sample temperature (initial sample temperature), ±C
x˜ = size of burned surface irregularity, ¹m
¯ = temperature sensitivity of mass burning rate, %/K
1x = relative standard deviation of x .1x D ±x=x/,

dimensionless
±x = absolute standard deviation of x
¸ = coef� cient of propellant heat conductivity,

cal/cms K
º = pressure sensitivityof mass burning rate, dimensionless
½ = propellant density, g/cm3

9l .x˜/ = probabilityof encounteringan irregularityof size x˜ on
length l, dimensionless
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Introduction

T EMPERATURE and pressure sensitivitiesof burningwave pa-
rameters are very important characteristicsof solid propellant

combustion.The characteristicscan show the many peculiaritiesof
combustion mechanisms, and they can be used for predictions of
different phenomena of solid combustion. In particular, the charac-
teristics that have been obtainedat stable combustion play a signi� -
cant role for calculationsof nonsteadyand pulsatorycombustion of
solid propellants.

There have been numerous experimental and theoretical works
devoted to the problem of burning-wave parameter sensitivities.
Cohen and Flanigan1 in a review paper on the burning rate tempera-
ture sensitivity(BRTS) discuss experimentaldata and their interpre-
tations.References2 and 3 contain discussionson dependencieson
pressure for BRTS of HMX and modi� ed double-base propellants.
Kubota4 gives a set of experimental data and their interpretations
for different combustible solids: ammonium perchlorate composite
mixtures, double-base propellants, nitramine composite modi� ed
(nitramine-containing) double-base propellants, and nitramine and
azide compositemixtures.Cauty et al.5 presentan ultrasonicmethod
and some results on determination of solid propellant BRTS and
give a comparison with the results obtained by other methods. A
review of existing results on BRTS of monopropellants,AP, AND,
HMX, RDX, CL-20, and HNF, is found in Ref. 6. The conclusion
of the work speci� es, in particular, that BRTS increases if sam-
ple temperature increases.References7 and 8 contain experimental
data and their interpretationfor temperature sensitivitiesof burning
rate ¯ and burning surface temperature r of modern double-base
propellantsincludingnitramine-containingpropellants.Theoretical
expressions were obtained in Refs. 7 and 8 for ¯ and r on the
basis of the � rst uni� ed dependency connecting burning rate and
burning surface temperature. These expressions are valid in a very
wide region of pressures, and they include parameters that have
been measured experimentally: burning surface temperature, burn-
ing rate, propellant caloric power, and activation energy of solid
gasi� cation.Expressionswere obtainedthat demonstratethe uni� ed
dependencies for ¯. p/ and r. p/. It was found also that estimated
values ¯ and r coincide with experimental data for simple double-
base propellants.The expressions show that ¯ decreases when sur-
face temperature, pressure, and heat release in a solid increase and
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that r decreases when pressure and heat release in a solid increase
and surface temperature decreases. These tendencies are valid for
all types of propellants. However, there is some disagreement be-
tween the quantitativevalues of ¯ calculatedby the expressionsand
the experimentally obtained values of ¯ for nitramine-containing
double-base propellants.

The main problem in this � eld of combustion investigations is
a lack of experimental data for ¯ and r for modern propellants.
The work presented in this paper is aimed to � ll the gap. The work
presents experimental data, mass burning rate, and burning surface
temperatures for four nitramine-containing propellants that were
investigated at different pressures and sample initial temperatures
T0 . Processing of the experimental data allows sensitivities of
burning-wave parameters and criteria of stable combustion to be
obtained and conclusionsabout the validity of the one-dimensional
approach to complex propellant combustion analysis to be made.

Experimental Approach and Results of Measurements
This paper has four tasks: 1) to obtain by experiment the mass

burningrates and burningsurface temperaturesfor differentregimes
of nitramine-containingpropellantcombustion,2) to evaluatediffer-
entialcharacteristicsof combustionwaves,pressureand temperature
sensitivities from the experimental data by the improved evaluation
procedure, 3) to use the sensitivities to estimate the criteria of sta-
ble combustion, and 4) to check the validity of stable combustion
predictions by the criteria.

