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A comprehensive multi-phase combustion model has been developed to study the physiochemical pro-
cesses involved in the combustion of ammonium dinitramide (ADN). The numerical model is based on
the conservation equations of mass, species concentration, and energy, and takes into account finite-rate
chemical kinetics in both condensed and gas phases. Based on an extensive review of the literature on
ADN thermal decomposition, three global decomposition reactions in the condensed phase of ADN are
included. A detailed chemical kinetics scheme involving 34 species and 165 reactions is employed in
the gas phase. Detailed combustion-wave structures and burning rate characteristics of ADN are
described. The optimized gas-phase kinetics mechanism was able to predict the multi-stage flame struc-
ture. Good agreements between the predicted and measured profiles of temperature and species mole
fractions were obtained at different pressures. Reasonable agreements between calculated and measured
values of propellant burning rates and surface temperatures were obtained over a broad range of pressure
from 0.7 to 350 atm. The burning rate increases with pressure, except in the mid range of �60–100 atm.
The coupled condensed- and gas-phase analysis employed in the current model is able to capture this
irregular/unstable combustion behavior in the mid range, where the burning rate decreases with the
increase in pressure.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Ammonium dinitramide (ADN) is a novel energetic material
that can be used as a liquid monopropellant or as an ingredient
in solid-rocket propellants [1]. It is a low-signature environmen-
tally friendly propellant, with chlorine-free combustion products.
Because it offers higher performance than conventional oxidizers,
ADN is a promising alternative to Ammonium Perchlorate (AP)
and Ammonium Nitrate (AN) [1].

ADN, which is an ionic compound (NHþ4 ½NðNO2Þ2�
�), was first

synthesized in 1971 at the Zelinsky Institute of Organic Chemistry
in the former Soviet Union [2–4]. In 1989, it was independently
synthesized by the Stanford Research Institute [5,6]. Over the past
four decades, significant research has been conducted to study the
combustion wave structure and burning-rate characteristics of
ADN. Extensive experimental diagnostics [7–13] and theoretical
modeling [14–21] have been reported over a broad range of oper-
ating conditions. The experimental techniques include T-jump/
FTIR spectroscopy [22], micro-thermocouple [9,23,24], UV-spec-
trophotometry [23,24], molecular beam mass-spectrometry
(MBMS) [12,25], differential scanning calorimetry (DSC) [13,26],
thermal gravimetry combined with mass spectrometry (TG-MS)
[13,26], optical polarizing light microscopy, laser-Raman spectros-
copy, and energy dispersive X-ray diffraction techniques [27]. The
theoretical methods include ab initio calculation based on quantum
chemistry [14–16] and numerical models based on detailed chem-
istry [17–21]. Both self-sustained [22–27] and laser-induced com-
bustion [28,29] have been modeled. A review of the literature on
ADN thermal decomposition and its combustion behavior up to
2005 is detailed by Yang et al. [30].

Russell et al. [27] confirmed a reversible phase transition of an
ADN crystal, as described by reaction

a-ADN ()
2:0 GPa

b-ADN ðR1Þ

The b-ADN has a new monoclinic polymorphic structure. The melt-
ing point of a-ADN is 365–368 K [12,25], significantly lower than
RDX (478 K) [31], HMX (551 K) [32], and AP (865 K) [33]. The
ADN propellant modeled in the present paper is assumed to be a-
ADN, without any curing agent.

Figure 1 shows schematically the physiochemical processes in-
volved in ADN monopropellant combustion. The temperatures
mentioned in Fig. 1 are representative of a flame at 5 atm. In order
to simplify analysis, the entire combustion wave is segmented into
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Nomenclature

A cross-sectional area of propellant sample
Ag fractional cross-sectional area consisting of gas bubbles

in two-phase region
Aj pre-exponential factor of rate constant of reaction j
As interface area between bubbles and liquid per unit vol-

ume
a pre-exponential factor of burning-rate law
Bj temperature exponent in rate constant of reaction j
Ci molar concentration of species i
Cpi constant-pressure specific heat of species i
Ej activation energy of reaction j
e internal energy
Hv enthalpy of vaporization
h enthalpy
hi static enthalpy of species i
h�fi heat of formation of species i under standard condition
kj rate constant of reaction j
_m00 mass flux

N total number of species
n pressure exponent
NR total number of reactions
p pressure
p0 pre-exponential factor of vapor pressure in Arrhenius

form
rb propellant burning rate
Ru universal gas constant
T temperature
Tmelt melting point of ADN
Td initial decomposition temperature
Ts temperature at propellant surface
Ta temperature in aerosol zone
s sticking coefficient
t time

u bulk velocity
Vi diffusion velocity of species i
Di effective mass-diffusion coefficient for species i
DTi thermal diffusion ratio
�vn average normal velocity component of vapor molecule
Wi molecular weight of species i
_wi mass production rate of species i
_wRj mass production rate of reaction j

Xi molar fraction of species i
Yi mass fraction of species i

Greek symbols
/ void fraction
q density
k thermal conductivity
_x molar production rate

Subscripts
0+ gas-phase side of propellant surface
0� foam layer side of propellant surface
c condensed phase
c–g from condensed phase to gas phase
cond condensation
eq equilibrium condition
evap evaporation
f mass-averaged quantity in foam layer
g gas phase
l liquid phase
s propellant surface or solid phase
v vapor
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three regions: solid phase, foam layer, and gas phase. For RDX and
HMX, the chemical reactions in the solid phase can be ignored, due
to the high liquefaction temperature [34]. For ADN, however, the
situation is more complicated, as it undergoes significant exother-
mic reactions in the solid phase. Sharp exothermicity occurred in-
stantly when the first gas product was detected [33]. Brill et al. [22]
proposed two sets of initial decomposition pathways, according to
observed products ratios and the heat-release. It is suggested that
Reaction (R2), which is mildly endothermic, dominates at lower
temperatures when the decomposition rate is low.

ADNðsÞ ! NH3 þHNO3 þ N2O ðR2Þ

Reaction (R3), which is quite endothermic, is likely to dominate un-
der rapid thermolysis conditions.

ADNðsÞ ! NH3 þHNðNO2Þ2 ðR3Þ

The product HN(NO2)2, usually abbreviated as HDN, is not stable
and will decompose rapidly through reaction

HNðNO2Þ2 ! NO2 þHNNO2 ðR4Þ

The gaseous decomposition products form bubbles within the solid
ADN. In order to accurately predict ADN combustion characteristics,
the solid ADN has been subdivided into two segments, a pure solid
ADN layer and a solid-bubble layer (Fig. 1). Assuming that the pure
solid ADN layer remains thermally stable, any thermal decomposi-
tion can be neglected [35]. Only heat conduction is taken into ac-
count in this region. The solid-bubble layer starts around 333 K
[30]. ADN thermal decomposition, sublimation, and the gas-phase
reactions within bubbles make the physiochemical processes in
the solid-bubble layer very challenging to simulate.

