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HMX and RDX: Combustion Mechanism and Influence on
Modern Double-Base Propellant Combustion

Anatoli Zenin*
Russian Academy of Sciences, Moscow, Russia

Experimental investigations of the burning wave structures of HMX and RDX were carried out by micro-
thermocouple technique at a pressure of 1-70 (90) atm. Burning-surface temperature, heat release in solid,
heat feedback from gas to solid, and heat-release rate in gas near the surface were obtained. The data obtained
show that in the condensed phase of combustion waves of nitramines, evaporation, and thermal decomposition
occur simultaneously, with heat release in the solid being negative at p < 5-10 atm and positive at p > 5-10
atm. Activation energies of HMX and RDX decomposition in combustion waves were evaluated. Published
results of investigations of the thermal burning wave structures of double-base propellants (DBF) containing
HMX and various catalysts were used to establish the influence of additional nitramines on the unified de-
pendencies of simple DBFs. It was found that the gasification law, heat-release law in the solid, and heat-
feedback law do not change, but that the dark zone laws and dependencies for temperature sensitivities change
significantly when HMX is added.
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Nomenclature
specific heats of condensed and gas phases,
respectively, cal/g K
activation energy in solid, kcal/mole
thermal conductivities of condensed and gas
phases, cal/cm s K
pre-exponential multiplier, 1/s
coefficients of gas emissivity and solid
absorption
dark zone thickness, mm
thicknesses of thermal layer and melted layer
in condensed phase, jam
mass and linear burning rate, g/cm2s and cm/s
pressure, atm
heat release in solid and caloric power (heat
of explosion) of propellant at constant
volume, cal/g
maximum heat release in solid, cal/g
heat feedback from gas to burning surface by
heat conduction and radiation, cal/g
heat of melting, cal/g
temperature sensitivity of burning surface
temperature at constant pressure, (dTs/dT0)p
temperatures of burning surface, dark zone,
and flame, °C
temperature distribution in combustion
wave, °C
initial temperature of sample and melting
temperature, °C
distance, mm
temperature sensitivity of burn rate at
constant pressure, (d /;, m/dT0)p, 1/K
solid density and gas density, g/cm3

residence time, ms
heat release rate in gas near burning surface,
kcal/cm3s
temperature gradient in gas at surface,
(d77djt)0, K/cm
thermal diffusivity of condensed phase, cm2/s
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Introduction

T HE use of cyclic nitramines HMX and RDX offers many
advantages: high energy; large amount of gas; high values

of specific impulse for rocket propellants; and nontoxic, non-
smoky, and noncorrosive exhaust products. A great deal of
work has been devoted to investigating the combustion mech-
anism of the nitramines and the systems into which they are
incorporated. Data on the decomposition, pyrolysis, defla-
gration, and macrokinetic parameters of HMX and RDX are
given in Ref. 1. The burning-rate behavior of composite pro-
pellant systems with HMX and RDX was investigated in Refs.
2-11. The incorporation of nitramines into composite pro-
pellants and the increase of nitramine content generally leads
to a decrease in the burning rate; different binders can rad-
ically alter the morphology of the burning surface and thereby
change the combustion mechanism. The problems of catalysts
in such systems and the influence of meltability of the oxidizer
and binder on the catalytic effect have also received a good
deal of attention.

The first objective of this work is to experimentally inves-
tigate the thermal wave structures of HMX and RDX as
monopropellants. The results obtained (some of which are
presented in Refs. 12 and 13) provide answers to some of the
questions about the mechanism of nitramine combustion. The
difficulty of finding effective catalysts for nitramine-based
propellants is well-known. One way of solving the problem
is to use components of double-base propellants (DBF), which
are more sensitive to catalytic influence.2-14 The second phase
of the present work is devoted to the experimental investi-
gation of the thermal burning wave structure of modern pro-
pellants containing components of DBF, different values of
HMX, and different catalysts. Some of the results are pre-
sented in Refs. 15 and 16. The experimental data obtained
are analyzed by means of the unified empirical dependencies
for combustion wave parameters of simple DBF.17-18 Plotting
the data obtained for modern complex propellants on the
curves of dependencies provides an insight into the combus-
tion mechanism by establishing the coincidences and discrep-
ancies between the obtained data. Comparison with the data
obtained for HMX and RDX gives additional information
about the mechanism of complex propellant combustion. Ex-
perimental results were achieved mainly by means of a mi-
crothermocouple technique described in the second section.
The third portion of the present work contains the results and
a discussion of the mechanism of combustion of HMX and
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RDX. The fourth section contains the results of investigations
of complex propellants with nitramines and catalysts and a
discussion of their combustion mechanisms.