Microthermocouplemethodswereused to obtaintemperaturedis-
tributions (temperature pro� les) across the propellant combustion
waves and to measure burning surface temperatures.9;10 The tem-
perature pro� les were obtained by microthermocouples imbedded
into solid by acetone. Thermocouples went through the combus-
tion waves, when the waves propagated through the solid samples,
and registeredtemperaturepro� les.The ribbonU-shapedmicrother-
mocouplesof alloys W C 5%Re/W C 20%Re, 3.5–7 ¹m thick were
used.Every sample had 2–3 thermocouplesinsideplaced one above
the other. Distances between junctions were 2–4 mm. The samples
burned in a constant pressure bomb in an atmosphere of nitrogen at
pressures of 20 and 100 atm and at T0 D ¡80, C20, and C100±C.
The ignition was performed by heated nickel–chromium wire. In
experiments at elevated and negative T0 , the samples were placed
into a small thermostat that heated or cooled the samples inside the
bomb. The burning rate was measured by the time delay between
the thermocouplesignals,by the registrationsof the time of pressure
increase in the bomb during the sample combustion, and by optical
registration of the burning-wave movement. Thermocouple signals
were registered by ampli� er and oscillograph.The burning surface
temperatureswere determinedby establishingthe locationsof slope

Fig. 1 Positions of Ts points of propellants A–D on the uni� ed dependency Ts(m).

breaks on temperature pro� les registered by thermocouples. The
phenomenonof the slopebreak is causedby the delayof the temper-
atureriseon thecurveregistratedby the thermocouplewhen the ther-
mocouple goes through the burning surface. At that moment the in-
tensityof heatexchangebetween the thermocoupleand environment
decreasesdue to replacing the contact heat exchange in the solid by
the convective heat exchange in gas. The burning surface tempera-
ture at 20 atm and normal T0 also were measured by the thermocou-
ple pressed to the burning surface during the sample combustion.

Modern complex propellants, as is well known, may contain
different high-energy nitramines that are imbedded in a double-
base binder system. These nitramines, such as HMX, have many
advantages.11 Four nitramine-containing double-base propellants
were selected for this investigation, labeled A–D. Table 1 shows
the compositions of the propellants. Basic propellant A has 55%
nitrocellulose, 20% nitroglycerine, 20% nitrosoamine (1,4,5,8–
tetranitrosotetrasamine) and 2% catalyst (Ni); all percentages are
by weight. Density of the propellants is equal to ½ D 1:6 g/cm3.
Composition of the remaining propellants was chosen to check the
in� uence of adding HMX (amount and particle size) and the in� u-
ence of the catalyst (very small Ni particles). Propellant B has a
10% addition of HMX with relatively large particles, 40 ¹m. Pro-
pellant C has the same composition as propellant B but without the
catalyst. Propellant D has the same content of HMX as propellant
C, however, with small particle sizes (10 ¹m).

Table 2 shows results of measurements of mass burning rate m
and burning surface temperature Ts . It can be seen that increasing
m always leads to increasing Ts . This implies that the measured val-
ues m and Ts can meet the uni� ed dependency m.Ts/ obtained for
double-base propellants.8;12;13 Indeed, Fig. 1 shows that practically
all of the points measured for the chosen propellants can be treated
as points belonging to the uni� ed dependencym.Ts /. If so, it is rea-
sonable to take for calculationscorrectedby the uni� ed dependency
m.Ts / values of Ts for the propellants. The corrected values of Ts

are also included in Table 2. Obtaining differential characteristics
for these propellants is based on the uni� ed dependency m.Ts/.