When the temperature reaches the melting point of ADN, ther-
modynamic phase transition occurs as described by R5.

ADNsolid ! ADNliquid ðR5Þ

The liquid-bubble layer (Fig. 1) starts at about 366 K, close to the
melting point of ADN. The thermal decomposition and evaporation
of ADN, bubble formation, gas-phase reactions within bubbles, and
interfacial transport of mass and energy between the gas and con-
densed phase also take place in the liquid-bubble layer. In the cur-
rent approach, since the physiochemical processes in the solid-
bubble and liquid-bubble layers are similar, these two layers are
treated together as a foam layer (also referred to as the subsurface
multi-phase region).

The propellant undergoes a sequence of rapid evaporation and
decomposition in the near field immediately above the foam layer.
Subsequent degradation and recombination reactions occur among
the primary products. These reactions lead to final products and a
corresponding flame region. Reaction R6, R7, and R8 are some of
the possible chemical pathways in the gas-phase region [30],

4NH3 þ 4NO2 ! 3N2 þ 2NOþ 6H2O ðR6Þ
2NH3 þ 2NO2 ! NH4NO3ðsÞ þ N2 þH2O ðR7Þ
2NH3 þ 2NO2 ! N2Oþ N2 þ 3H2O ðR8Þ

A global reaction for ADN condensed-phase thermal decomposition
is obtained from the summation of all proposed reactions. Reaction
(R9) is also consistent with the measured final composition [17].



Fig. 1. Schematic of combustion-wave structure of ADN monopropellant (not to scale).
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Fig. 2. ADN burning rate vs. pressure from various measurements.
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12ADN! 3NH3 þ 10N2Oþ 6NO2 þ 15H2Oþ 2NOþ 6N2

þHNO3 þ 2NH4NO3ðsÞ ðR9Þ

ADN has a higher burning rate than AP, RDX, and HMX. At 5 atm,
the ADN burning rate of 15 mm/s [9] is about�10 times higher than
those of HMX (1.2 mm/s) [36] and RDX (1.5 mm/s) [37]. ADN exhib-
its a unique burning-rate irregularity in the pressure range of 40–
100 atm, as confirmed by many researchers [4,9–
11,23,24,27,38,39]. The burning-rate in this pressure range not only
has a lot of scatter, but also appears to decrease slightly with
increasing pressure as shown in Fig. 2 [4,9–11,23,24,27,38,39].

Two stable combustion regions of ADN exist at pressures below
20 atm and above 100 atm. According to Sinditskii et al. [23,24],
the condensed-phase decomposition appears to dominate in the
low-pressure region. Below 20 atm, a significant amount of heat
release from the condensed phase ADN decomposition sustains
the combustion process. The heat feedback from the gas phase
can be ignored, on account of a low temperature gradient at the
propellant burning surface [9,24]. They also speculate that the con-
densed-phase species (ADN and AN) are dispersed into the gas
flame due to the high burning rate. The white aerosol zone [24]
and condensed material dispersion in other condensed-phase
dominating type of combustion [40] seem to support their
assumption. According to Sinditskii et al. [23,24], as the pressure
increases more energy is required for ADN dissociation. The con-
densed-phase heat release, however, stays nearly constant, while
the gas-phase heat feedback is still insignificant. In this mid-pres-
sure range, there appears to be a gap between the energy required
to heat up and evaporate the condensed-phase materials and the
heat released in the condensed phase; this leads to oscillating
and unstable combustion behavior and causes the observed burn-
ing-rate data scatter. The competition between the fast but energy-
limited heat-release process in the condensed phase and the slow
but energy-rich heat-release process in the gas phase is considered
to be responsible for the burning-rate irregularity in the 40–
100 atm pressure range. At higher pressures, the gas-phase flame
is much closer to the burning surface, resulting in a steep temper-
ature gradient and heat feedback to the condensed phase; the gas-
phase heat feedback is adequate to sustain ADN deflagration.

In order to analyze the ADN combustion wave and its burning
characteristics, many computational studies have been performed
based on detailed chemical reactions by many researchers [14–21].
One of the first detailed gas-phase kinetics mechanisms was devel-
oped by Ermolin in 1990s [19] and improved in 2004 [30]. A mech-
anism with 32 species and 152 reactions was proposed by Lin and
Park based on their ab initio MO/cVRRKM calculations [16]. Incor-
porating Park’s scheme and several H/N/O reactions, which have
been well developed for RDX combustion [35], a more comprehen-
sive ADN gas-phase combustion kinetics mechanism was em-
ployed by Liau et al. [17]. The analysis of ADN self-deflagration at
6 atm obtained a good agreement between predicted and



Table 2
Thermodynamic and transport properties of ADN.

Parameter Units Value Ref. or Comments

cp,ADN(s) cal/g/K 2.094 � 10�1 + 3.361 � 10�4T [44]
cal/g/K 0.59 [45]
J/kg/K 1.26 � 103 [46]
cal/g/K 0.49 [24]

cp,ADN(l) cp,ADN(l) = cp,ADN(s)

kp;ADNðsÞ cal/cm/s/K 1.238 � 10�3 � 5.78 � 10�7T [44]
cal/cm/s/K 0.00193 [45]
J/m/s/K 0.419 [46]

kp;ADNðlÞ kp;ADNðlÞ ¼ kp;ADNðsÞ

qp,ADN(s) g/cm3 1.60–1.84 [46]
qp,ADN(l) g/cm3 1.55 [49]
Hv,ADN kcal/mol 35.1–37.1 [43]
Hmelting,ADN cal/g 32 [9]

kcal/mol 3.4 [5]
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measured results. Based on a sub-mechanism (22 species and 98
reaction) for nitramine propellant combustion suggested by Yetter
et al. [41] and 74 additional reactions for ADN decomposition prod-
ucts proposed by Park et al. [16], Korobeinichev et al. [42] devel-
oped a 33 species and 172 reaction kinetics mechanism. A
kinetics mechanism including more than 100 reactions was used
by Shmakov et al. to model thermal decomposition of ADN vapor
in a two-temperature flow reactor [43].

None of the ADN combustion models mentioned above link the
condensed- and gas-phase kinetics, due to the lack of reliable
decomposition mechanism and data on the properties of ADN li-
quid and its intermediate products. The experimental data avail-
able at the surface or in the gas phase were used as initial
conditions in those detailed gas-phase combustion models. In or-
der to circumvent the limitations of the previous combustion mod-
els, an improved model that couples the condensed and gas-phase
kinetic mechanism is needed. Such a model should also be able to
capture the irregularity of ADN burning in the mid-pressure range.

