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Abstract

In this study, we propose a revised coupled combustion model for ammonium perchlorate (AP), leveraging
recent advances in the modelling of ammonia and NO, chemistry. A coupled combustion model relies on three
founding bricks: a detailed gas-phase kinetic model, a condensed-phase decomposition model, and a pyrolysis law
describing the relationship between the surface temperature and mass flow. The proposed gas-phase kinetic model,
is validated against data on species sampling in jet-stirred reactors, laminar flame speed, and ignition delay time.
These test cases, rarely used by the solid propellant community, highlight deficiencies in a reference mechanism
from the literature. A new model for AP decomposition in the condensed phase is proposed to be used with the
gas-phase mechanism. A suitable pyrolysis law is designed using the Zel’dovich-Novozhilov theory to ensure
the stability of the coupled combustion model. The methodology employed is described in detail, for others to
replicate. Finally, the overall model is applied to simulate the AP laminar flame in a 1D coupled approach. These
calculations provide results on the regression rate, surface temperature, temperature sensitivity and species profiles
for prescribed initial temperature of AP and ambient pressure. The behavior of the proposed combustion model is
presented in comparison with other reference models. The role of gas-phase kinetics in modeling AP combustion
is discussed.
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1. Novelty and Significance

Current models for ammonium perchlorate (AP) combustion have been used for more than a decade without
significant revision or improvement. Furthermore, all of these models have been validated primarily on a dataset
limited to AP combustion with a unique case of detailed flame structure. By applying a more rigorous method-
ology, the validation dataset is expanded adding cases on simple reactive systems of interest. This approach
highlights fundamental deficiencies in the mechanisms which were widely used in the past. A new gas-phase
kinetic mechanism with improved confidence is assembled and validated on the expanded dataset. A condensed-
phase decomposition model is formulated to be used conjointly. Finally, a pyrolysis law is designed employing the
Zel’dovich-Novozhilov theory of solid propellant combustion stability and optimizing the Arrhenius parameters.
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3. Introduction

Ammonium perchlorate combined with a polymeric binder such as hydroxytelechelic polybutadiene (HTPB)
is a widely used ingredient for composite solid propellants. These composite propellants are used for both civil-
ian and military applications. While the binder provides the combustible gases via its pyrolysis, the AP acts as
a source of oxidizer. The combustion process is controlled by the modal distribution of the AP particles in the
propellant. A composite propellant can be tailored to meet specific requirements using appropriate AP loading.
In order to design a composite propellant, it is important to understand and properly model the combustion of pure
AP. To this end, it is necessary to develop a detailed chemical kinetic mechanism in the gas phase and a model of
AP decomposition in the condensed phase.

Extensive experimental work has been carried out in the past, the results of which are essential for the construc-
tion and validation of numerical models. The models must first verify the macroscopic characteristics of the AP
combustion: Atwood and Boggs [1] measured the regression rate of AP at various pressures, as well as the initial
temperature sensitivity. Surface temperature measurements were performed by Bakhman et al. [2], Powling et al.
[3], and Korobeinichev et al. [4]. The combustion model must also represent the underlying chemical mechanisms
within the flame. To this end, the work of Ermolin et al. [5] provides chemical species profiles in an AP flame at
low pressure. For this same flame, Tereshenko et al. [6] reported measurements of the temperature profile near the
regression surface. On this experimental base, Ermolin et al. [5] proposed a first chemical kinetic mechanism in
the gas phase, able to reproduce satisfactorily the measured species profiles. Tanaka et al. [7] then Jing et al. [8]
presented models coupling the gas-phase combustion and condensed-phase decomposition processes. The inclu-
sion of the condensed phase has improved the macroscopic performance of the model (prediction of burning rate,
temperature sensitivity). Efforts to develop more accurate combustion models for AP were continued by Meynet
et al. [9], Gross et al. [10] and Smyth et al. [11].

Ammonium perchlorate (NH;HCIO,4) decomposes in the condensed phase via different pathways, the most impor-
tant of them forming NH3 and HCl1O4. The presence of NH3; among the main decomposition products requires an
appropriate kinetic model for NH3, its subsequent radicals, and NO,. Chemical experiments involving ammonia
have been numerically reproduced with the model used by Gross et al. [10], highlighting some important deficien-
cies.

Based on this finding, we first propose a new gas-phase kinetic model for AP combustion based on the recent work
on ammonia oxidation from Shrestha et al. [12]. A revised model of the condensed-phase decomposition process
is then formulated to be coupled to the new gas-phase kinetic mechanism. The relation between the regression
rate and the surface temperature is specified via an adapted pyrolysis law. Simulations of AP combustion using
a coupled flame/solid approach are performed to evaluate several macroscopic parameters (burning rate, surface
temperature), serving as validation criteria with respect to the available experimental data. Temperature and chem-
ical species profiles are computed for the low-pressure flame studied by Ermolin et al. [5] and Tereshenko et al.
[6]. Finally, a stability study is carried out, in the sense of the Zel’dovich-Novozhilov theory [13].

4. Gas Phase Mechanism

The proposed mechanism for AP combustion consists of 36 species and 205 reactions. It contains sub-mechanisms
for the H-O system, nitrogen-containing species, and chlorinated species. This model was developed based on the
work of Shrestha et al. [12] on ammonia combustion for the H-O-N part of the mechanism. This reference model
is hereafter called the Shrestha model. The choice of this specific mechanism for the reactions involving NH3 and
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other nitrogen-containing species is based on its validation against a large data-set. It is to be noted that ammonia
combustion is still a very active field of research, and more recent mechanisms can be found, see Shrestha et
al. [14], Baker et al. [15] . The sub-mechanism for chlorinated species is inspired by the work of Smooke and
Yetter [16], itself based on the historic mechanism proposed by Ermolin et al. [17]. This last sub-mechanism also
includes reactions used by Pelucchi et al. [18] in his study of the HCI/Cl, chemistry at high temperature. The
proposed mechanism is available in the supplementary materials.