Table 1 Propellant compositions

Propellants A B C D

Nitrocellulose, % 55 50 50 50
Nitroglicerine, % 20 20 20 20
Nitrosoamine, % 20 15 17 17
HMX (40 ¹m), % —— 10 10 ——
HMX (10 ¹m), % —— —— —— 10
Ni, % 2 2 —— ——
Processing additives Up to 100% Up to 100% Up to 100% Up to 100%
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Table 2 Values of mass burning rates m, g/cm2 s, and burning surface
temperatures Ts , C, for propellants A–D

20p, atm 100p, atm

Propellants Property ¡80T0;±C C20T0;±C C100T0;±C ¡80T0;±C C20T0;±C C100T0;±C

A m 0.64 0.82 1.35 1.2 1.65 2.16
Ts 370=350a 375 400=420a 420=410a 440 445=475a

B m 0.64 0.82 1.12 1.12 1.36 1.8
Ts 360=350a 375 380=400a 407=400a 415=425a 415=450a

C m 0.64 0.77 1.3 1.02 1.34 2.14
Ts 370=350a 370=365a 400=420a 410=390a 420 440=474a

D m 0.61 0.74 1.06 1.02 1.38 1.74
Ts 360=348a 365 375=395a 407=390a 420 420=450a

aValues following solidus are corrected by uni� ed dependencies.

Table 3 Mass burning rates m, g/cm2 s, and burning surface temperatures Ts; C, for HMX

20p, atm 100p, atm
Property ¡170T0;±C C20T0;±C C100T0;±C ¡170T0;±C C20T0;±C C100T0;±C

m 0.57 0.7 0.86 1.75a 2.2 2.5b

Ts 438 450 470 508 520 520

aPressure 75 atm. bPressure 90 atm.

Table 3 contains data for m and Ts of HMX. These data were
taken from Refs. 8 and 13. The density of the pressed HMX pellets
was ½ D 1:7 g/cm3 .

The measurements of mass burning rate m and burning surface
temperature Ts , which are shown in Tables 2 and 3, were used to
obtain the following temperature and pressure sensitivities of the
burning wave parameters: Temperature sensitivity of mass burn-
ing rate, ¯ D .@ m=@T0/p-const; temperature sensitivity of burning
surface temperature, r D .@Ts =@T0/p-const; and pressure sensitivity
of mass burning rate, º D .@ m=@ p/T0-const. All of the character-
istics obtained for the investigated propellantswere compared with
the correspondingcharacteristicsof pure HMX.

It is well known that temperature and pressure sensitivities play
a signi� cant role in theories of different combustion phenom-
ena. These sensitivities are necessary for obtaining the criteria of
stable propellant combustion (for small perturbations). The cri-
teria have been suggested by Zel’dovich14 and Novozhilov.15;16

Zel’dovich’s14 criterion for stable combustion is as follows: k < 1,
where k D ¯ ¢ .Ts ¡ T0/. Novozhilov’s15;16 criterion for stable com-
bustion is as follows: k¤ < 1, where k¤ D .k ¡ 1/2=.k C 1/ ¢ r . Cri-
terion k¤ is used when k > 1. Criterion k¤ must be used when it is
necessary to take into consideration that Ts is a variable. Note that
the measured temperature sensitivities are necessary for different
calculations in nonlinear theory of propellant combustion behav-
ior and in particular for calculations of the response functions of
different orders.17

Before calculating of the sensitivities and the criteria, however,
it is necessary to evaluate the accuracy of the calculations. It is
necessary to choose an adequate data processing technique.

Analysis of Accuracy of Differential
Characteristics and Criteria

The procedure of differentiation of different experimentally ob-
tained dependenciesis connectedwith signi� cant decreasingof the
accuracyof characteristicsthat are obtaineddue to this procedure in
comparison with the accuracy of the original dependencies. It can
be shown that the usual practice of obtaining differential character-
istics of burning wave parameters leads to large errors. Let us use
the following formulas for estimating values ¯ and r :

¯ D
j m2 ¡ m1j

T01 ¡ T02
(1)

r D
Ts2 ¡ Ts1

T01 ¡ T02
(2)

where subscripts 1 and 2 are used to mark values at the beginning
and at the end of the interval of differentiation.