The first model to couple a global condensed-phase reaction
with detailed gas-phase kinetics was developed by Gross et al.
[21,33] Reasonably good agreement of predicted and measured
burning rate in the low pressure (3–10 atm) and high pressure
(100–200 atm) ranges was obtained. A proposed modification of
the interpretation of erratic combustion behavior in the pressure
range of 10–100 atm offered by Sinditskii et al. [23,24] was pre-
sented. Table 1 summarizes the ADN combustion models of several
researchers.

2. Theoretical formulation

To facilitate analysis, the coordinate system is fixed at the ADN
propellant burning surface. A quasi one-dimensional model is for-
mulated as a first approximation of the problem. A brief summary
of the theoretical formulation of the physiochemical processes in
various regions is described in the following sections.

2.1. Solid phase region

Thermal decomposition of ADN and radiation absorption is ig-
nored in modeling the solid-phase process. Only heat conduction
governed by the following equation is considered:

qscp;s
@Ts

@t
þ qsuscp;s

@Tc

@x
¼ @

@x
ks
@Ts

@x

� �
ð1Þ

A closed-form solution of Eq. (1) at steady state is available, subject
to appropriate boundary conditions and the propellant burning rate.

The various properties employed in the present work are sum-
marized in Table 2. The thermal conductivity and specific-heat
capacity of solid ADN are available in various Refs.
[5,8,9,13,29,34,47,48]. The measurement of liquid ADN properties
is difficult because decomposition usually takes place before melt-
ing, although the density of liquid has been reported by Velardez
et al. [49]. Hence, the liquid properties are assumed to be identical
Table 1
Comparison of ADN combustion models.

Authors Num. of species Num. of reactions Charact

Ermolin (1996) 26 256 Gas pha
Park et al. (1998) 33 152
Liau et al.(1998) 33 180
Korobeinichev et al. (2001) 33 172
Shmakov et al.(2001) >100
Ermolin (2004) 34 218
Gross et al. (2006) 33 173 Coupled
Present model 34 165 Optimi
to those in the solid phase. Systematic parametric calculations
were performed in the current work, due to availability of various
thermodynamic data for the condensed phase. The values used in
the model appear in bold in Table 2.

2.2. Foam layer region

The foam layer consists of the solid-bubble and liquid-bubble
layers (Fig. 1). The physiochemical processes in this region are ex-
tremely complex, involving thermal decomposition, sublimation,
evaporation, condensation, bubble formation, gas-phase reactions
in bubbles, and interfacial transport of mass and energy between
the gas and condensed phases. A two-phase fluid dynamics model
based on a spatial averaging technique is employed to formulate
these complicated phenomena [35]. The analysis is based on the
integral form of the conservation laws for control volumes occu-
pied separately by the bubbles and condensed phases. In establish-
ing the gas-phase formulation, the Dupuit-Forchheimer [47]
fractional-volume voidage definition is employed, given by

Ag ¼ /A ð2Þ

With the additional assumption that mass diffusion is negligible,
the conservation equations for both condensed phase and gas phase
can be combined and written as follows.

Mass

@½ð1� /Þqc þ /qg �
@t

þ @

@x
½ð1� /Þqcuc þ /qgug � ¼ 0 ð3Þ

Condensed species concentration

@½ð1� /ÞqcYci
�

@t
þ @

@x
½ð1� /ÞqcucYci

� ¼ _wci
ði ¼ 1;2; . . . ;NcÞ ð4Þ

Gaseous species concentration

@ð/qgYgi
Þ

@t
þ
@ð/qgugYgi

Þ
@x

¼ _wgi
ði ¼ 1;2; . . . ;NgÞ ð5Þ
eristics Ref.

se kinetic, experimental data were employed as boundary conditions. [19]
[16]
[17]
[42]
[43]
[20]

condensed and gas phase kinetics [21]
zed gas phase kinetics, coupled with condensed phase reactions



Table 4
Description of species formation in foam layer.

i Species _wci or _wgi

1 ADN(s) �ð _wR10 þ _wR12Þ
2 AN(s) 1

6
W2
W1

_wR10 � _wR11

3 ADN(g) _wR12

4 NH3 W4
1
4

_wR10
W1
þ 1

12
_wR11
W2

� �
5 N2O W5 ð56

_wR10
W1
þ 5

24
_wR11
W2

� �
6 H2O(g) W6 ð54

_wR10
W1
þ 21

12
_wR11
W2

� �
7 NO W7 ð16

_wR10
W1
þ 1

24
_wR11
W2

� �
8 N2 W8 ð12

_wR10
W1
þ 13

24
_wR11
W2

� �
9 HNO3(g) W9 ð 1

12
_wR10
W1
þ 1

4
_wR11
W2

� �
10 NO2 W10 ð12

_wR10
W1
þ 1

8
_wR11
W2

� �
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Energy

qf cf
@Tf

@t
� @p
@t
þ qf uf cf

@Tf

@x
¼ @

@x
kf
@Tf

@x

� �
�
XNg

i¼1

_wgi
hgi

�
XNg

i¼1

_wci
hci
þ
XNg

i¼1

hgi
Ygi

_wc�g

�
XNc

i¼1

hci
Yci

_wc�g ð6Þ

The properties are mass-averaged as follows

qf cf ¼ ½ð1� /Þqccc þ /qgcg � ð7Þ
qf uf cf ¼ ½ð1� /Þqcuccc þ /qgugcg � ð8Þ
kf ¼ ½ð1� /Þqcuckc þ /qgugkg �=½ð1� /Þqcuc þ /qgug � ð9Þ

cc ¼
XNc

i¼1

cci
Yci

ð10aÞ

cg ¼
XNg

i¼1

cgi
Ygi

ð10bÞ

kc ¼
XNc

i¼1

kci
Yci

ð10cÞ

kg ¼
XNg

i¼1

kgi
Ygi

ð10dÞ

The mass and energy production terms depend on the specific
chemical reaction mechanisms. The model accommodates the ther-
mal decomposition of ADN, as well as subsequent reactions in the
foam layer. The formation of gas bubbles due to sublimation, evap-
oration and thermal degradation is also considered. Two global
decomposition reactions (R10 and R11) are employed for ADN
decomposition, as listed in Table 3. Reaction (R10) was proposed
by Brill et al., based on measured composition at the burning sur-
face [22]. It should be noted that reaction (R10) is identical to reac-
tion (R9). Reaction R10 is highly exothermic, and provides a major
heat source in the condensed phase. In Ref. [21], the activation en-
ergy of ADN decomposition was artificially increased at the rate of
100 cal/mole per 5 atm increase in pressure. The adjustment was
necessary to obtain a smooth transition between the low- and
high-pressure regions. In the current model, this adjustment was
not necessary. Some of the solid AN particles produced by reaction
(R10) disperse into aerosol zone, while the remaining particles
decompose through reaction (R11), which is a less exothermic reac-
tion, as compared to reaction (R10).