In the following subsections, the ability of the mechanism to accurately represent the NH3/O, chemistry is first
validated via laminar flame speed and ignition delay calculations. The H»/O,/NO, chemistry is tested on experi-
ments in a jet-stirred reactor and a shock tube. The correct treatment of the Cl,/H chemistry is also verified via
laminar flame speed and ignition delay calculations. The test cases are selected from the works of Shrestha et al.
[12] and Pelucchi et al. [18]. This is to ensure that the performance of the assembled AP kinetic model is similar
to the original mechanisms from [12, 18]. The results presented below serve to demonstrate AP model improve-
ments with respect to existing AP mechanisms, and not to provide an exhaustive validation. The new mechanism
is compared to the reference model proposed by Gross et al. [10], hereafter called the Gross model (25 species,
80 reactions). This specific model is chosen as a reference, owing to its frequent usage within the solid propellant
community.

Chemical experiments are simulated employing the Cantera software [19]. Laminar flame speed is obtained under
the hypothesis of adiabatic combustion. Jet-stirred reactors are modeled as perfectly-stirred reactors. In order to
assess the performance of a given kinetic model, we use the adimensional Lo error norm:

1

1 N 2
Serr = {Z (g — gk)ﬂ €]

My |33

Where N is the number of experimental data points, the k-th data point is (2, yx), Jx is the estimate produced
by a model at z, and p,, is the average value of the experimental data points. For ignition delay experiments, the
log-ratio measure is used to better represent the large range of time scales within the data:

N 2 %
Serr = {Z (log y—k> ] 6)

k=1 Yk
Where log is the decimal logarithm.

4.1. NHgs /Og2 Chemistry

Ammonia (NH3) is one of the main decomposition products of ammonium perchlorate. In order to validate the
oxidation sub-mechanism of NH3, different experiments are reproduced with the present model. The ignition delay
time for a highly diluted NH3/O, mixture is calculated for various pressure and equivalence ratio. The results are
compared in Figure 1 with the measurements in shock-tube experiments by Mathieu et al. [20]. The error between
the model predictions and experimental data is quantified in Table 1.

Table 1: Ignition delay time for NH3/O; mixtures: error norm of the model predictions.

¢ P (atm) Derr

0.5 1.4 2.69-1071
0.5 11 1.94 107!
0.5 30 1.48 - 107!
1 1.4 3.55-107!
1 11 2.07-1071
1 30 1.95-101

Good agreement between the model predictions and the experimental results is achieved. Results obtained with the
Gross model [10] are not reported: no ignition was observed with it. Indeed, this model has no reaction between
NH;3 and O3, nor dissociation reaction for these species. The ignition is initiated in the present mechanism via
reactions R92 and R97:

NH; + M=NH, + H+ M (R92)
NH; + O2 = HO, + NH, (R97)
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Fig. 1: Ignition delay time of NH3/O2 mixtures for various pressure (1.4, 11 and 30 atm) and equivalence ratio (¢ = 0.5 and 1),
initial temperature 298 K. Symbols: experiment [20]. Lines: model predictions.

Reaction R92 is particularly important. It produces hydrogen atoms, which participate in the formation of the OH
and O radicals via the following reaction:

H+0O2=0H+0 (R5)

The ammonia NHj is then transformed into NH, by reactions with O, H and OH radicals:

NHs + O = NH; + OH (R93)
NHs + H=NH> + H» (R94)
NHs; + OH = NH: + H20 (R95)

Reactions R93 and R94 consume the majority of NH3. NHo is then converted via two paths, forming NH and
N, H, respectively:

NH, + H = NH + H, (R79)
NH; 4+ O = NH + OH (R78)
NH, + NH = NoH, + H (R73)
NH, + NH, = NoH, + H (R90)

The final product N, is mainly formed from N>H, via the intermediary NNH:

NoHo + M=NNH+H+M (R108)
NNH+M=N+H+M (R100)

Several hydrogen-abstraction reactions involving NH, produce H,, which is finally converted into H>O via:

OH + H, = H,0 + H (R8)

The predicted laminar flame speeds for the NH3 / air system at 1 atm are presented in Figure 2a and compared
with available experimental data. Are also reported the predictions obtained with the Gross reference model [10]
and the Shrestha model [12] that served for the development of the present work. The error norm related to each
model is presented in Table 2.

Good agreement is found between the predictions of the present model and the experimental results. The Gross
model [10] over predicts the flame speed, especially at lower equivalence ratios but captures the velocity maximum
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Table 2: Laminar flame speed for NH3/ air mixtures at 1 atm: error norm of the model predictions.

Model Oerr

This work 1.94-10°
Shrestha [12] 2.07 - 10°
Gross [10] 2.14 - 10!

30 25
—— This work —— This work
—— Gross 4 Shrestha et al.
25
Shrestha 20
+ Data
g g
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Equivalence Ratio (®) Equivalence Ratio (®)
(a) Pressure 1 atm. (b) Pressure 3 atm.