Then we use the following regular formula18 for calculation of
standardabsolutedeviation±F of expressionF .x; y; z/ as functions
of absolute deviations ±x , ±y, and ±z:

±F D

s³
@ F

@x

´2

±x2 C
³

@ F

@y

´2

±y2 C
³

@F

@z

´2

±z2 (3)

The calculations of formulas for the relative standard deviations
1¯ D ±¯=¯ and 1r D ±r=r yield the following equations:

1¯ D
p

21m

j m2 ¡ m1j
(4)

1r D
p

21Ts .Ts ¡ T0/

Ts2 ¡ Ts1
(5)

It was assumed here that deviation ±T0 is very small. Values 1m
and 1Ts in Eqs. (4) and (5) are the standard relative deviationsof m
and Ts correspondingly obtained from the scattering of the exper-
imental points of these parameters by the least-squares method.18

The standard deviations are equal to 1m D §5% and 1Ts D §5%
(for example, see Ref. 8). As a rule estimation 1¯ by Eq. (4) gives
1¯ D §(15–30)%, and these deviations are acceptable. However,
as a rule, estimation 1r by Eq. (5) gives 1r D §(100–400)% or
greater. It is obvious that these deviations are not tolerable, and
Eq. (2) cannot be used for r estimations.

The solution of the problem is relatively simple: A smoothing
procedure of experimental dependencies must be used before the
differentiation. This procedure is widespread when differentiation
of experimental dependency is processed.

The uni� ed dependency Ts.m/ (its validity for the investigated
propellants was established earlier) made the smoothing proce-
dure easier. The uni� ed dependencyis representedby the following
expression8;9;12:

m2 D .¸½=Q2/ ¢
¡
<T 2

s

¯
E

¢
¢ Q¤k01 ¢ exp.¡E=<Ts / (6)

where ¸½ , <, E , and Q¤k01 are constants, E D 21 kcal/mol, and Ts

in Kelvin. Equation (6) allows the following connection between r
and ¯ to be established:

r D ¯ ¢
µ

E

2<T 2
s

¡
T0

Ts .Ts ¡ T0/

¶¡1

(7)
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Equation (7) allows us to show that practically 1r D 1¯. Values r
obtained by Eq. (7) are close to those obtained by Eq. (2); however
deviation 1r is obviously much smaller.

Small deviations 1r and 1¯ allow us to obtain criteria k and
k¤ with not very high deviations [estimation r by Eq. (2) and then
calculationsof k¤ will give extra-highdeviationsof 1k¤, much more
than 100%]. Equation (3) and the expression k D ¯ ¢ .Ts ¡ T0/ give
the following formula:

1k D
q

1¯2 C 1T 2
s (8)

The correspondingstandard relativedeviationfor 1k¤ is as follows:

1k¤ D
1¯ ¢

£p
2k2.k C 1/2 C 1

¤

k2 ¡ 1
(9)

The contribution of 1Ts in Eq. (9) is ignored because it is very
small. Estimations of values 1k and 1k¤ by Eqs. (8) and (9) show
that under the investigated conditions the values of 1k comprise
§(20–40)% and of 1k¤ comprise §(20–100)%. These deviations
are reasonable.

Table 4 Temperature sensitivities of mass burning rate ¯ = (@ m/@T0), in %/K, and absolute standard
deviations § ±¯, in %/K; values ¯/§ ±¯ are given

20p, atm 100p, atm
Propellant ¡80T0 , ±C C20T0, ±C C100T0, ±C ¡80T0 , ±C C20T0, ±C C100T0, ±C

HMX 0.108=0.037a 0.15=0.026 0.257=0.087 0.12=0.037b 0.13=0.026 0.16=0.088c

A 0.248=0.07 0.414=0.039 0.62=0.009 0.318=0.07 0.327=0.04 0.34=0.09
B 0.248=0.07 0.31=0.04 0.39=0.089 0.194=0.07 0.26=0.039 0.35=0.089
C 0.186=0.07 0.242=0.04 0.65=0.088 0.29=0.07 0.42=0.04 0.58=0.089
D 0.20=0.07 0.31=0.04 0.45=0.088 0.30=0.07 0.29=0.04 0.20=0.089

aT0 D ¡170±C. bT0 D ¡170±C, 75 atm. cPressure 90 atm.