Methods of Investigations
Experimental investigations were performed mainly by a

microthermocouple technique.19 The idea of obtaining tem-
perature profiles of combustion waves of propellants by mi-
crothermocouples was proposed in Refs. 20 and 21. However,
tests instituted as a check upon measurements of the angle-
shaped thermocouples used in Refs. 20 and 21 revealed that
the thermocouples lose too much heat into the wires. U-
shaped thermocouples and the criteria for their use in com-
bustion waves of solid were then suggested.19^22-23 The pro-
cedure of temperature curve corrections, methods of burning
surface temperature registrations, and methods of elucidating
information from temperature profiles were developed.17J9-24

The validity of the analyses in a one-dimensional approxi-
mation was demonstrated in Refs. 17 and 19. Heat flux by
conduction from gas into solid in stable combustion waves
can be obtained by the slope of the temperature profile near
the burning surface

qm = kl(T) (f

Heat feedback from gas into solid takes the form of

q = kt(T)<f>/m (1)

Heat release in a solid is

Q = c(Ts - T0) - q- qr + q,,, (2)

The heat conduction equation for a stable combustion wave

(kTx)x - mcpTx = 0 (3)

The profiles of volumetric heat-release rate 3>(r) in the gas
phase can be obtained through temperature profiles and Eq.
(3) by means of a special procedure.17-19-25 Unified depen-
dencies for parameters Ts, q, Q, and functions of <£>(T) were
obtained in Refs. 17, 19, and 26 for simple DBF (without
sufficient additions).

Burning Wave Structure and Combustion Mechanism
of HMX and RDX

Temperature profiles T(x) and surface temperatures Ts of
steady combustion waves of HMX and of RDX have been
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Fig. 1 Averaged temperature profiles T(x) of HMX stable combustion
waves. 1: 1, 2: 5, 3: 20, and 4: = 70 atm.
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Fig. 2 Dependence of burning surface temperature Ts on pressure p;
HMX.
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pressure, atm
Fig. 3 Dependencies of heat release in solid Q and heat feedback by
thermal conductivity from gas into solid q on pressure in combustion
waves of HMX.

obtained at a pressure of 1-70 (90) atm in a nitrogen atmo-
sphere. Initial temperature T0 of the samples was 20°C. The
samples were 12 mm long, 7 mm wide, and 5 mm high. U-
shaped ribbon thermocouples made of alloys W + 5% Re
and W + 20% Re and 3-5 fjum thick, were imbedded into
the samples when the samples were being pressed. Particles
of the HMX and RDX powders were 20-50 jum in diameter.
The density of HMX samples was 1.7 g/cm3; and that of RDX
samples was 1.66 g/cm3.

HMX
Averaged temperature profiles obtained at 1, 5, 20, and 70

atm are shown in Fig. 1. Averagings were made by using five
profiles determined for each pressure. When pressure in-
creases, the temperature of the gas-phase gradient tempera-
ture and the flame temperature increases and the thermal
layer / in solid narrows (/ is determined as the thickness of
the temperature decreasing e-times in solid). Since melting
point Tm of solid HMX (Tm = 280°C) does not depend on
pressure, the thickness of melting layer lm can be determined
by using T(x) in a solid. Table 1 shows the dependencies of
the obtained parameters on pressure, including dependence
/,„(/?)• Values of lm are 2-3 times less than those of /; lm
decreases from 70 to 15 ^m. Figure 2 shows dependence
Ts(p). It can be seen that averaged values of Ts increase from
360 to 490°C. Figure 3 depicts dependencies q(p) and Q(p).
Note that averaged values of q decrease from 133 to 35 cal/
g, and averaged values of Q increase from -11 to +128 cal/
g when pressure increases from 1 to 70 atm. It was assumed
that HMX melting heat was q = 28 cal/g; qr = kJc^T^/
m where kl} = 0.1; £, = 0.5; in solid c — 0.3 cal/g K, x =
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Table 1 HMX combustion wave parameters