Fig. 2: Laminar flame speed versus equivalence ratio for NHz/air mixtures at 298 K and for two pressures. Symbols: experi-
ments. (a) [21-26], (b) [14]. Lines: Model predictions.

around stoichiometry. It may be noted that the present mechanism performs better than the Shrestha model [12]
for rich conditions, where the slope defined by the experimental points is well followed. To test the mechanism at
a higher pressure, the laminar flame speed for the NH3 / air system is computed at 3 atm, Figure 2b. The modelling
results are good for rich conditions, but somewhat higher than the experimental data under lean conditions. Exper-
imental work is still required to obtain data at high pressures, which correspond to the AP combustion conditions
in solid rocket motors.

A sensitivity analysis is performed on this laminar flame case, for 1 atm. We define the sensitivity coefficient o,
for reaction k£ via:

_ Oln (S L)
o Oln (6k)
Where Sy, is the laminar flame speed and d;, a perturbation applied to the pre-exponential factor of the reaction k.
This coefficient is calculated for rich (¢ = 1.8) and lean (¢ = 0.8) conditions, and the reactions of the highest
sensitivity are reported in Figure 3.

It can be noted that for both considered equivalence ratios, the branching reaction R5 has the highest sensitivity.

3

Ok

H+0,=0H+0 (R5)

The chemistry of NoHj is also important in rich and lean environments. We notice that reaction R125 has adverse
effects under lean and rich conditions.

N2H3 + NHz = NoHz + NH3 (R125)

Reactions involving NO, have particular sensitivity when fuel is lacking, and little effect in rich mixtures.

NH + O, = HNO + O (R61)
NH; + NO = NNH + OH (R82)
NH 4+ NO = H 4 N,O (R68)
H+ N,O =N, + OH (R58)
NH; + NO = H,0 + N, (R83)
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N H; + M=H + NNH + M 4
NH + NHz = H + N3H;
NzHs + NH; = NzH; + NH; o
NH + O; = HNO + O -

NH; + NO = NNH + OH
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NH; + N =H;0 + N; 4
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NH; + NH; = Hy + NyH;
2NH; = NH + NH;
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Fig. 3: Sensitivity coefficient for the laminar flame speed of the NH3 / air system, at 1 atm and two equivalence ratios.

Finally, the reactions involving NH,, such as R79, R87 and R99, are important in rich mixtures and less significant
in lean environment.

H+ NH; =Hs + NH (R79)
NHs + NHy = NH + NHs (R87)
NH-> + NHs = H> + NoHs (R99)

More generally, we observe a notable variation of the reaction sensitivity with the equivalence ratio.

4.2. H»/0:/NOy Chemistry

Combustion of ammonium perchlorate leads to production of various NO, species. It is therefore important
to ensure the validity of the kinetics involving these species. The H»/O»/NO, sub-mechanism in validated on
experiments in a jet-stirred reactor. The first test case, Figure 4, corresponds to a mixture of reactants H, (1%) /
0, (1%) / N, doped with 220 ppm of NO. The pressure is 10 atm and the residence time is 1s.

12 le-2
— H20
— H2 jmmmmm e oA
c c
8 S 1.5 \
] ] 1
o o \
I T )
K K \
2 2 1.0 “ ‘/’_,-—
\ e
\
0.5
—
0.0 r y 0.0 — T
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200

T(K) T(K)

Fig. 4: Products in a jet-stirred reactor of the mixture Hz (1%) / Oz (1%) / N2 with NO (220 ppm) at 10 atm, residence time 1
s, variable temperature. Symbols: experiment [27]. Solid lines: present model. Dashed lines: Gross model

The Gross model [10] predicts correctly the crossover temperature of the H, and H,O curves, around 825 K, but
the results deviate rapidly from the experimental points as the temperature increases. The present model provides

satisfactory results for the nitrogen-containing species. The crossover temperature is slightly over-predicted. The
reaction is initiated by:
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Hs + O, =HO, + H (R11)

H, is then converted into H,O via:

OH + H,=H,O + H (R8)

The rate of consumption of H, is therefore controlled by the concentration of OH in the gas. Three pathways
forming OH are identified:

H+02=0+0H (R5)
NO; + H=NO + OH (R44)
NO + HO; = NO; 4+ OH (R46)

At low temperature (700 K), these three reactions are almost inactive, prohibiting the conversion of H, to H,O.
At 850 K, reaction R46 is particularly active: we observe conversion from NO to NO, and acceleration of the
hydrogen chemistry. At higher temperatures, reactions RS and R46 are more active, reforming NO from NO. In
the Gross model, reaction R46 is absent, which explains why the NO to NO, conversion process is not observed.
At 850 K, reactions RS and R44 are very active: OH is produced in large quantities and the oxidation of Hj is
strongly accelerated. The drop in the NO level is explained by its conversion via HNO into NO,, which is readily
transformed into OH via R44 to accelerate the H, oxidation.

le—2

1.2

— H20
— H2

Mole Fraction
Mole Fraction

. 7
/ ’ ¢ 0.5
0.2 J .

A ‘ e

. . 0. — —
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200
T(K) T(K)

Fig. 5: Products in a jet-stirred reactor of the mixture Hs (1%) / O2 (0.333%) / N2 doped with NO (235 ppm) at 1 atm, residence
time 0.24 s, variable temperature. Symbols: experiment [27]. Solid lines: present model. Dashed lines: Gross model [10].

A similar case with a lower pressure (1 atm) and a higher equivalence ratio (® = 1.5) is presented in Figure 5.
The profiles obtained with the present model for nitrogen-containing species are satisfactory. For H, and H,O,
the prediction is consistent with the results presented by Shrestha et al. [12]. The H, oxidation is again controlled
by the production of OH. At low temperature (800 K), OH is produced via R44 and R46. These two reactions
progress in the forward direction. Their balance is essential to ensure production of OH allowing the oxidation
H, at a correct rate, to avoid over-consuming or over-producing NO and NO,. The action of these two reactions
is less important at lower temperatures compared to the conversion phenomenon observed in Figure 4. At higher
temperatures, they contribute to the consumption of NO, explaining the decrease in the NO level observed around
1000K. As in the previous case, the Gross model presents a significant drop in the NO level which abruptly
accelerates the oxidation of H,. However, the onset of this process occurs at a much higher temperature than in
the experiment.