Table 5 Temperature sensitivities of burning surface temperatures r = (@Ts/@T0) and absolute standard
deviations § ±r; values r/§ ±r are given

20p, atm 100p, atm
Propellant ¡80T0 , ±C C20T0 , ±C C100T0, ±C ¡80T0, ±C C20T0 , ±C C100T0, ±C

HMX 0.10=0.03a 0.16=0.027 0.30=0.103 0.06=0.02b 0.07=0.014 0.09=0.05c

A 0.204=0.058 0.39=0.037 0.72=0.102 0.315=0.07 0.37=0.04 0.45=0.12
B 0.206=0.06 0.29=0.037 0.425=0.096 0.186=0.068 0.278/0.04 0.43=0.1
C 0.51=0.19 0.22=0.036 0.75=0.1 0.34=0.08 0.38=0.035 0.765=0.11
D 0.165=0.058 0.334=0.04 0.485=0.095 0.278=0.066 0.31=0.04 0.356=0.11

aT0 D ¡170±C. bT0 D ¡170±C, 75 atm. cPressure 90 atm.

Table 6 Values of Zel’dovich14 criterion k = ¯(Ts ¡ T0) and absolute standard deviations
§ ±k; values k/§ ±k are given

20p, atm 100p, atm
Propellant ¡80T0, ±C C20T0 , ±C C100T0, ±C ¡80T0 , ±C C20T0 , ±C C100T0, ±C

HMX 0.66/0.23a 0.65/0.12 0.95/0.33 0.81/0.25b 0.65/0.13 0.68/0.38c

A 1.07=0.31 1.47=0.16 1.98=0.3 1.56=0.36 1.37=0.18 1.28=0.34
B 1.07=0.31 1.10=0.15 1.17=0.27 0.93=0.34 1.04=0.16 1.23=0.32
C 0.80=0.3 0.83=0.14 2.08=0.3 1.36=0.34 1.68=0.18 2.18=0.34
D 0.86=0.3 1.07=0.15 1.33=0.27 1.41=0.34 1.16=0.16 1.01=0.32

aT0 D ¡170±C. bT0 D ¡170±C, 75 atm. cPressure 90 atm.

Table 7 Values of Novozhilov15;16 criterion k ¤ = (k ¡ 1)2/(k + 1)r (when k > 1) and absolute standard
deviations § ±k¤ ; values k¤ /§ ±k ¤ are given

20p, atm 100p, atm

Propellant ¡80T0, ±C C20T0 , ±C C100T0, ±C ¡80T0, ±C C20T0 , ±C C100T0, ±C

A 0.01=0.01 0.23=0.05 0.45=0.07 0.38=0.08 0.16=0.04 0.08=0.03
B 0.18=0.2 0.02=0.02 0.03=0.015 —— 0.003=0.001 0.06=0.02
C —— —— 0.5=0.07 0.16=0.04 0.46=0.08 0.6=0.08
D —— 0.07=0.07 0.1=0.03 0.26=0.065 0.04=0.02 0.001=0.05

Thus, the suggested smoothing procedure using uni� ed depen-
dency Ts .m/ presented by Eq. (6) allows the sensitivities of burn-
ing rate and burning surface temperature to be received with good
accuracy.

Results of Calculations, Analysis of Burned Surface
Irregularities, and Discussion

Tables 4–7 show the obtained values ¯ and ±¯, r and ±r, k and
±k, k¤ and ±k¤, correspondingly. All of the values in Tables 4–7
have been obtained on the basis of Ts corrected by the smoothing
procedure using uni� ed dependency (6) (see Table 2).