Thermodynamic phase transition (R12) consisting of both evap-
oration (sublimation) and condensation of ADN, is considered to
provide a complete description of the mass transfer process. The
exact extent of ADN evaporation is not known with certainty, but
most researchers seem to agree that some evaporation does takes
place. To achieve the right balance of the condensed- and gas-
phase heat flux at the surface, it appears necessary to allow some
endothermic ADN evaporation. There are several sets of available
Table 3
Subsurface chemical reactions and rate parameters.

No. Reactions

R10 ADNðsÞ ! 0:25NH3 þ ð5=6ÞN2Oþ 0:5NO2 þ 1:25H2Oþ ð1=6ÞNOþ 0:5N2 þ
R11 ANðsÞ ! ð1=12ÞNH3 þ ð5=24ÞN2Oþð1=8ÞNO2 þ ð21=12ÞH2Oþð1=24ÞNOþð
R12 ADNðsÞ () ADNðgÞ
data for ADN vapor pressure correlations. The data employed by
Gross et al. [21] is used in the present work.

Based on the chemical mechanism given by reactions (R10)–
(R12), the species production terms in Eqs. (4) and (5) are listed
in Table 4. The production terms for reactions in Table 4 are de-
fined as

_wR10 ¼ ð1� /ÞqcYc;1k1 ð11Þ
_wR11 ¼ ð1� /ÞqcYc;2k2 ð12Þ

_wR12 ¼ Asðk12f � k12bÞ ¼ Ass�vnCADN
Pv;eq

p
� Xg;3

� �
ð13Þ

Where s ¼ 1; pv;eq ¼ p0 exp � Hv

RuT

� �
ð14Þ
2.3. Gas phase region

The species evolved from the burning propellant surface into
the gas phase include vapor ADN and its decomposition products.
The modeling of the gas phase is based on the mass, energy, and
species transport for a multi-component chemically reacting sys-
tem of N species, and accommodates finite-rate chemical kinetics
and variable thermophysical properties. If body forces, viscous dis-
sipation, and radiation absorption are ignored, the conservation
equations for an isobaric flow can be written as follows. It should
be noted that only the gas phase was taken into account in the cur-
rent treatment.

Mass

@ðqAÞ
@t

þ @

@x
ðquAÞ ¼ 0 ð15Þ

Species concentration

@ðqAYiÞ
@t

þ @½qAðuþ ViÞYi�
@x

¼ _wi ði ¼ 1;2; . . . ;NÞ ð16Þ

Energy

@ðqAeÞ
@t

þ @ðqAuhÞ
@x

¼ @

@x
kA
@T
@x
�
XN

i¼1

qAYiVihi

 !
ð17Þ
A E (kcal/mol) Ref.

ð1=12ÞHNO3 þ ð1=6ÞANðsÞ 3.5e15 s�1 32 [25]
13=24ÞN2 þ 0:25HNO3 2.5e14 s�1 47.2 [50]

5.0e17 Pa 40 [21]
5.1e21 Pa 37 [25]
2.8e20 Pa 40 [43]
2.5e23 Pa 40 [17]
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The specific enthalpy of a mixture is the mass-weighted sum of the
species enthalpy hi,

h ¼
XN

i¼1

hiYi and hi ¼
Z T

Tref

cpi
dT þ h�fi

ð18Þ

Consequently, the specific internal energy becomes

e ¼ h� p
q

ð19Þ

The mass diffusion velocity Vi consists of contributions from both
concentration and temperature gradients,

Vi ¼ �Di
1
Xi

@Xi

@x
þ Di

DTi

Xi

1
T
@T
@x

ð20Þ

Finally, the equation of state for a multi-component system is de-
rived to close the formulation.

p ¼ qRuT
XN

i¼1

Yi

Wi
ð21Þ

For a set of NR elementary reactions involving N species, the reac-
tion equations can be written in the following general form

XN

i¼1

m0ijMi ()
kfj

kbj

XN

i¼1

m00ijMi; j ¼ 1;2; . . . ;NR ð22Þ

where m0ij and m00ij are the stoichiometric coefficients for species i
appearing as a reactant in the jth forward and backward reactions,
respectively, and Mi is the chemical symbol for species i. The reac-
tion rate constant kj (either kfj or kbj) is given empirically by the
Arrhenius expression

kj ¼ AjT
Bj expð�Ej=RuTÞ ð23Þ

The rate of change of molar concentration of species i by reaction j is

_Cij ¼ ðm0ij � m00ijÞ kfj

YN

i¼1

C
m0

ij

i � kbj

YN
i¼1

C
m00

ij

i

 !
ð24Þ

The total rate of change of species i in Eq. (16) is obtained by sum-
ming up the changes due to all reactions:

_wi ¼Wi

XNR

j¼1

_Cij ð25Þ

The detailed gas-phase kinetic mechanism employed in the present
model was developed by optimizing the mechanism used by Liau
et al. [17]. The NO mole fraction in Liau’s model was underesti-
mated, and N2O mole fraction was overestimated. The 13 reactions
related to NO consumption and N2O production were removed.
Many parametric variations were performed to get the best agree-
ment between predicted and measured temperature and species
concentrations profiles at 3, 6, and 40 atm. Based on this, pre-expo-
nential factors of two reactions ðHNNO2 þM ¼ OHþN2OþM and
HNNO2 þNO2 ) HN3O4Þwere changed slightly. Finally, an optimal

34-species and 165-reaction gas-phase kinetics mechanism was ob-
tained and employed. The chemical kinetics was kept constant for
all operating pressures.

2.4. Boundary conditions

There are four boundaries or interfaces in the ADN combustion
wave: the far-field boundary of the gas-phase flame, the interface
between gas phase and foam layer, the interface between foam
layer and solid phase, and the unreacted propellant boundary.

Far-field gas phase boundary
The far-field conditions for the gas phase require that the gradi-

ents of flow properties be zero.
@q
@x
¼ @u
@x
¼ @Yi

@x
¼ @T
@x
¼ 0 at x!1 ð26Þ

Gas phase and foam layer interface
The physical processes in the gas phase and foam layer must be

matched at the propellant burning surface, to provide the bound-
ary conditions for each region. This procedure requires balances
of mass and energy, and eventually determines the burning surface
conditions and burning rate. With the application of conservation
laws to the burning surface, the matching conditions are expressed
as follows:

Mass

½ð1� /Þqcuc þ /qgug �0� ¼ ðquÞ0þ ð27Þ

Species concentration

½ð1� /ÞqcucYci
þ /qgugYgi

�
0�
¼ ½qðuþ ViÞYi�0þ ð28Þ

Energy

kf
dTf

dx
þ ð1� /ÞqcucYADNðcÞhADNc—g

� �
0�
¼ kg

dTg

dx

� �
0þ

ð29Þ

The temperature is identical on both sides of the interface, but spe-
cies mass fractions could be different. A distinct phase transition
from liquid to vapor ADN is assumed to prevail at the interface
[35], giving

½ð1� /ÞqcucYADNðcÞ �0� ¼ s�vnCADNðgÞ

pv;eq

p
� XADNðgÞ

� �� �
0þ

ð30Þ

Eqs. (27)–(30), coupled with the assumption that qlul = qgug and
Tl=Tg [48], are sufficient to solve the set of unknowns (uc, Ts, /, Yi)
at the propellant surface.