Another case, presented in Figure 6, is to study the effect of NO, as a doping species. A similar reactive mixture
as in the previous case is doped with 60 ppm of NO, at 10 atm. For both models the H, to H,O conversion is
predicted satisfactorily, the NO, to NO conversion takes place via the reaction NO, + H = NO + OH. In the Gross
model, this reaction is too rapid, causing an overproduction of NO at low temperature; NO formed is then rapidly
converted into N, via the reaction NO + HNO = N, + HO; resulting in the low NO level at high temperature. This
last reaction is absent in the new model, providing a closer agreement with the experimentally measured NO level.
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The kinetic model is finally tested on a self-ignition case, for a H (1%)/0(1%)/Ar mixture with 100 ppm of NO,
at various pressures (1.7, 13. and 33. atm), Figure 7. For the lowest pressure, the model predictions follow the
linear trend, corresponding to the ignition regime controlled by the chain branching mechanism. However, the
predicted transition due to chain termination at lower temperature or higher pressures is shifted to the left of the
experimental points. The Gross model largely overpredicts the ignition delay time at all pressures.

10!
*
N
E
>
o
]
o
c
o
c
2
—— 1.7 atm
—— 13.0 atm
33.0 atm
1072 T T T T T
5 6 7 8 9 10 11

10471
Fig. 7: Ignition delay time of a Ha (1%)/O2(1%)/Ar mixture with NO> (100 ppm) for various pressures (1.7, 13 and 33 atm),
initial temperature 298 K. Symbols: experiment [28]. Solid lines: present model. Dashed lines: Gross model [10].

4.3. Cl> / H> Chemistry

The experimental and modeling results on the ignition delay time for different Cl, / H, / Ar mixtures are reported
in Figure 8. The experimental points come from measurements made by Lifshitz and Schechner [29] in a shock
tube over the temperature range 830 K to 1260 K. The cases considered are grouped in Table 3. The mole fractions
shown represent the initial composition of the reactive mixture, P; is the initial pressure, and Ps is the pressure
after the reflected shock.

Cases A and B demonstrate the ability of the models to reproduce the effect of pressure on the ignition delay
time for a stoichiometric mixture. Cases C, D, and E allow testing the effect of equivalence ratio at a constant
pressure. Good agreement between the model curves and experimental points is observed for these cases at higher
temperatures, but discrepancies increase at lower temperatures, particularly for cases C and E. In general, the
present model produces systematically better predictions than the Gross model.

As reported by Pelucchi et al. [18], the ignition delay is mainly controlled by the R159 initiation reaction and the
R163 branching reaction forming CI and H radicals.



175
176
177
178
179
180

181
182
183
184
185
186
187

10? 10!

Case A « CaseC
Case B ~ CaseD
10! Case E Jad
g g 10°
> 10° =
= 3
a 8
c c
210! =]
5 5107
1077
10°? - - - . . . 10-2
0.7 0.8 0.9 1.0 11 1.2 13 1.4 0.75 080 085 09 095 100 105 1.10 115
10%/T (1/K) 10%/T (1/K)
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present model. Dashed lines: Gross model.

Table 3: Conditions for ignition modelling in Clo/Ha/Ar mixtures and error norm of the model predictions.

Case ClL (%) H, (%) P, (atm) Ps(atm) 0. Gross e, This work

A 10.4 10.4 0.066 1.0 1.79 - 10° 9.83-1071

B 10.4 10.4 0.263 4.6 1.49 - 10° 8.19-1071

C 19.8 10.0 0.066 1.3 1.38 - 10° 7741071

D 10.3 21.6 0.066 1.3 1.42 - 10° 5.99.10"1

E 11.0 11.0 0.066 1.3 1.06 - 10° 4.71-1071
Clo+M=Cl+Cl+M (R159)
Cl+H, =HCl+H (R163)

A more detailed analysis of the reaction kinetics could allow an improvement of the model predictions. The good
performance observed at high temperature remains however sufficient for the combustion model of ammonium
perchlorate.

The models are further validated on test cases of laminar flame speed for a Cl, / H, / N, mixture with different
dilution levels, for which the results are shown in Figure 9. Deviations with respect to experimental data are
presented in Table 4.

Table 4: Laminar flame speed for Clp/H2/N> mixtures: error norm of the model predictions.

XN,  Oerr Gross  der This work
05 591-100%1 296-10°1
0.55 1.89-10° 1.62-10~1
06 3.78-107! 1.38- 107!

Good agreement is found between the experimental points and the predictions obtained with the present model.
For the Gross model, the laminar flame speed is systematically underestimated. This defect increases for more
concentrated mixtures. A sensitivity study is performed for a N, mole fraction of 0.5 to highlight the reactions
controlling the Cl,/H, chemistry, Figure 10. As for the ignition delay cases, the initiation reaction R159 and the
branching reaction R163 have particular sensitivity in both rich and lean environments.