Table 4 shows that the ¯ obtainedvalues for the investigatedpro-
pellants are low: ¯ D 0,15–0,65. This is a signi� cant advantage for
the studiedpropellantsbecausesimple double-basepropellantshave
large¯ especiallyat elevatedT0: It canbe about1%/K orgreater.The
studied propellantshave low ¯ due to nitramine additions (because
the pure HMX has a very low ¯: 0,1–0,2%/K). Table 4 also shows
that, as a rule, increasing pressure leads to decreasing ¯ for all T0,
and increasing T0 leads to increasing¯. Those are the common ten-
dencies of dependencies¯(p; T0). Table 4 also shows that removal
of the catalyst increases ¯ (it shows that the addition of Ni powder
decreases ¯). Values ¯ of propellantwith a very small HMX parti-
cles and with catalyst at 100 atm are practically independent of T0.
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Table 5 shows that obtained values r for the studied propellants
comprise r D 0.186–0.765 and for HMX r D 0.06–0.3. Table 5 also
shows that the common tendencies of the function r. p; T0/ are the
same dependenciesthat were predicted in Refs. 7 and 8: increase of
r when T0 increases and decrease of r when p increases. Propellant
C (small HMX particles, catalyst) has the highest values of r.

Using the data obtained in Tables 4 and 5 allows the criteria of
stablecombustionk and k¤ to be estimated.Table 6 shows thatHMX
meets the conditionk < 1 and that studiedpropellantsas a rule does
not meet this condition. Table 7 shows the estimated criteria k¤ for
regimes in which k > 1. It can be seen that all estimationsgive values
k¤ that meet the condition k¤ <1.

Two requirementsmust be taken into account here when compar-
ing experimentaldata and theory. It is necessarythat 1) the character
of a combustionregime,stableor nonstable,be preciselydetermined
and 2) the combustionprocess be one dimensional(because the the-
ory of combustionstability and the processingof experimental data
are based on the one-dimensionalapproach).Experienceshows that
the characterof a combustion regime can be establishedby temper-
ature pro� les obtained by a microthermocouplemethod and by the
time dependenceof the burning rate. The pro� le reproducibilityand
small standard deviationsof the burning rate and of different points
of the pro� les (� rst, burning surface temperature) are the indica-
tion of the stable combustion regime. The pulsations of the pro� les
(regular or nonregular)and of the burning rate time dependenceare
indications of the unstable regime. The chosen propellants, as well
as HMX,8;19;20 burn steadilyunder the investigatedconditions.They
have reproducible temperaturepro� les, smooth time dependenceof
burning rate, and small deviations 1m and 1Ts (see earlier text).

Special work was performed to con� rm the validity of the one-
dimensionalapproach to the analysisof modern propellantcombus-
tion (also see Ref. 12). It was necessary because nitramines, as is
well known, have a nonuniform burning surface.11 Also nitramines
create a liquid layerwith bubblesand cavernson the burning surface
of nitramine-containingpropellants.