Foam layer and solid phase interface
The boundary conditions at the interface between solid phase

and foam layer (melting front) are:

Tc ¼ Tf ¼ Td; and / ¼ 0 at x ¼ xd ð31Þ

Unreacted propellant boundary (cold boundary)
The boundary condition at the unburned side of the propellant

(x ? �1) is

Ts ¼ Tini at x! �1 ð32Þ

where Tini is the initial temperature of the propellant.

3. Numerical method

The overall calculation proceeds according to a double-iteration
procedure, with propellant surface temperature (Ts) and burning
rate (rb) as the eigenvalues. The inner loop is used to correct Ts

and the outer loop to correct rb. For a given initial guess of Ts and
rb, the conservation equation for the subsurface region is solved
first. The resulting species concentrations at the surface are used
to determine the boundary conditions for the gas phase through
the interfacial matching conditions. The next step involves integra-
tion of the gas-phase conservation equations to provide the tem-
perature and species-concentration profiles. The non-equilibrium
evaporation represented by Eq. (30) is employed to check the con-
vergence of Ts. If not successful, another inner iteration is per-
formed using an updated value of Ts. The outer iteration follows
the same procedure as the inner one, except that rb is used as
the eigenvalue to check the interfacial energy balance given by
Eq. (29). Since only the burning rate and surface temperature,
but not interfacial species concentrations, are involved in the iter-
ative procedure, the current algorithm performs quite well and sig-
nificantly reduces the computational burden.

Eqs. (3)–(6) for the foam layer region are solved in an uncoupled
manner. The method first estimates the new temperature profile
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by solving an inert energy equation. Conservation equations of spe-
cies concentration and void fraction are then integrated using the
fourth-order Runge–Kutta method with the temperature profile.
The energy equation is subsequently solved with the newly ob-
tained void fraction and species concentration profiles. Since the
conservation equations are solved in an uncoupled fashion, several
iterations are required to get a converged solution to satisfy all
conservation equations.

Eqs. (15)–(17) for the gas-phase region are also fully coupled.
They are solved using the Chemkin-Premix [51] package with some
modifications. There are two types of computational difficulties in
the present theoretical formulation. One is the stiffness due to a
wide variety of time and length scales associated with chemical
reactions and transport processes, while the other is the complex-
ity arising from the intertwined matching conditions at the propel-
lant surface. The stiffness problem of the gas-phase processes can
be effectively circumvented by using a combined Newton-iteration
and time-integration scheme originally developed by Kee et al.
[51]. The Newton method functions efficiently for steady-state
solutions, but needs a reasonable initial guess for smooth conver-
gence. The time-integration technique is more robust, but less effi-
cient. To optimize the benefits of these two algorithms, calculation
usually starts with the Newton method and then switches to the
integration scheme when the iteration fails to converge. After an-
other trial solution is obtained with several time-marching steps,
the Newton method is resumed to gain efficiency. An adaptive-grid
system is employed to further improve the convergence rate, while
simultaneously acquiring the spatial resolution of the rapidly vary-
ing flow properties in the flame zone.
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Fig. 5. Predicted and measured profiles of species mole fractions at 3 atm.
4. Results and discussion

The results of the current work are divided into two sections.
First, the ADN gas-phase kinetics mechanism and flame structure
are discussed in detail. Then, results from coupled condensed-
and gas-phase analyses are presented to give a complete descrip-
tion of the ADN combustion model.

4.1. Gas-phase combustion analysis

In order to validate the current gas-phase kinetics mechanism,
experimental data of Korobeinichev et al. [12,42,52] were em-
ployed. The conservation equations in the gas phase are solved
and ADN gas-phase flame structures at 3, 6, and 40 atm are com-
puted and analyzed. The boundary conditions for gas species are
summarized in Table 5.

Figures 3–5 show a comparison of predicted (lines) and mea-
sured (symbols) profiles of temperature and species mole fractions
of ADN gas-phase flame at 3 atm. The agreement between pre-
dicted and measured temperature profile in Fig. 3 is quite satisfac-
tory. The main products of ADN combustion at 3 atm are H2O, N2,
NO, N2O, and NH3. Figures 4 and 5 show that the calculated con-
centrations of NH3, N2O, NO and HNO3 match closely with the
available data [42]. The N2 species concentration, however, is
slightly over-predicted. It should be noted that NO2 and HONO
could not be separated in mass-spectra experiments due to their
Table 5
Boundary conditions for gas phase flame calculation.

P (atm) xa (mm) _m00 (g/cm2/s) NH3 H2O N2 NO N2O ADN(v) HNO3 O2 Ref.

3 0.2 2.15 0.08 0.30 0.08 0.19 0.24 0.03 0.08 – [25]
6 4.19 3.4 0.0675 0.35 0.07 0.25 0.2225 – 0.04 – [17]

40 1.5 3.85 – 0.42 0.18 0.21 0.14 – – 0.05 [52]

a x is the distance above the propellant burning surface.
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close molecular weights (46 g/mol for NO2, 47 g/mol for HONO).
The prediction of combined NO2 and HONO concentrations is quite
close to the measurements.

Figure 5 shows that small concentration of HN(NO2)2 (i.e., HDN)
is predicted close to the burning surface. The presence of HDN in
the ADN gas flame was confirmed by Korobeinichev [25], although
the mole fraction profile was not reported. It was considered to be
an important species that decomposes (R4) in the near-surface re-
gion, prompting the partial oxidation of NH3 (R6). In the same zone
(0–0.1 cm), there is a temperature rise of about 150 K.