We notice that the sensitivity coefficient of the other reactions is much lower and varies significantly with the
equivalence ratio. The reactions producing HCI other than the R163 pathway are:

Cly + H= Cl + HCI (R162)
Cl+H+M=HCl+M (R164)
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Cl+H, =H+ HCl 4

2CI+M=Cl; + M -

Cly + H=Cl + HCl
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Fig. 10: Sensitivity coefficients of the laminar flame speed for Clo/H2/N> mixtures at 1 atm, containing 50% of Na, in rich
(¢ = 2) and lean (¢ = 0.5) environments.

These reactions have a relatively low sensitivity coefficient. They consume H radicals and have higher sensitivity
at low equivalence ratio, when there are more Cl, and Cl atoms in the reacting mixture. Reaction R162 consumes
H radicals but also produces Cl atoms needed for reaction R163, similar to the initiation reaction R159 ; its sensi-
tivity coefficient is thus slightly positive in rich medium, when the mixture is at lack of CL

As a final comment on the sub-mechanism for chlorinated species, it is to be noted that one of the main products
of AP decomposition is perchloric acid HC1O4. The breakup of this molecule is hence an important step in the AP
combustion process. The reactions modeling this step are taken from the historical mechanism of Ermolin et al.
[17]. Kinetic studies of this particular molecule could greatly help the development of future combustion models
for AP.

5. Coupled Combustion Model

The new gas-phase kinetic mechanism is applied to the case of ammonium perchlorate combustion. Calculations
are performed in a coupled approach with the condensed phase. A diagram of the simulation domain is presented
in Figure 11, showing schematically the temperature profile and phase transformation. The gas and condensed
phases are considered to be separated by a planar and infinitely thin interface, for which the coupling conditions
are formulated. The combustion process is assumed to be one-dimensional and steady-state in the reference frame
attached to the interface. This is a usual approach for modelling solid monopropellant combustion, see Rahman et
al. [31].
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Fig. 11: Schematic representation of the temperature profile and phase transformation in a coupled combustion simulation

5.1. Governing Equations

5.1.1. Gas Phase

The governing equations for a reactive flow are formulated under the assumption of low Mach number. In the
following expressions, index ”g” designates bulk properties of the gas-phase and index “k” identifies the k-th
chemical species.

The continuity equation is expressed as:

d
- () =0 4)

Where p, is the bulk density and u is the flow velocity. The gas density is determined as a function of the
temperature and chemical species fractions for a given thermodynamic pressure. We then introduce the mass flux
m = pgu, constant in space. Under the adopted assumptions, the velocity is entirely defined by the continuity
equation. The momentum equation allows obtaining the variation of the hydrodynamic pressure, which is not of
interest to this problem. The equation for the mass fraction Y}, of chemical species is :

m% = *% (pgYi Vi) + Mywy, %)
With M, the species molar mass, wy, its molar production rate and V}, its diffusion velocity. Finally, the energy
equation is expressed as:

dhy _ dQy
mdx T dx N ©)
dT -
Qg = 97 pgzthka

Where T' is the temperature, Ay is the thermal conductivity, hy and hy, are the mass-specific enthalpies.

These equations are discretized by the finite volume method and solved by a Newton-Raphson algorithm. In order
to facilitate the convergence, temporal terms are introduced and discretized using the backward Euler scheme. The
inlet conditions are determined by the coupling equations with the condensed phase. The gradients of 7" and Y}
are assumed to be zero at the outlet boundary. The CHEMKIN library [32] is used for computing the reaction rates
and thermodynamic properties in the gas phase. Molecular transport properties (thermal conductivity, diffusion
coefficients) are evaluated employing the EGLib library [33, 34].

5.1.2. Condensed Phase

The condensed phase properties are designated by index ”c”. By analogy with the gas-phase, the mass flux in the
condensed phase is m = p.u, where p. is the corresponding density.

The energy equation is:

dhe _ dQ.
Qe=x50
c = e dz

Where h. is the enthalpy, and . is the thermal conductivity. This equation can be expressed as two ordinary
differential equations:
dT
e vT
v (®)

d
— c T) = c T
dx()\v ) = me.V
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With c. the mass-specific heat capacity of the condensed phase. These equations are integrated using the DASSL
algorithm [35], from the initial conditions:

T (zini) = Tini
(AeVT)i = m [he (Tini) — he (T0)]

With T the initial temperature of the condensed phase. The thermophysical properties of the AP are defined as
dependent on the temperature and its physical state. Table 5 presents the model parameters for the solid and liquid
AP. The transition enthalpy from the solid to liquid state accounts for the transition enthalpy from the orthorhombic
to cubic crystalline phase of AP.

®

ini

Table 5: Thermophysical properties of AP

Property Solid AP Liquid AP Ref
Density (kg/m?) 1957 1756 [7]
Enthalpy at 298.15 K (J kg_l) —2517423 - [36]
Melting Temperature (K) 735 - [11]
Transition Enthalpy (J kg_l) - 338312 [36], [7]
Thermal Capacity (J kg_1 K™ 584.35 + 1.7054T 1913 [371, [11]

Thermal Conductivity (Wm~™'K~1)  0.642 — 3.849 - 10~*T  0.416 — 1.569 - 10~*T  [37], [11]

5.2. Interface Conditions

The interface between the condensed and gas phases is a particular zone to model, owing to the complexity of the
physical phenomena involved. A chemically reactive foam is found in this zone. The mass and heat transfer is
accompanied by decomposition reactions in the condensed phase. Few experimental results are available to model
these mechanisms. The study of this interface is difficult due to its small thickness: Boggs et al. [38] reports a
thickness of 1 to 5 um, while Tanaka and Beckstead [7] estimate a thickness of less than 1 pm. It is proposed for
the present modeling approach to consider this interface as an infinitely thin surface with appropriate conditions
that are part of the present model. These conditions must ensure the transfer of mass, heat and species between
the two phases while representing the chemical reactions taking place in the foam in a global sens.