The quenchedburningsurface of the investigatedpropellantswas
obtained in different ways, by depressurization and by a spray of
liquid, at pressuresof 20 and 100 atm. The linear pro� les of the sur-
face microrelief was obtained by microscope analysis (accuracy
§1 ¹m). The obtained linear pro� les of the microrelief are very
close to the pro� les that were shown in Ref. 12 for simple double-
base propellants. It is obvious that the burning process can be re-
garded as one dimensional if the large surface irregularities x˜, in
comparison with a characteristic length of burning wave, are rare.
The thickness of the heat layer in solid l can be chosen as this
characteristic length. It is natural to assume that the quantitative
characterizationof one dimensionality is the probability 9l .x˜/ of
encountering an irregularity of size x˜ on length of l as a function
of size x˜. In fact, function 9l.x˜/ is a fraction of l-long sections
on a linear pro� le of the microrelief with a height difference x˜ in
the total number of sections (100–150 l-long sectionswere taken for
every combustionregime).The combustionprocesscan be regarded
as one dimensional if the main part of this function, including the
maximum of the function, is located at x˜ that is signi� cantly less
than l. This one-dimensional case was obtained due to processing
the experimentallyobtainedlinearpro� les of the surfacemicrorelief
of the chosen modern propellants.Typical examples of the obtained
functions9l .x˜/ are shown in Figs. 2 and 3. Figure 2 shows function
9l .x˜/ for propellant B at 20 atm. The thickness of the heat layer
in solid l here is equal to 30 ¹m. It can be seen that the maximum
of 9l .x˜/ is located at x close to zero and that the main part of the
function 9l .x˜/ is located at x < l. Figure 3 shows function 9l.x˜/
for propellantD at 100 atm. The thickness of the heat layer in solid
l here is equal to 23 ¹m. It can be seen that the maximum of 9l.x˜/
also is located at x close to zero and that the main part of the func-
tion 9l .x˜/ also is located at x < l. These examples show that the
probability of encountering on length l an irregularity x˜ even at
x˜ ¼ 0:5l is very close to 0.

Thus, the analysis of the burned surface irregularities of mod-
ern propellants con� rms the one-dimensionalcharacter of the com-
bustion under the investigated conditions. It implies that all of the

Table 8 Pressure sensitivities of mass burning rates
º = (@ m/@ p)

20p–100p, atm

Propellant ¡80T0;±C C20T0;±C C100T0;±C

HMX 0.85a 0.657 0.675
A 0.42 0.44 0.28
B 0.35 0.29 0.3
C 0.29 0.33 0.31
D 0.34 0.39 0.45
aT0 D ¡170±C.

Fig. 2 Probability of encountering an irregularity of size x˜ on length
l, as dependence on x˜: propellant B, 20 atm, T0 = 20 C.

Fig. 3 Probability of encountering an irregularity of size x˜ on length
l, as dependence on x˜: propellant D, 100 atm, T0 = 20 C.

methodsof obtainingandprocessingexperimentaldatausedhereare
validformodernpropellants.Thus, thecriterionk¤ correctlypredicts
the combustion stability of the studied propellants and HMX under
the investigated conditions.

This work also contains differential characteristic º , which is
presented in Table 8. It can be seen that the propellants with HMX
(propellantsB and C) have very small values º. These values º are
less than that for HMX and for ordinary double-base propellants
with and without HMX. The removal of HMX (propellant A) or
using small particles of HMX without Ni (propellant D) leads to
increasing º.

Conclusions and Future Work
Burning rates and burning surface temperatures have been ob-

tained experimentally for four modern double-base propellants
containing nitramine additions: 20% nitrosoamine and different
amountsHMX with orwithoutNi catalyst.Temperaturesensitivities
of burning-waveparameters,burning rates and burningsurface tem-
peratures, have been estimated from the experimental data taken
at pressures of 20 and 100 atm and at sample initial tempera-
tures ¡80, C20, and C100±C. Evaluations of standard deviations
of the estimations show that a smoothing procedure for depen-
dencies of burning-wave parameters on pressure and initial sam-
ple temperature is needed to obtain correctly values of the sen-
sitivities. The uni� ed dependency connecting burning rates and
burning surface temperatures was used for the smoothing proce-
dures. It allows the sensitivitiesof burning rate and burning surface
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temperature to be obtained with good accuracy. The sensitivities
are related to those of HMX. Calculations of criteria of stable
combustion show that the Novozhilov criterion correctly predicts
regimes of stable combustion of the investigated propellants and
HMX. An analysis of burned surface irregularities of the propel-
lants shows the one-dimensional character of the combustion. It
con� rms the validity of the experimental data processing used in
this work and the appropriatenessof the theory of solid combustion
stability.

In future work the obtained results will be used for calculations
of the response functions for the investigated propellants.
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