Figure 6 shows the entire ADN gas-phase flame structure at
3 atm. The four-zone flame structure showing the temperature rise
to 820 K (0.1–4 cm), 1350 K (4–9 cm), 1680 K (10–25 cm), and fi-
nally to 2100 K (55–100 cm) is clearly seen. The latter three flames
occur at far downstream locations and therefore can be practically
observed only at high pressures. The major exothermicity in the
second flame zone (�1350 K) is due to NH3 oxidation reactions
by NO2 R6, R7, and R8. The corresponding heat-releasing mecha-
nisms in the 3rd and 4th flames are the conversion of N2O and
NO to N2, respectively. The existence of a region close to the pro-
pellant surface, where the temperature gradient is close to zero
was obtained both in predicted and measured [24] temperature
profiles (0–0.3 mm). A non-luminous region, also known as dark
zone, is seen at �0.1–2 cm, marked by a plateau in the temperature
profile. In the pressure range of 5–40 atm, dark-zone temperature
plateaus were observed experimentally from 843 to 1273 K [39].
The existence of such dark zones in nitrate esters and nitramine
propellants has been addressed in detail by Yang et al. [53]. Figures
7 and 8 show a comparison of predicted and measured profiles of
temperature and species mole fractions of ADN gas flame at 6 atm.
The agreements are very good.

The present calculation results were compared with those of
Liau et al. [17] and Korobeinichev et al. [25]. The boundary condi-
tions used are identical, and the only difference is in the gas-phase
kinetics mechanisms. Figures 9–12 show that the match obtained
with experimental data using the current gas-phase kinetics mech-
anism is much better than the previous results from Liau et al. [17]
and Korobeinichev et al. [25]. Subscripts ‘‘(0), (1), and (2)’’ indicate
results from the present work, Liau et al. [17], and Korobeinichev
et al. [25], respectively. The improvement in predictions derived
by employing the optimal 34 species and 165 reactions gas-phase
kinetics mechanism at 6 atm is evident.

Three distinct flames, which increase the gas-phase tempera-
ture to 1400 K (1–4 cm), 1840 K (5–15 cm), and 2100 K (25–
100 cm) respectively, are shown in Fig. 13. The near-surface zone
is not shown in the flame structure at 6 atm, since the model cal-
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Fig. 6. Predicted temperature and species mole fractions at 3 atm.
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Fig. 9. Comparison of results of Liau et al. [17] and present study at 6 atm.
culations began at 0.419 cm from the propellant surface, where
the experimental boundary conditions for species were available
as summarized in Table 5. Comparing the temperature and species
profiles in Figs 6 and 13, it can be concluded that similar
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heat-release mechanisms are at play. There is a difference, how-
ever, in the location of the flames at the two pressures. The flames
at 6 atm are closer to the propellant burning surface than their
counterparts at 3 atm. Increase in pressure leads to a decrease in
the flame stand-off distance, due to the increase in the pressure-
dependent reaction rates.

Figures 14 and 15 show a comparison of predicted (lines) and
measured (symbols) profiles of temperature and species mole frac-
tions of ADN gas-phase flame at 40 atm. The agreement again is
quite good at high pressure. These calculations were started at
0.15 cm, due to the availability of species boundary conditions at
that location, as described in Table 5. Figure 16 shows the entire
flame structure of ADN in the gas phase. Only two distinct flames
are seen here. The heat-release contribution of near-surface NH3

oxidation reactions is not shown because the modeling domain ex-
tended from 0.15 to 10 cm. The conversion of N2O and NO to N2 is
still the main source in second and third flames, respectively. The
final flame occurs at �10 cm, much closer than the corresponding
ones observed at lower pressures.

Further analysis was performed to accurately estimate the af-
fect of pressure on the flame structure and on the concentrations
of some key species. Figures 17 and 18, respectively, show the
near-surface view and the overall flame structure comparisons at
3, 6 and 40 atm. The flame stand-off distance is shortened sharply
by increasing the pressure, due to enhanced reaction rates at ele-
vated pressure. The agreement between measured and calculated
temperature profiles at all the studied pressures is quite reason-
able. The existence of dark-zone temperature plateaus at different
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pressures close to the burning surface is also predicted well. Fig-
ures 19 and 20 show the influence of pressure on major species
(H2O, N2, O2, and NO). The contours of species mole fraction pro-
files look similar in shape, except that the pressure increase has
displaced the curves closer to the burning surface. The final prod-
ucts H2O, N2, O2, and NO and their mole fractions (0.396, 0.395,
0.194, and 0.008, respectively), at various pressures (shown in
Figs. 6, 13 and 16) are quite close. Pressure has little influence on
ADN final combustion products. It should also be noted that the
mole fraction of NOx in final products is less than 1%, making
ADN an environmentally friendly propellant.

The modeling results show that the current 34 species and 165
reactions ADN gas-phase kinetics mechanism can adequately pre-
dict the ADN combustion flame structures at low and medium
pressures. The profiles of flame temperature and species mole frac-
tions at pressures exceeding 40 atm have not yet been obtained/
compared, due to the lack of experimental data for appropriate
boundary conditions. The reliability of current the ADN gas-phase
kinetics mechanism in predicting temperature and species mole
fractions at pressures higher than 40 atm should be further
evaluated.
4.2. Coupled gas and condensed phase analysis

The results calculated by the coupled condensed- and gas-phase
combustion model are shown and discussed in this subsection. Fig-
ure 21a and b, respectively, show the comparison between pre-
dicted (line) and measured [25] (symbols) temperature profiles
in ADN gas phase flame at 6 atm and 40 atm. The temperature pro-
file is shown starting from the propellant burning surface. At 6 atm,
the agreement between predictions and data is excellent up to
1.4 cm above the propellant surface. The difference in values
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Fig. 21. (a) Predicted (line) and measured (symbols) temperature profile at 6 atm.
(b) Predicted (line) and measured (symbols) temperature profile at 40 atm.
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Fig. 22. Predicted (lines) and measured (symbols) mole fractions at 6 atm. (a)
Species mole fraction profiles predicted by current model. (b) Species mole fraction
distribution measured by Korobeinichev et al. [25].
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increases to about 12% at 1.8 cm. At 40 atm, the overall flame
structure is also well captured. There appears to be a dark-zone
formation before the final flame is established. The disagreement
further away from the burning surface at both pressures is mainly
due to some heat loss in the experiments, which was not ac-
counted for in the current model. Secondly, the uncertainties in
kinetics data of some global reactions in the condensed phase
and intermediate reactions in the gas-phase may also lead to errors
in predicted temperature profile closer to the surface.
Figure 22a and b, respectively, show the predicted (lines) and
measured (symbols) mole fractions distribution of major species
in ADN gas flame at 6 atm and 40 atm, by utilizing the coupled
condensed- and gas-phase analysis. The agreements are reason-
able. N2O mole fraction is slightly over-predicted, while NO mole
fraction is underpredicted closer to the surface (0–1 cm). The dis-
agreement close to the burning surface could be attributed to the
global ADN decomposition reaction (R10) and its kinetics, which
was based on the available data for 1 atm. The disagreement in
N2 and N2O away from the surface could be due to the heat loss
in experiments which was not treated in the model. The develop-
ment of more detailed semi-global ADN condensed kinetics may
help improve predicted mole fraction profiles close to the propel-
lant burning surface.