p, atm
1
5

20
70

rh, cm/s

0.035
0.15
0.4
1.0

m, g/cm2s

0.06
0.255
0.68
1.7

Ts, °C
360
400
460
490

O x 10-4, K/cm
4

14
18
30

q, cal/g
133
110
53
35

Q, cal/g
-14
+ 20

+ 100
+ 128

/, {mm
250
70
35
28

/„„ A*m
70
30
20
15

3>(), Kcal/cm3s
0.7

11
37

153

7>, °C
1600
2300
2600
2750

qr, cal/g
11
12
7
6

p, atm
1
5

20
90

rb, cm/s

0.05
0.17
0.5
1.8

m, g/cm2s
0.083
0.28
0.83
3.0

7;, °c
320
360
420
490

Table 2 RDX

<I> x 10 -4, K/cm
8

15
35
40

combustion wave parameters

q, cal/g
190
176
84
27

Q, cal/g
-84
-61
+ 58

+ 140

/, fjum
170
50
35
25

/„„ /xm '

120
25
20
15

3>0, Kcal/cm3s
2

13
87

360

7>, °C
1700
2500
2700
2800

qr, cal/g
14
15
6
2

distance, mm
Fig. 4 Averaged temperature profiles T(x) of RDX stable combustion
waves. 1: 1, 2: 5, 3: 20, and 4: 90 atm.

10~3 cm2/s; and in gas near surface k\ = 2 x 10~4 cal/
cm s K. Flame temperature 7} increases from 1900°C at 1 atm
up to 2750°C at 70 atm.

At 1 atm the temperature of the gas phase near the surface
pulsates (see dotted line in Fig. 1) due to occasional bursts
of the bubbles formed in the melting zone. Many of the bub-
bles are 50-100 '/mi in diameter.1

The intensity of the gas-phase reaction close to the burning
surface can be briefly outlined by the heat release rate <E>0
estimated by the formula17:

<f>0 - cpm<t> (4)

Table 1 shows that <i>0 increases from 0.7 to 153 kcal/cm3s.
The activation energy E of HMX decomposition in the com-
bustion wave can be estimated by the formula: ra = A • exp( - El
2RTS). It was established that E = (46 ± 2) Kcal/mole.

The data obtained show that two processes occur simul-
taneously in the condensed phase of HMX: evaporation and
thermal decomposition. At low pressures (p < 5 atm), heat
balance in the condensed phase is negative (Q < 0) since the
heat absorption of the evaporation is greater than the heat
release of the thermal decomposition; heat feedback from the
gas phase compensates for the lack of heat. At elevated pres-
sures, increased heat release of the thermal decomposition
produces a positive heat balance.

RDX
Averaged temperature profiles obtained at 1, 5, 20, and 90

atm are presented in Fig. 4. Averaged burning-wave param-
eters are presented in Table 2. The obtained data show an
increasing of surface temperature, gas-phase gradient tem-
perature and flame temperature, and a narrowing of the ther-

10 20 30 40 60 70 80 90 100

pressure, atm
Fig. 5 Dependence of burning surface temperature Ts on pressure /?;
RDX.

O)

pressure, atm

Fig. 6 Dependencies of heat release in solid Q and heat feedback by
thermal conductivity from gas into solid q on pressure in combustion
waves of RDX.

