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Abstract: The paper presents an analysis of observable combustion instability
of energetic materials with condensed phase leading reaction. The Zeldovich’s
and Novozhilov’s criteria have been calculated by an example of two dinitramide
salts, ADN and HMDADN, having a condensed-phase combustion mechanism.
It is suggested an explanation of combustion instability observed.
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Introduction

A comprehensive understanding of physicochemical processes occurring
in the combustion wave of propellant ingredients is essential for modeling the
combustion behavior of energetic materials (EM). EM are characterized by
a large variety of chemical and physical properties, which in aggregate define
a variety of combustion models. For example, burning wave propagation can
be completely realized by reactions in the condensed phase. Such a process is
described by the laws similar to the gas-phase burning with the only difference
that the diffusion is supposed insignificant for the condensed-phase mechanism
[1, 2]. However there is still very important distinction between two combus-
tion models: in contrast to gas-phase model, the condensed-phase one has a
limitation. In fact the burning rate in gas-phase model grows with pressure at



4 V. P. Sinditskii

the expense of increase of concentration in reacting substance in gas (if consider
combustion temperature constant). In condensed-phase model the concentration
of substance is constant and independent from pressure, the burning rate grows at
the expense of surface temperature increase with pressure. Hence, at combustion
of substances which surface temperature depends on pressure, there can come
a moment when the heat effect of EM decomposition becomes insufficient for
warming-up substance to the surface temperature. In most cases this moment
masks by increasing gas-phase heat feedback with pressure and transition of
leading reaction from the condensed phase to gas. However, there is a number of
EM, which have high surface temperatures and rather low combustion tempera-
tures. For these EM it is possible to consider the contribution of the gas phase
to the burning rate insignificant within a rather wide pressure interval. The salts
of strong acids, perchlorates and dinitramides have high surface temperatures.
Many of them have instability regions on their burn rate vs. pressure curves. It
would be interesting to establish a reason for heat instability of combustion for
such energetic materials with condensed phase leading reaction.

Problem formulation

The main parameter determining the borders of stability of stationary process
of EM combustion is the number of Ya. B. Zeldovich [1]:

kZO'(T;—Tg) ,

where: o is the temperature sensitivity of burning rate, 7; and 7, are the surface
and initial temperatures. To take the melting of the condensed phase into account,
L,/c, is added to the expression in brackets, where ¢, is the average specific heat
of the condensed phase, L, is the heat of melting.

According to Zeldovich, the combustion process is steady if & < 1. Based
on the main assumption of quasi-steady gas-phase behavior, Zeldovich’s number
was first suggested for designating the stability boundary of EM, burning with
the gas-phase mechanism. In 1965 B. V. Novozhilov proposed [3, 4] an extended
version of the phenomenological approach to combustion instability, which now
is called in the literature the Zeldovich-Novozhilov (ZN) approach.

According to ZN approach, the exothermic chemical reaction may proceed
both in the gas and condensed phases. The extent of the reaction zone in the
condensed phase is assumed to be very thin in comparison with preheated layer
of EM, due to high activation energy of chemical reactions. Therefore, it is as-
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sumed that the thermal relaxation time of the condensed-phase reaction zone is
much shorter than the relaxation time of the preheated layer of EM.

So in the case if &£ > 1, the combustion process keeps stability under condi-
tion of:

k=" _

k+1

or analogical to Zeldovich’s number one may write [5]:

N

r(k+1)

If a reaction determining burning rate proceeds in the condensed phase,
according to the combustion theory of Ya. B. Zeldovich [1], the expression for
the mass burning rate (m) is as following:
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where: y is the thermal diffusivity of the condensed phase, Q. is heat effect
of leading reaction in the condensed phase, £ and Z are activation energy and
preexponential factor for this reaction. Taking the logarithm the above-stated
equation and then differentiating by 7., it is possible to receive expression for
the temperature dependence of burning rate:

Olnm _ E or, 1 o1, 1 aT‘"—l
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At burning of EM, which surface temperature is defined by evaporation

oT, .
process, it is possible to consider E parameter as a very small value. In this

case the temperature coefficient of burning rate is determined mainly by surface
temperature (in the case of melting, L,/c, value may be added to the denominator):

1
o=
T, T,

Hence, for combustion of energetic materials with condensed phase leading
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reaction, the Zeldovich’s number for the steady combustion region should be
close to 1 and the Novozhilov’s number should be much less than 1.

The Novozhilov’s number contains parameter 7, which is extremely difficult
to determine experimentally. However, in the case of condensed-phase model
of combustion, when the burning rate is determined only by surface tempera-
ture, parameter » can be expressed through other parameters. For such a case,
according to [4]:

(fﬂnm] or, ) _(Olnm oT,
olnpP ), \0T, ), or, ),\olnP),
Consequently
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At combustion of energetic materials with condensed phase leading reaction and
surface temperature determined by evaporation processes, the exponent in the

b

burning law is defined by the expression v = i So, Novozhilov’s number
can be expressed as: 2L,

_ k=1’ _v(k-1’ (élmP) _ E(k-1’ (oInP
YR+l o(k+1) | oT TU_ZLVJ(k+l) or, ).