5.2.1. Interface Chemistry

AP decomposition is represented by surface reactions. It is commonly assumed [10, 31, 39], that AP decomposes
via two competing pathways. The first one is endothermic and results from direct sublimation of AP molecules
via proton transfer and desorption:

AP — NHj + HCIO4 (10)

The second exothermic pathway, forming N chemical species and hereafter called “decomposition path”, is meant
to model the remaining chemical reactions:

N
AP = > " wvixk an
k=1
Where . designates the k-th product species and vy, its stoichiometric coefficient. Numerous variants have been
proposed for this pathway by several authors [7, 10, 11]. These models produce unsatisfactory results when
coupled with the gas-phase reaction mechanism presented above. A new formulation is therefore proposed to be
used in the present model:

7 23 46
AP - —No + — —H
e T2t g
The relative importance of the two pathways is controlled by parameter «, such that the global reaction including
both pathways can be written as:

7 12 4 4
—Cl —HCl+ —N —N 12
2O+2602+26 C+26 O2+26 20 (12)

N N
AP — o (NHs + HCIO4) + (1 — ) Y vexk = > okXe, 13)
k=1 k=1

where we introduce 7, the stoichiometric coefficient of species k. Since the sublimation and decomposition
paths are respectively endothermic and exothermic, the o parameter has a first-order effect on the regression rate
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predicted by the present model: the massflow rate increases as the value of a decreases. It is assumed in this
study that « is independent of the ambient pressure and initial temperature of AP. It is fixed at a value of 0.65 to
reproduce the experimentally observed evolution of the regression rate as a function of the pressure. The regression
mass flux m depends on the molar consumption rate of AP at the interface, wap, which is related to the surface
temperature via a pyrolysis law, Equation (14). Its parameters, specified in Table 6, are determined from a specific
study detailed in Section 6.

m = —Maplap = Aexp (_TT“> (14)

Table 6: Parameters for the AP pyrolysis law

Parameter Value
Myp (kgmol ™)  0.11748
T, (K) 7500

A (kg/m?/s) 3.0-10%

5.2.2. Flux Conservation
We introduce the notation [-] such that:

[X] =X, — X! (15)

Where X! and X ; are quantities representing the boundary conditions for the condensed and gaseous phases.
The interface is infinitely thin and is assumed to contain no source of mass or energy. The conservation of mass
and energy fluxes across the interface leads to:

[m] = [pu] =0 (16)
[mh—Q] =0 a7

The mass flux of species k in the gas phase is expressed at the interface as:

mYy + (ngka)I = —MpDrwap (18)

We also impose the continuity of the temperature profile:
Ty =T! =T, (19)

5.3. Solution Method for the Coupled Problem

Two one-dimensional physical domains are considered, for the condensed and gaseous phases. In order to
ensure a correct coupling, a global iterative algorithm is employed to find the mass flow verifying the interface
conditions. The residual defined by Equation must disappear through these iterations. At each global iteration, the
solution in the condensed phase is obtained for the imposed mass flux by integrating Equations . The surface tem-
perature is found from the pyrolysis law to verify the equability of the imposed mass flux and the surface regression
rate defined by the pyrolysis law. The interface conditions for the gas phase are obtained via Equations and The
mesh of the gas phase domain is automatically refined to limit the relative variation of the solution variables
between each pair of adjacent cells and the relative variation of variable differences between three neighboring
cells.

6. Pyrolysis Law

6.1. Parameters Choice

The overall combustion model can be broken down into three main founding blocks: the revised gas-phase kinetic
model describing the reactions within the flame, the conformal condensed-phase reaction defining the gaseous
species generated at the surface of the regressing propellant, and the pyrolysis law defining the dependance be-
tween the surface temperature and regression rate. The pyrolysis law has a significant effect on the stability of
the coupled flame / solid model. The combustion of ammonium perchlorate can be unstable under certain condi-
tions, independently of external acoustic disturbances. This is the so-called intrinsic combustion instability of the
propellant. These phenomena were studied by Denison and Baum [40], then by Zel’dovich and Novozhilov [13].
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The two studies, following different reasoning, result in the same stability limit. According to the Zel’dovich-
Novozhilov (ZN) theory, this limit is characterized by sensitivity parameters from the steady-state combustion of
the propellant. We define these parameters at constant pressure:

Ty
0T
= 21
" (8T0 ) P @D
Where £ and r are the sensitivity coefficients of the mass flux and surface temperature to the initial propellant tem-

perature 7p. By introducing a small perturbation of the regression velocity and temperature field in the condensed
phase and then linearizing the energy equation in the propellant, it is possible to obtain the stability condition:

k:(TS—T0)<8lnm) 20)
P

(k—1)*
= "7 22
r>rL Erl (22)
We also define the temperature sensitivity coefficient of the propellant:
Oln Vieg
_ 23
7 ( 0Ty > P @)

When performing time-dependent simulations, it is important that the coupled combustion model is intrinsically
stable. To this end, the pyrolysis law is designed making use of the ZN theory. Recalling the definition of the
pyrolysis law, Equation (14), two constants need to be defined: the pre-exponential factor A, and the activation
temperature 7,,. It is to be noted that they are tunable parameters, and that multiple values can be found in the
literature, see [7, 11]. The methodology described below is based on constraints to define the A and T}, parameters.
A first constraint is to ensure stability of the coupled combustion model. Employing the ZN stability condition,
Equation (22), the coupled combustion model will be stable up to pressure P if:

r=rrL 24)