mal layer in solid. It is assumed that melting point of RDX
Tm = 200°C. Table 2 shows that lm occupies a significant part
of /. Figure 5 shows dependence Ts(p), and Fig. 6 shows
dependencies q(p) and Q(p). From the figures and Table 2,
one can see the increase of Ts from 320 to 490°C, the increase
of Q from - 84 to +140 cal/g, and the decrease of q from
190 to 27 cal/g, when pressure increases from 1 to 90 atm. It
was assumed that all coefficients used for HMX are valid for
RDX. The temperature pulsations observed at 1 atm (see
dotted lines in Fig. 4) can be explained in the same way as
for HMX. Activation energy has been estimated as equal to
E = (40 ± 4) kcal/mole. The values of <I>0 increase from 2
kcal/cm3s at 1 atm up to 360 kcal/cm3s at 90 atm. Flame
temperature increases from 1700 to 2800°C.
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Experimental results show that the same processes (evap-
oration and thermal decomposition) occur in the condensed
phase of both RDX and HMX. However, the intensities of
these processes are different. At pressures p < 20 atm the
more intensive evaporation in RDX leads to a higher negative
heat balance in the condensed phase (Q = — 84 cal/g at 1
atm) and to a higher heat feedback from gas to solid (q =
190 cal/g at 1 atm). At elevated pressures, values of Q and q
of RDX and HMX are almost the same, but the intensity of
heat release in RDX is higher because m of RDX is higher.
The gas-phase reaction rate near the surface is also higher for
RDX than for HMX (compare <l>0 in Tables 1 and 2).

Unified Dependencies for Wave Parameters
of Propellants

The six empirical dependencies for burning-wave param-
eters of simple DBF [nitroglycerin (NG), nitrocellulose (NC),
and various small additives] established in Refs. 17-19 and
26 are gasification law, heat release law in solid, heat feedback
law from gas into solid, dark zone law, heat-release rate law,
and temperature-profile law in gas at elevated pressures (p
> 100 atm). The unified laws for the temperature sensitivities
of combustion rate and surface temperature for simple DBF
are suggested in Ref. 27. This section contains an analysis of
the influence of catalysis and HMX additions on some of the
dependencies. It is possible to cite evidence that the obtained
unified dependencies point to the existence of chemical in-
teraction between zones in the combustion waves of the sub-
stances investigated.

Gasification Law
The unified gasification law for simple DBF is illustrated

in Fig. 7: see points no. 1, solid line (dashed lines represent
confidence interval). Points no. 2 representing DBF with HMX
additions (up to 30%) and points no. 3 representing DBF with
different catalysts (including metal-organic catalysts) are also
shown in Fig. 7. It can be seen that the gasification law for
simple DBF is also practically valid for complex DBF with
HMX and catalyst additions. The analytical form of the law
is as follows17-19:

m = 1.8 x 103exp(-5000/7;) (5)

where m has the unit of g/cm3s. This dependence points to
the existence of common macrokinetics for the limiting stage
in the reaction layer of the condensed phase.16-18 Indeed, the

exact solution of heat conductivity equation for combustion
waves is as follows17-19:

(6)

where Q* = 0.17QV.
Plotting the experimentally obtained data for Ts, m, and Q

on a chart in coordinates /;,(mQ/Ts) vs T~l shows the exis-
tence of the unified dependence that allows the values of E
and &01 to be received [E = (21 ± 1) Kcal/mole, kol =
(8+f) x 10-9, 1/s].17-19 Note that Eq. (5) is a simplified form
of Eq. (6). It is important to stress the validity of Eq. (5) up
to very high pressures.19

The data presented in Fig. 7 show that complex nitrates of
ethers (NG and NC) are responsible for the limiting stage of
the condensed-phase gasification of complex DBF with HMX
and catalysts. It was noted also in Ref. 28 that the burning
rate of mixtures with HMX and DB components is controlled
by the DB components. Comparison of dependencies of Ts(m)
for HMX and complex DBF shows that values of TS9 for HMX
are much higher than those for DBF (see Fig. 7). From the
difference indicated in values of TSJ it follows that there is
probably a mechanism of acceleration of nitramine gasifica-
tion in the reaction layer of the condensed phase of complex
DBF. It is perhaps, an evaporation-reinforced mechanism in
the liquid layer of HMX. The mechanism can be responsible
for the decreased burning rate of nitramine containing DBF
since the additional evaporation requires some additional heat
absorption in the reaction layer of the condensed phase. Ex-
perimental data in Refs. 14 and 15 show that, indeed, the
introduction of HMX in DBF always significantly decreases
the values of Q.