To calculate Zeldovich’s and Novozhilov’s criteria it is necessary to know
the dependence of the burning rate on pressure and temperature, the surface
temperature (7;) and its dependence on pressure. For a number of EM from the
class of onium salts, for example, dinitramides, which combustion obeys the
condensed-phase mechanism, such data were experimentally determined.
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Results and discussion

Ammonium dinitramide (ADN)

One of the well-known representatives of dinitramide salts is ammonium
dinitramide, which is considered as an environmentally friendly oxidizer capable
of offering higher performance than conventional ammonium perchlorate (AP).
As for now, there have been published results on ADN burn rate characteristics
in a wide pressure range [6-8]. The dependence of burning rate on pressure u(P)
for ADN is similar to that for AP. It is characterized also by three segments on
the burning rate vs. pressure curve [8, 9] (Figure 1): the first one is the burning
rate growth with pressure, the second one is the burning rate decrease, followed
by increasing burning rate again at the third segment. For the first segment, at
low pressures, the burning rate is obviously determined by reactions occurring
in the condensed phase. Combustion of ADN within the pressure interval of
2-10 MPa is accompanied by a notable burn rate data scatter, which is indica-
tive of ADN combustion instability. In the pressure interval of 10-36 MPa, the
bright flame is visible just above the surface of the burning strand, therefore it
is logical to assume that reactions occurring in the gas phase make a significant
contribution to the burning rate on the third segment of the u(P).
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Figure 1. Comparison of the combustion behavior of pure ADN (black crosses)
and ADN containing 0.2% of paraffin (light points and line), all
pressed into acrylic tubes.
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In the case of ADN single crystals as well as the supersaturated water solu-
tion the combustion instability area is emphasized very distinctly: the crystals are
incapable of sustained burning within the pressure range of 2-10 MPa, whereas
the supersaturated water solution has a local maximum of burning rate in this
area (Figure 2) [9].

Even minor amounts of organic admixtures to ADN turned out to have a
strong effect on the burning behavior [8, 9]. For example, an addition of only
0.2% of paraffin to crystalline ADN appeared to extend the low-pressure limit
of ADN sustained combustion from 0.2 to 0.02 MPa (Figure 1). Within the
pressure intervals of 0.2-2.1 MPa and 15-36 MPa the burning rate of the ADN
+ 0.2% paraffin mixture coincides well with that of pure ADN. Within the range
of 2-10 MPa the burning rate of the paraffin-doped mixture is noticeably less
and no marked scatter in the burn rate values is observed. The lower-pressure
limit of ADN combustion turned out to be reduced by the addition of not only
organic admixtures, capable to burn, but perhalocarbon oil and silica gel SiO,
also, which hardly can be regarded as readily oxidizable fuels. This fact allows
conjecture [9] that the surprising effect of some minor additives to ADN on the
lower-pressure limit is connected to physical reasons rather than chemical ones.
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Figure 2. Comparison of burning characteristics of ADN single crystals (1)
and supersaturated water solution of ADN (2).
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ADN is a convenient substance for study since it has extended zones in flame
that allows identification of the surface temperature in a wide pressure interval.
It was revealed in work [8] that the temperature of the combustion surface cor-
responded to the temperature of dissociation of ammonium nitrate (AN) formed

in the condensed phase (Figure 3). The dependence of the AN surface temperature

on pressure expresses as log P = 4360 +7.10lor T, = _ 4360 , where P

| * 7.101-logP
in atm. The differentiation of this expression allows receiving the dependence

T
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Figure 3. Dependence of the surface temperature of ADN on pressure. Line
is vapor pressure above liquid ammonium nitrate.

The dependence of the burning rate of ADN, doped with 0.2% of paraffin,
on initial temperature at atmospheric pressure is presented in Figure 4. As can be
seen from the Figure, ADN is capable of burning even at temperature of liquid
nitrogen (-196 °C) [10]. The differentiation of this dependence allows receiv-
ing the temperature sensitivity of burning rate c at various initial temperatures.
These data in comparison with calculated dependence are presented in Figure 5.
Despite significant mistake of ¢ determination because of differentiation, quite
good accordance between calculated and experimental data is observed.
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Figure 4. Effect of initial temperature on the burning rate of paraffin-doped
ADN at 0.1 MPa.