Figures 23 and 24 show detailed distributions of temperature
and major species mole fractions at 6 atm in the foam layer under-
neath the propellant surface. The temperature increases monoton-
ically in the foam layer from the ADN melting front to about 640 K
near the surface. The decomposition of the condensed-phase ADN
reaches about 80% within the foam layer and the void fraction, u, is
close to 0.95 at the burning surface. The ADN vapor mole fraction
reaches a value of 0.15 at the surface, which is higher than the the-
oretical value of 0.05 suggested by Gross et al. [21]. The value of AN
mole fraction at the propellant burning surface is around 0.04.

Figure 25 shows the temperature profiles underneath the pro-
pellant surface at three pressures ranging from 6 to 120 atm. The



-10 -8 -6 -4 -2 0

350

400

450

500

550

600

650

0.0

0.2

0.4

0.6

0.8

1.0

ADN(s)

ADN(g)

AN(s)

T

T
em

pe
ra

tu
re

 (
T

),
 K

M
ol

e 
Fr

ac
tio

n

φ

Distance underneath burning surface, μm

Fig. 23. Predicted temperature and species mole fractions profiles in foam layer at
6 atm.

-10 -8 -6 -4 -2 0

350

400

450

500

550

600

650

0.00

0.05

0.10

0.15

0.20

0.25

0.30

T

H2O

HNO3

N2O

NH 3

NO2

NO

T
em

pe
ra

tu
re

 (
T

),
 K

M
ol

e 
Fr

ac
tio

n

Distance underneath burning surface, μm

Fig. 24. Predicted species mole fractions profiles in foam layer at 6 atm.
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thickness of the foam layer decreases with increasing pressure. Fig-
ure 26 shows the corresponding temperature profiles in the gas-
phase region above the propellant surface. The final flame stand-
off distance decreases drastically at higher pressures, resulting in
a sharp temperature gradient increase at the propellant burning
surface. At elevated pressure, a steeper gradient leads to a substan-
tial increase of heat feedback from gas phase flame to foam layer.
Consequently, the foam layer will decompose at a faster rate,
thereby reducing its thickness.

Figures 27–29, respectively, compare the mole fractions of
ADN(s), ADN(g), AN(s) at various pressures. While the ADN(s) mole
fraction at the burning surface increases with the pressure, the
ADN(g) and AN(s) mole fractions show the opposite trend. The de-
crease in the foam-layer thickness at higher pressures reduces res-
idence time for the solid ADN to decompose. At lower pressures,
solid ADN decomposes completely in the foam layer, while at ele-
vated pressures only a part of ADN decomposes at the surface and
the rest evaporates/pyrolyzes at the propellant burning surface.
This indicates that the dominant pathways of solid ADN decompo-
sition at lower pressure are condensed-phase reactions (R10) and
(R11). The major pathways of solid ADN decomposition at elevated
pressures, however, could be a combination of R10, R11, and R12.
Further, it is clear that since less solid ADN decomposes at higher
pressures, the mole fraction of solid AN at the propellant surface
is smaller, as shown in Fig. 29. Figure 30 indicates that the void
fraction at the burning surface decreases with increase in pressure.
The values are 0.95 and 0.16 at 6 and 120 atm, respectively, indi-
cating less ADN(g) and fewer gas bubbles in the foam layer at
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elevated pressures. The void fraction trend agrees with that of the
solid ADN mole fraction.

In the previous section, only gas-phase combustion was mod-
eled, and the experimental burning rates shown in Table 5 were
used as input conditions at different pressures. With the coupled
condensed- and gas-phase combustion model, however, the burn-
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ing rate can be predicted as a part of the solution. Figure 31 shows
the calculated and experimentally measured burning rates at var-
ious pressures up to 350 atm, using the combined condensed- and
gas-phase kinetics. A very good agreement is achieved in the pres-
sure ranges of 0.7–40 atm and 100–350 atm.

There seems to be appreciable scatter in all the available exper-
imental data in the pressure range of 20–100 atm. Around this
range, ADN exhibits atypical burning behavior; the burning rate
actually decreases with the increase in pressure, as evident in
Fig. 31. This observation has been confirmed recently through
the measurements conducted by Sinditskii et al. [23]. The calcu-
lated burning rates from the current model in this pressure range
mimic the overall downward trend, although the predicted burn-
ing rates are lower. The current model seems to be able to capture
the physiochemical phenomenon that is responsible for the irreg-
ular burning behavior of ADN propellant in the mid-pressure
range. Table 6 shows the derived rate coefficients and correspond-
ing pressure exponents for fitting the Saint Robert’s law for the
three different pressure ranges. The negative pressure exponent
for the range of 60–100 atm shows the irregularity in the burning
rate of ADN in this range.

The combined condensed- and gas-phase analysis also enables
us to predict the propellant burning surface temperature as a part
of the solution. Figure 32 shows the propellant surface tempera-
ture as a function of pressure. Considering that there is a substan-
tial data scatter in the different experimental measurements, the
calculated values are reasonable. It should be noted that it is diffi-
cult to precisely locate the propellant surface during combustion,
due to the presence of foam layer and the ensuing bubbles; this
makes it difficult to measure the surface temperature. In general,
the surface temperature is expected to increase with the pressure,
as captured by the current model. But looking closely at the pres-
sure range of the irregular burning, it can be seen that the surface
temperature actually drops, before starting to rise again at very
high pressures.
4.3. ADN combustion irregularity

The changes in the flame structure, burning-surface rheology,
and subsurface morphological structure exert a significant influ-
ence on the ADN burning characteristics. ADN combustion is stable
at low and high pressures, but becomes irregular in the range of
20–100 atm, as shown in Fig. 31. The coupled condensed- and
gas-phase analysis used in the current model provides some in-
sight into the physiochemical phenomena that could explain such
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Table 6
Predicted burning-rate law of pure ADN.

Pressure interval (MPa) rb = apn

a n

0.2–6.08 16.8 0.54
6.08–9.12 75.9 �0.774
10.13–35.46 21.11 0.316
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Table 7
Kinetic data for ADN global decomposition reaction (R10).

A Ea (kcal/mol) Ref.

1.67e7 11.5 [25]
3.5e15 32.0
9.9e11 29.6 [33]
5.5e13 32.8
1.4e15 36–40
8.8e16 36–40
1.4e15 36–40
8.8e16 36–40
4.0e15 38.0
1.0e21 47.8 [13]
2.5e14 35.5 [7]
1.0e20 30–41.8 [26]
1.46e16 38.5 [22]
1.3e15 35.5
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a behavior. At lower pressures, decomposition of dinitramide in the
condensed phase is maintained by the heat release during the for-
mation of AN and N2O [30]. It is clear from Figs. 29 and 30, respec-
tively, that AN concentration and void fraction are higher at lower
pressures. The exothermic condensed-phase processes dictate the
burning rate at low pressure, since the heat feedback (gradient of
the temperature profile at the propellant surface in Fig. 26) from
the gas phase to the propellant accounts for only a small fraction
of energy required to pyrolyze ADN.