The unified gasification law in dimensionless form can be
presented by the following equation:

m = (7)

where m = m/mmax, mmax = 1.8 x 103 g/cm2s is the maximum
burning rate, and Os = E/RTS is the reversal dimensionless
surface temperature.

Heat-Release Law in Solid
Figure 8 represents the empirical dependence of the relative

heat release in solid Q/QV on parameter pl\rm for the simple
DBF (points no. 1), the DBF with different catalysts (points
no. 2), and the DBF with HMX (points no. 3).

mass burn rate, g/crrr-s
Fig. 7 Unified dependence Ts(m) (gasification law) for simple double-
base propel lants (DBF), solid line. Dashed lines represent confidence
interval. 1: points of simple DBF, 2: points of DBF + HMX (10-
30%), and 3: points of DBF + strong catalysts. Comparison with
dependencies Ts(m) for HMX and RDX.

Fig. 8 Unified dependence QIQv(pl\fm) (heat release law in solid)
for simple double-base propel lants (DBF), solid line. Dashed lines
represent confidence interval. 1: points of simple DBF, 2: point of
DBF + strong catalysts, and 3: points of DBF + HMX (10-30%).
Comparison with dependencies Q/Q^p/V^m) for HMX and RDX.
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The analytical form of the unified dependence (heat-release
law in solid) for simple DBF presented in Refs. 17 and 26 is
as follows:

Q/QV = 0.17 - 0.103 x exp(-0.0253p/Vm) (8)

where p has the unit of atm and m of g/cm2s.
Points no. 2 and 3 were taken from Refs. 15 and 16. It can

be seen that these points only increase scattering of experi-
mental data and do not significantly change the position of
the thick line represented by Eq. (8).

Placing QIQV values of nitramines (see Tables 1 and 2) on
Fig. 8 shows that nitramines have lower values of QIQV than
those of complex DBP, even in the range of positive values
of Q of nitramines. These data confirm the decrease of Q in
DBP when HMX is added, as indicated in Refs. 14 and 24.

Equation (8) shows that at high pressures Q = 0.17<2V =
Q*. Obtained unified laws (5) and (8) allow us to calculate
the heat balance of combustion waves of complex DBP by
referring only to the external parameters m, /?, and Qv.
Heat-Feedback Law

The unified heat-feedback law from gas into solid can be
represented by the equation:

q = C(TS - To) - Q (9)
Radiative heat feedback qr is very small under the conditions
investigated and can be neglected.
Dependencies for Temperature Sensitivities

Analysis shows that Eqs. (5) and (8) are valid for interval
- 50 < T0 < 50°C. The following equations for temperature
sensitivity of the burning rate /3 = (d /»mldT^p, and for tem-
perature sensitivity of the surface temperature r = (8Ts/dT0)p
can be obtained from Eqs. (5) and (8) by assuming that the
dependence of q on T0 is weak27:

ft - [(2RT2JE + 1.3 (10)

r = [(1 + 1.3 x 10-3/?2v/cVm x E/RT*)] (11)

The calculated parameters of ft and r are in good agreement
with the experimental values of ft and r received for DBP
without HMX (see Figs. 9 and 10). Calculations were made
for the wide region of pressures and for interval 600 cal/g <
Qv < 1180 cal/g. Note that Eqs. (10) and (11) present prac-
tically unified dependencies.

There is, however, a serious inconstancy between estima-
tions by Eq. (10) and values of experimentally obtained ft for
DBP with HMX. Figure 11 shows that additions of HMX
decrease ft of complex DBP compared to the unified depen-

pressure, atm
Fig. 9 Dependencies of burning rate thermal sensitivity ft =
(d &, m/dT0)p on pressure p: calculations by Eq. (9) (1: gv = 600, 2:
Qv = 800, and 3: Qv = 1180 cal/g) and experimental point for simple
DBP (points no. 4), T0 = 20°C.