At calculation of Zeldovich’s and Novozhilov’s criteria the heat of dissocia-
tion of ammonium nitrate L, = 166.9 kJ mole™! (39.9 kcal mole™) [5] was used,
the activation energy £ = 148.5 kJ mole™ (35.5 kcal mole™) for the condensed-
phase decomposition of ADN was given from work [11]. Calculated values are
presented in Figure 6. As can be seen from the Figure, the average value of &
for five various initial temperatures is slightly above than unit (1.15), and the
average value of Novozhilov’s number is close to zero (~0.1). At atmospheric
pressure ADN, doped by paraffin, burns quite steadily, and as it can be seen
from Figure 1, the low-pressure limit of burning lies much below. Thus, in fact,
for energetic materials which combustion is propagated at the expense of exo-
thermic reaction in the condensed phase, in the area of steady state burning, the
Zeldovich’s criterion is a little bit more than unit, and the Novozhilov’s criterion
remains less than unit.
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Figure 5. Comparison of the experimental temperature sensitivity of paraffin-
doped ADN at 0.1 MPa with calculated one.
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Figure 6. Experimental values of Zeldovich’s and Novozhilov’s numbers for
paraffin-doped ADN at 0.1 MPa.
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Figure 7. Comparison of the experimental temperature sensitivities of ADN
measured at 123-298 K (1) and at 298-348 K (2) with calculated
one (3).

The measurements of ADN burning rate at various pressures and initial
temperatures were carried out in works [12, 13]. In work [13] measurements
were carried out at -150, 20 and 80 °C in the interval 0.1-6 MPa, in work [12]
at 20 and 75 °C in the interval 0.7-10.3 MPa. Our burn rate data obtained at
atmospheric pressure are in the good agreement with data of work [13] up to
7, = 80 °C. At higher initial temperatures, samples of ADN, usually containing
small amounts of ammonium nitrate as an impurity, melt that can result in sub-
stantial growth of burning rate for the account of turbulization of burning process.
Therefore, only the data obtained in the interval -150 and 20 °C were taken from
work [13]. Temperature sensitivities of ADN burning rate calculated on the ba-
sis of data [12, 13] are presented in Figure 7. The distinctions in the results are
caused by not only significant scatter of ADN burning rates in the interval of
2-8 MPa, but first of all by the fact that the initial temperatures were various. The
experiments carrying out at -150 °C result in sharp fall of burning rates which
is reflected in value of . For calculation of the criteria the data of works [13]
in the interval 0.3-6 MPa, complemented with our data at 0.1 MPa and data of
work [12] at 8 and 10 MPa were used. Calculated criteria are presented in Figure
8. As can be seen from the Figure, both criteria £ and ky begin sharply grow with
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pressure and in the interval of 0.3-6 MPa they considerably exceed unit. At high
pressures the Zeldovich’s number approaches to the unit, remaining little higher,
and Novozhilov’s number tends to zero.
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Figure 8. Experimental values of Zeldovich’s and Novozhilov’s numbers for
ADN.

Hexamethylenediamine bisdinitramide (HMDADN)

Hexamethylenediamine bisdinitramide is a salt of dinitramide and a base
hexamethylenediamine (HMDA) which possesses stronger basic properties than
ammonia. Hence, for this salt it is possible to expect a higher surface temperature
than in the case of ADN. Energetic characteristics of this salt concede to ADN.
The luminous flame at HMDADN burning occurs only at pressure above 2 MPa,
unequivocally suggesting that in the interval of 0.04-2 MPa the combustion is
propagated at the expense of exothermic condensed-phase reactions. The flame
structure of HMDADN has been investigated with tungsten-rhenium micro-
thermocouples in [14, 10]. As in the case of ADN, HMDADN shows a local
maximum on the burning rate vs. pressure dependence, situated at a pressure
lower than one of ADN burning rate maximum (Figure 9).
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Figure 9. Effect of pressure on the burning rate of dinitramide salts of hexa-
methylenediamine (crosses) and ammonia (points). Figures are
calculated adiabatic combustion temperatures.

It was proposed that the temperature of the combustion surface corresponded
to the temperature of dissociation of nitrate salt formed in the condensed phase
as in the case of ADN. The heats of dissociation of nitrate and dinitramide salts
of HMDA have been calculated from the slopes of the curves constructed in the
corresponding coordinates logP-1/T; and logP-1/T; to give values of 335 (80)
and 464 kJ mole! (111 kcal mole™), respectively. These figures are in a good
agreement with heats calculated as a difference between heats of formation of
solid HMDA nitrate and dinitramide and gaseous products of their dissociation,
372 (89) and 435 kJ mole™! (104 kcal mole™), respectively [14].

HMDADN is capable of self-sustained burning at atmospheric pres-
sure even at temperature of liquid nitrogen (77 K), allowing burning rate-
initial temperature dependence to be measured in a wide temperature interval
(77-383 K) (Figure 10) [10]. The burning rate of the salt measured at low tem-
peratures demonstrates rather significant data scatter, which is characteristic for
combustion with the leading role of the condensed phase reactions.
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Figure 10. Effect of initial temperature on the burning rate of HMDADN
at 0.1 MPa.