The values of 7 and 7, implicitly depend on the pressure and selected set (A, T,). Performing coupled sim-
ulations for various values of (A,7y), the sets verifying Equation (24) are found. These sets define curves
A = Apin(Ta, P), which are shown in Figure 12 for various pressures. A first constraint on the selection of
(A, T,) is then the stability condition at pressure P:

A > Amin(Ta7 P) (25)

For a selected activation temperature and a given pressure, if we choose A > Aunin (T, P) the model is stable
at this pressure, inequality (25) providing the ZN stability condition 7 > rr. With A < Apin(T4, P), the time-
dependent solution would display an oscillatory instability. This can be explained by the existence of a minimal
mass-flow rate, below which not enough energy is fed back from the flame to the burning propellant such as to
maintain its regression. One can note that A, (T, P) increases with pressure: the stability constraint (25)
becomes more stringent as pressure grows up.

When selecting the parameters (A, T,) of the pyrolysis law, the stability condition A > Apin(Ty, P) is not
restrictive enough. Indeed, applying the stability contraint as described above, the activation temperature 7, is
still a free parameter. To add more constraints, one can use Equation (14), which explicitly defines a relation
between the surface temperature and regression rate:

T

A
In (pcheg )

The parameters (A, Tg) should be chosen so that Equation (26) correlates with experimental data. The discrepancy
between the analytical relation (26) and available experimental data points [2—4] can be assessed via the following
Lo error norm:

T, = (26)

273
N
1 i Ta
Serr(A, Ta) = | D — (27)
=t n (PcVﬂ'eg )
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Fig. 12: Evolution A = A, (Ta, P) versus the activation temperature, for different pressures (80, 100 and 130 atm). Initial
temperature of the solid AP: 298 K.

Where N is the number of experimental data points, and the i-th data point is (Weg, T )
The second constraint on the selection of (A, T,) is then that this set of values is to minimize ¢, (A, T,). For a
selected activation temperature, we define A* (7,) minimizing this deviation, as:

A*(T,) = arg (n}gn Serr (A, Ta)) (28)

The evolution of derr(A, T, ) versus A is presented in Figure 13 for various activation temperatures. With these
curves, the values of A*(Ty) are determined and marked by points. The curves Ts = f(Vyeq) obtained from
the analytical relations T (A*(T%,), Ts), defined by Equation (26), are traced in Figure 14. Because of the large
scatter of the experimental data points, the choice of 75, is not evident.
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800 ¢ A=A"
E
[=]
Z 6001
o
o
400 A /
—
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103 104 10° 10° 107 10%

A (kg/m?[s)
Fig. 13: Evolution of §err (A, Ts) with A for various activation temperatures, Equation (27).

In order to select the values of A and Ty, the curves A = A, (T, P) are plotted for various pressures, together
with the curve A = A*(T%,), Figure 15. The selected set (A, T,) must ensure the ZN stability of the coupled
combustion model up to a high pressure. It must also provide results on Ts(Vyegy) in agreement with the experi-
mental data, i.e. A must be chosen close to A*(T,). It is seen from Figure 15 that it is impossible to ensure the
model stability up to 130 atm without using values of A which would deviate too much from A*(7,). A good
compromise is found selecting A = 3 - 10°kg/m? /s and T,, = 7500 K. These values ensure the stability of the
coupled combustion model up to at least 100 atm, and providing a small value of derr (A, T4).

6.2. Effect on Macroscopic Parameters
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Fig. 15: Comparison of the curves A = A,pin(Ta, P) for different pressures (80, 100 and 130 atm), with the curve A =
A*(Ta).

It is also of interest to study the effect of the pyrolysis law parameters on some macroscopic characteristics of the
combustion: the regression rate V.4, and surface temperature 7. The modelling results are presented in Figure
16 for a pressure of 100 atm.

For a given activation temperature, the regression rate first increases as a function of the pre-exponential factor,
as the heat feedback to the condensed phase increases with growing mass-flow rate; on the other hand, the sur-
face temperature is steadily decreasing, following the direct relationship between A, Ty, and V.4 provided by the
pyrolysis law (26). At the maximum of regression rate, the pre-exponential factor reaches a critical value, above
which the regression rate decreases slowly. At this point, the surface temperature becomes too low and chemical
reactions are slowed down near the AP surface, hence reducing the heat feedback to the condensed phase. When
this progressive phenomenon becomes apparent, the surface temperature is below 900 K for the considered pres-
sure. The value of the regression rate maximum does not depend on the activation temperature, and is mainly
controlled by the value of parameter a determining the overall thermal effect of the condensed phase decompo-
sition. Depending on the activation temperature, the point A = A,,in (Ta, P = 100 atm) on the curve V;.cq(A)
changes its location with respect to the maximum: it is on the left branch for 7, = 7500 K, at the maximum for
To = 8750 K, and on the right branch for greater values of 7,.

The effect of the pyrolysis law parameters on the sensitivity coefficient o is shown in Figure 17, for a pres-
sure of 100 atm. The temperature sensitivity appears to be an increasing function of the pre-exponential factor
A. The slope of the curve o(A) decreases with the activation temperature rise. Note that the value of o for
A = Apin(Ta, P = 100 atm) depends on 7T, within the lower part of the studied range and becomes stable at
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T, > 1000 K.
7. AP Combustion Results

7.1. Ermolin’s Flame

The coupled approach described above is first applied to the case of the low-pressure AP flame studied by Ermolin
et al. [5] and Tereshenko et al. [6]. The species mole fraction profiles, obtained with the present model and
with the Gross reference model, are compared with the experimental data for the main AP flame products and
nitrogen-containing species, Figure 18.