200 300 400 500 700 800 900 1000

pressure, atm
Fig. 10 Dependencies of burning surface temperature thermal sen-
sitivity r = (dTs/dT0)p on pressure p: calculation by Eq. (10) (1: Qv
= 600, 2: Qv = 800, and 3: Qv = 1180 cal/g) and experimental points
for simple DBP (points no. 4), T0 = 20°C.

50 100 150 200 250 300 350 400 450 500

Fig. 11 Illustration of disagreement between calculation by Eq. (9)
unified dependence 0(p) (u.d.) and experimental points for /3 of DBP
with HMX. 1: DBP + 10% HMX and 2: DBP + 40% HMX.

flame temperature, °C
Fig. 12 Experimental dependencies of averaged dark-zone temper-
atures T, on flame temperature Tfat 20 atm, T0 = 20°C. 1: simple
DBP, 2: DBP + strong catalysts, and 3: DBP + HMX. Solid line
represents averaging points no. 1, dashed line corresponds to data.28

dence (10). Decreasing ft for mixtures containing DB com-
ponents and HMX was reported in Ref. 28.
Dark-Zone Laws

Two experimentally obtained characteristics of the dark
zones are presented as dependencies on flame temperature
7}: 1) averaged dark-zone temperatures Tl and 2) averaged
residence times rr of the gas products in the dark zones.18 The
dependencies 7^(7}) for pressures of 20 and 50 atm are shown
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flame temperature, °C
Fig. 13 Experimental dependencies of averaged dark-zone temper-
atures T, on flame temperature Tf at 50 atm, T0 = 20°C. 1: simple
DBF, 2: DBF + strong catalysts, and 3: DBF + HMX. Solid line
represents averaging points no. 1, dashed line corresponds to data.28

reverse dark zone temperature; 103/T15 K
Fig. 14 Dependencies of residence time rr (ms) of gas products inside
dark zone on reverse dark-zone temperature (T19 K)~ ! at 20 atm (1)
and 50 atm (2) for DBF all types.

in Figs. 12 and 13. The scattering of the experimental points
is a characteristic feature of the dark zone. Solid lines rep-
resent approximations for simple DBF, and dashed lines rep-
resent approximations for all of the propellants. The dashed
lines are also in good agreement with the data indicated in
Ref. 11.

Unified dependence of the function T{(p, 7}) for simple
DBF can be described by the expression:

T,(p, Tf) = 0.1566 x Tf x p°-35o + 645 x exp(-0.03/?)
(12)

where p is in atm and T is in °C.
Figure 14 shows the experimental dependencies of Tr(7\)

at pressures 20 and 50 atm for all of the propellants. Unified
dependence for rr(p, 7^) can be described by the expression:

Tr(p, T,) = 1072 x p~24 x exp(-30,QOO/jR7\) (13)

where rr has the unit of ms and Tl of K. Dark-zone length L
can be evaluated by the formula L = rnrr/pg, where pg is the
gas density at 7\.

Chemical Interaction Between Zones of Combustion Waves of Solids
Previous works of the author1749 showed that heat inter-

action between the reaction layer of the condensed phase and
hot portions of the gas phase is very slight because the dis-

tances between the burning surface and the hot flame position
(or the position of the beginning of the first flame) are much
larger than conductive size kjcpm. These large distances cre-
ate a large heat resistance that prevents any significant heat
influence from the hot flame (or the beginning of the first
flame) on the burning surface and, consequently, on the burn
rate. The controlling regions of the combustion wave are the
burning surface and the low-temperature portion of the gas
phase near the surface.

However, dependencies (5), (8), (9), and (12) show that
interactions between parameters m and 7}, 7\ do exist. In-
deed, these dependencies allow us to obtain the following
order of relationships:

m ~ Ts ~ Q - Qv and Tl ~ 7} ~ Qv

Because this implies that propellant caloric power Qv (heat
of explosion at constant volume) links all the parameters of
the combustion wave, correlations between m and 7}, 7\ are
quite possible. The indicated phenomenon points to the ex-
istence of chemical interaction between zones. The nature of
this interaction lies in the fact that the content of the gas
phase and its temperatures (Tt, 7}) are determined by the
gasification process in the burning surface.