Burning rate temperature sensitivity of HMDADN at atmospheric pres-
sure has been calculated from the experimental data. It increases from 4-107 to
8-10° K'! as the initial temperature grows from 77 to 353 K. These values are
several times more than the theoretical ones evaluated from the combustion
model based on the dominant role of condensed phase chemistry (Figure 11).
At calculation of Zeldovich’s and Novozhilov’s criteria the heat of dissociation
of HMDA nitrate L, = 372 kJ mole™! (89 kcal mole!) was used; the kinetics of
decomposition were assumed to be close to kinetics of the ADN condensed-phase
decomposition. The calculated criteria are presented in Figure 12.
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Figure 11. Comparison of the experimental temperature sensitivity of HM-
DADN (crosses) at 0.1 MPa with calculated one (dashed line).
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As can be seen from the Figure, in the area of a local maximum of burning
rate of HMDADN both criteria are more than unit that confirms the assumption
of thermal instability of burning in this pressure region. This may be indicative
of the thermal instability of combustion as a reason for the occurrence of the
local maximum on the burning rate vs. pressure curve, as was the case of ADN.

What is the reason for combustion instability? Both dinitramide salts have
similar combustion mechanism. At low pressures, the reaction of dinitramide
salt decomposition to form N,O and corresponding nitrate plays a dominant
role in combustion. The temperature of the combustion surface of both salts
corresponds to the temperature of dissociation of corresponding nitrates formed
in the condensed phase. Temperature profiles obtained for ADN clearly indicate
that at least up to 4 MPa there is a region between surface and first flame where
temperature gradient is close to zero, that is the condensed phase can be warmed
up only at the expense of a condensed-phase reaction. Similar observations
have been done for combustion of HMDADN also. A comparison can be made
between heat of ADN decomposition in the condensed phase (Q = 1674 kJ kg'!,
400 cal g!') and heat required for warming-up the condensed phase to the surface
temperature at different pressures. Calculations show that at pressures above 2
MPa, the heat released in the condensed phase is not enough to warm-up the
condensed material to the surface temperature (Figure 13). Although there is a
flame over the ADN surface at this pressure, the heat flux from the gas phase is
consumed only for warming-up and evaporation of the condensed material in
the aerosol flow above the surface and does not come to the condensed phase.
Because of the lack of heat, the combustion process becomes unstable and as-
sumes an oscillatory mode. Dispersion of the surface layer increases resulting in
anotable burn rate data scatter; the critical diameter of combustion also increases.

It is interesting to note that the surface temperatures of HMDADN and
ADN measured at the pressures corresponding to the burn rate local maximums
are close together (~725 K). Since heat effects of the HMDADN and ADN
decomposition in the condensed phase are close also, the similarity between
surface temperatures supports the conclusion that the reasons for combustion
instability of both substances are the same: a deficit in the reaction heat for
heating-up the solid to the surface temperature and subsequent dissociation.
Indeed, a comparison between available and required heats at different pressures
shows that at pressures above 0.3 MPa the heat released in the condensed phase
of HMDADN is not enough to warm-up the condensed material to the surface
temperature (see Figure 13).
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Figure 13. A comparison between heat of dinitramide decomposition in the con-
densed phase (3) and heats required for warming-up the condensed
phase to the surface temperature for ADN (1) and HMDADN (2).

The occurrence of combustion instability area depends upon the fuel reac-
tivity and, largely, the surface temperature, which is assumed to be dissociation
one and dependent on the amine basicity. HMDA has a stronger basicity than
ADN, which results in much higher surface temperature of the former (at the
same pressures) and correspondingly, earlier occurrence of combustion instabil-
ity area due to the disturbance of the balance between heat required and evolved
in the condensed phase. At higher pressures a contribution of gas-phase redox
reactions removes the combustion instability.

Conclusion

The Zeldovich’s and Novozhilov’s criteria have been calculated by an ex-
ample of two dinitramide salts, ADN and HMDADN, having a condensed-phase
combustion mechanism. It has been concluded that for the steady-state burning
of these energetic materials the Zeldovich’s criterion is a little bit more than
unit, and the Novozhilov’s criterion remains less than unit. At certain pressures
an occurrence of combustion instability area is observed where both criteria are
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much greater than unit.

It is suggested an explanation of combustion instability observed. Since the
burning surface of the salts grows with pressure, there comes a point when the
heat of the condensed-phase reaction is no longer sufficient for heating-up the
solid to the surface temperature and subsequent dissociation, while exothermic
redox reactions in the gas do not contribute noticeably to the condensed phase
heat balance.
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