At pressures greater than 100 atm, the foam layer is very thin and
there is not much heat-release contribution from the condensed-
phase. The secondary gas flame merges into the primary flame as
shown in Fig. 26. Such rapid enhancement of the heat release near
the propellant surface and its ensuing heat feedback to the con-
densed phase is sufficient for ADN pyrolysis. Hence, at pressure
above 100 atm, the gas-phase heat release dictates the propellant
burning behavior. In the mid-pressure range (20–100 atm), how-
ever, the condensed-phase heat release is low because the foam
layer is relatively thinner. The final gas-phase flame still sits rela-
tively farther from the propellant surface, resulting in lower heat
feedback, as compared to the pressures greater than 100 atm. The
burning irregularity may result from a competitive influence of the
condensed-phase and gas-phase exothermic reactions in determin-
ing the propellant surface conditions and the associated burning
rates. In this mid-pressure range, a gap between the energy required
to pyrolyze ADN and the condensed-phase heat release causes the
burning rate to decrease. Thus, the current model is able to capture
the irregular combustion of ADN, and the results corroborate the
explanation provided in Refs. [24,30].

4.4. Parametric analysis

Because several different sources are available in the literature
for some of the ADN properties, there is a need to do parametric
analysis to identify the most appropriate values to be used in the
current model. Some of these uncertainties are reflected in the
overall predictions made by the model. In particular, the thermo-
dynamics and transport properties of solid and liquid ADN have
some uncertainty. Table 1 shows the property values that were
available from different sources. A series of numerical experiments
were performed to identify values that yielded a closest match
with the experimental data for temperature and species mole frac-
tion profiles. The values that were finally chosen for use in the
model appear in bold in Table 1. It should also be noted that some
of properties were only mentioned for a specific temperature
range. For example, cp;ADNðsÞ ¼ 2:094� 10�1 þ 3:361� 10�4 and
kp;ADNðsÞ ¼ 1:238� 10�3 � 5:78� 10�7 T are only valid from 293 to
338 K, although validity was assumed in a much wider tempera-
ture range, from 293 to 650 K.

Other than the thermodynamic and transport properties, the
kinetics data associated with the global reactions (R10) and (R12)
have some uncertainty, due to the range of values available in
the literature. The global reaction (R11), on the other hand, has
been extensively studied and the broadly acceptable kinetics
parameters [50] have been employed without the need of any
parametric study. Table 7 lists the kinetics data available for R10,
along with the corresponding references. Based on the detailed
parametric study, the value that yielded the closest match with
experimental data appears in bold. For thermodynamic phase tran-
sition (R12) of ADN, among the several sets of vapor pressure cor-
relations, the one used by Gross et al. [21] was found to give the
best results.

There are several reasons for the deviation of the predictions
from the experimental measurements, including the use of 1-D
adiabatic approach, uncertainties in condensed-phase ADN proper-
ties and their global kinetics, and uncertainties in the kinetics of
some gas-phase reactions close to the burning surface. The use of
1-D approach neglects the inherent 2-D nature of gas-phase flame
expansion. The adiabatic treatment neglects heat losses occurring
away from the burning surface and tends to over predict the final
flame temperature. The condensed-phase global kinetics needs a
more detailed or semi-global kinetics approach, but the lack of
experimental data limits the modeling improvement. Although
the detailed gas-phase mechanism yields satisfactory predictions,
it is important to note that kinetics scheme is usually established
for low pressures. Extrapolation of these results to high-pressure
conditions requires caution and further consideration.
5. Conclusions

A comprehensive numerical analysis has been conducted to
study the key physiochemical processes involved in ADN
propellant combustion. The theoretical formation is based on a
multi-phase treatment, wherein conservation equations of mass,
energy, and species concentrations for condensed and gas phases
are solved. The model takes into account the finite-rate chemical



P. Thakre et al. / Combustion and Flame 161 (2014) 347–362 361
kinetics in both phases. While three global reactions are consid-
ered in the condensed phase, an optimized 34-species and 165-
reactions detailed kinetics scheme is employed for resolving the
gas-phase chemistry. The model has been applied to predict the
detailed flame structure of ADN over a broad range of pressures.
Parametric studies were performed to pick the thermodynamic
and transport properties of the condensed phase from the data
available in the literature. Temperature and species mole fraction
profiles, burning rates, and surface temperatures were studied to
fully characterize the ADN combustion-wave structure in both
the condensed and gas phases. Reasonably good agreements be-
tween predicted and measured profiles of temperature and spe-
cies were obtained by employing the current gas-phase kinetics.
Results show noticeable improvement in the predictions as com-
pared to the previous studies. The final combustion products are
chlorine free and the mole fraction of the pollutant NOx is less
than 1% at all pressures, showing that ADN is an environmen-
tally friendly propellant.

Using the coupled condensed and gas-phase combustion
model, the predicted and measured burning rates were found
to match closely over a broad range of pressures (0.7–
350 atm). The burning rate increases with pressure, except in
the range of 40–100 atm. The model was able to capture the
irregular burning behavior in this mid-pressure range. At lower
pressures below 20 atm, ADN combustion is characterized by in-
tense energy release in the condensed phase, weak heat feed-
back from the gas phase, and high burning rate. Above
100 atm, the secondary flame merges with the primary flame,
causing rapid enhancement in the heat feedback to the propel-
lant surface. The intense gas-phase heat feedback dictates the
burning surface condition. In the mid-pressure range, however,
the combustion irregularity may be attributed to the competitive
influence of the condensed-phase and gas-phase exothermic
reactions in determining the propellant surface conditions and
the associated burning rates. In this range, the gap between
the energy required to pyrolyze ADN and the condensed-phase
heat release causes the burning rate to decrease.

There are some limitations and uncertainties in the present
ADN combustion model, which cause some deviation between
the predictions and experimental data. The uncertainty in con-
densed-phase ADN global reactions and their kinetics is one of
the major limitations. Gas-phase reactions close to the burning
surface should also be further studied. For better predictions of
final flame temperatures at low pressures, the heat loss that oc-
curs away from the burning surface must be accounted for. The
current combined condensed- and gas-phase kinetics model for
ADN combustion is promising, but needs further development.
A semi-global or even detailed chemical reaction approach in
the condensed phase would greatly improve the model predic-
tions. More accurate thermodynamic and transport properties
for solid and liquid ADN and its thermal decomposition products
would also be very helpful.
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