Conclusions
The study of the mechanism of combustion was carried out

for cyclic nitramines HMX and RDX and for double-base
propellants containing HMX and various catalysts. Temper-
ature distributions in combustion waves and burn-surface tem-
peratures were obtained experimentally for HMX and RDX
at pressures 1-70 (90) atm. Heat release in solid, heat feedback
from gas to solid, heat-release rate in gas near the surface,
and thicknesses of heat and melted layers in solid were ob-
tained from the measurements. The data received for HMX
and RDX show that values of heat release in solid are negative
at low pressures (up to about 5-10 atm) and positive at el-
evated pressures. The heat release increases from negative
values to positive values gradually, suggesting the existence
of two competing processes in the reaction layer. Evaporation
has a dominant role in the gasification of nitramines at low
pressures, and thermal decomposition (with positive heat-
release) plays the crucial role at elevated pressures. Gas-phase
reaction rates near the surface of RDX are about two times
greater than those of HMX; the rates increase very quickly
when the pressure increases. Effective activation energies for
HMX and RDX gasifications in combustion waves are equal
to (46 ± 2) kcal/mole and (40 ± 4) kcal/mole, respectively.
The values are in agreement with the data obtained by other
methods.

The effect of cyclic nitramines on the combustion mecha-
nism of modern double-base propellants was investigated by
analyzing how the main burn-wave parameters of the pro-
pellants change when HMX is added. The empirical unified
dependencies for wave parameters of simple double-base pro-
pellants (which were established in previous works), were
used for analysis of the HMX influence on the propellant
combustion mechanism. It has been established that the first
unified law, the gasification law, which connects burning rates
of propellants with burning surface temperatures, does not
change significantly when HMX and catalysts are added. It
implies that combustion of complex DBFs containing HMX
is controlled by the DB-components (mainly by nitrocellu-
lose). It also implies that the HMX gasification mechanism
changes inside the combustion waves of complex DB-pro-
pellants because HMX and DB components have quite dif-
ferent macrokinetics [effective activation energy of simple
DBF is equal to (21 ± 1) kcal/mole] and surface temperatures
at corresponding pressures (HMX and RDX surface temper-
atures) are as a rule greater than those of DBF. Most of the
HMX evaporates inside combustion waves of complex DBF
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at all investigated pressures. This mechanism is called the
"evaporation-reinforced." The increased part of HMX evap-
oration in combustion waves of complex DBF implies that
heat release in solid of these propellants must be decreased.
Experimental measurements confirm our hypothesis.

The second unified law, the heat-release law in solid that
connects heat release in solid with pressure, burn rate and
propellant caloric power, also does not change significantly
if HMX is added (within the scatter of experimental points).
It implies that the main combustion wave parameters of the
complex DBF with nitramines can be estimated by referring
only to the external parameters (burn rate, pressure, and
propellant caloric power) for many combustion regimes.
The other possibility of using the unified laws to obtain tem-
perature sensitivities of burn rate and surface temperature
(corresponding analytical formulas have been included in the
article) can be realized only for the simple DBF. For nitra-
mine-containing DBF, there are discrepancies between ex-
perimental and estimated values of the burn-rate sensitivity.
As a rule, experimental temperature sensitivities are less than
those estimated. The reason for the discrepancies lies in the
limited validity of the unified dependencies on propellant ini-
tial temperature for nitramine-containing propellants. More
exact dependencies must be established in the future.

Dark-zone laws established for simple DBF allow us to
predict the temperatures and lengths of dark zones for many
propellants. Nitramine (HMX)-containing propellants have
decreased dark-zone temperatures in comparison with simple
DBF.

The application of the dependencies has shown that burn
rate and flame temperature are connected through the caloric
power of the propellant. The connection can be attributed to
the fact that the gasification process on the burning surface
determines the composition of the gas phase and flame tem-
perature. The connection is called "chemical interaction."

The microthermocouple technique allowed us to obtain de-
tailed information concerning the thermal structure of com-
bustion waves of reactive substances of different composi-
tions. The principal characteristics of the processes that take
place in zones of combustion waves have been obtained from
this information. Application of the unified dependencies in
the next stage of analysis will provide deeper insight into the
physics of the combustion of complex substances.
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