The present model provides results in agreement with the experimental data. On the other hand, the Gross model
appears to suffer from deficiencies, mainly for nitrogen-containing species. The N, level is over-predicted above
the surface, and an important rise is observed around # = 102 cm, whereas the experimental data shows a slight
increase in N,. The present model produces a significant amount of NO, whereas the Gross model predicts a low
NO level within the flame. Hence, with this latter model, nitrogen-containing species are converted at an excessive
rate to the final product N», without forming enough NO as an intermediate species.

The temperature profile computed with the present model is presented in Figure 19, and compared against the
experimental data from Tereshchenko et al. [6]. The results obtained with the Gross model [10] and two more
models from the literature (Smyth et al. [11], Meynet et al. [9]) are presented as well. Most modeling results are
in good agreement with this experimental temperature profile, with the exception of the Gross model which signif-
icantly overestimates the flame temperature. Smyth and Meynet also used this temperature profile as a validation
case in their modeling studies. The compared profiles differ mainly in the predicted surface temperature and the
downstream behaviour. In the Meynet model, the surface temperature is fixed at 825 K resulting in a significantly
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Fig. 18: Species profiles for the AP flame at 0.6 atm and initial temperature 533 K. Symbols: experiment [5]. Solid lines:
present model. Dashed lines: Gross model [10].

higher temperature near the surface. The Smyth model profile is particularly distinguished by a second marked
rise of temperature around x = 1 cm.

It is to be noted that this flame is the only AP combustion test case in the literature with available experimental
profiles. Since the original publication from Ermolin et al. [5] in 1981, no significant progress has been made in
the experimental characterisation of the AP flames. With a single available test case, a large variety of combustion
models emerged over the years, each predicting more or less correctly the Ermolin flame, but with sometimes very
different underlying physics. Experimental work on this matter, for instance at higher pressure, would be a great
benefit for the solid propellant community.
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Fig. 19: Temperature profiles in the AP flame at 0.6 atm and initial temperature 533 K. Symbols: experiment [6]. Lines: model
prediction.

The NO and N; profiles predicted with the different models are shown in Figure 20. The observed rapid conversion
of NO into N is due to the irreversible reaction 2NO — N2 + Og in the Smyth model. The second temperature
rise obtained with the Smyth model is caused by the energy released by this specific reaction. This reaction
was introduced in order to decrease the NO level past the flame front, judged by Smyth et al. to be too far
from the thermochemical equilibrium. Such an irreversible and non-elemental reaction appears to be artificial and
destabilizes the equilibrium of the NO, chemistry. The proposed model, whose NO, chemistry has been previously
validated on experimental cases, predicts a significant level of NO and reproduces the experimental points of
[5]. These results suggest that NO may indeed be an important end product for the AP flame: thermochemical
equilibrium could be reached far downstream of the flame front.
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7.2. Macroscopic Combustion Parameters

The validity of the coupled model is further verified by computing macroscopic characteristics of AP combustion.
The evolution of AP regression rate versus pressure is presented in Figure 21, or the four combustion models
compared in the previous test case. Satisfying agreement is obtained between computed results and experimental
data points, for all models. Indeed, they were all adjusted to fit these points. For a given gas-phase kinetic model,
the condensed-phase decomposition model can be adapted to ensure sufficient heat production at the AP surface.
The ratio o between the exothermic and endothermic decomposition pathways, Equation (13), has a first order
effect on the regression rate and can be tuned to this end. With suitable formulation of the AP decomposition
products and pyrolysis law, it is possible to obtain correct evolution of the regression rate with pressure for pure
AP using quite different gas-phase mechanisms .On the other hand, gas-phase kinetics becomes critical when sim-
ulating the combustion of composite propellants: decomposition and combustion products of pure AP react with
species produced by the pyrolysis of the binder. A diffusion flame formed near the AP/binder interface provides
intense surface heating due to the additional heat release, thereby increasing the local regression rate. Therefore,
a correct representation of the gas-phase kinetics within the AP flame is a necessary first step to accurately model
the combustion of AP-based composite propellants.

The curves obtained with the different models can be approximated by a Vieille law of the form:

n
‘/rcg =aP (29)
—— Smyth
—— Meynet
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E
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Fig. 21: AP regression rate as a function of pressure. Initial temperature 298 K. Symbols: experiments [1, 38]. Lines: model
predictions.

Where V;., is the regression speed and P is the ambient pressure. We note that n is independent of pressure for the
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models of Gross, Meynet and Smyth. In the case of the present model, n decreases with pressure. This behaviour
is consistent with the experimental results: the AP regression rate curve exhibits a decrease in its slope at high
pressure. Thus, while the Smyth model slightly overestimates the measured regression rate at pressures higher
than 80 atm, the present model observes the experimental trend other the whole pressure range. This behaviour of
the present model is a consequence of the choice of the pyrolysis law. Looking at Figure 16, the design point for
the current model is located in the steep region of the curve Vieg(A) for P = 100 atm. The regression rate tends
to move farther from the maximum value achievable with increasing pressure, explaining the variability of n.
The evolution of the AP surface temperature with the regression rate is shown in Figure 22. The Meynet model
assumes the surface temperature to be independent of the regression rate and equal to the melting temperature of
AP (825 K in this model). This assumption appears to be too simplifying in view of the higher surface temperatures
experimentally observed. The curve produced by the present model is above the Smyth model curve for high
regression rates, but still indicates acceptable temperatures considering the large scatter in the experimental data
in this range of regression rate.
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Fig. 22: AP surface temperature as a function of regression rate. Initial temperature 298 K. Symbols: experiments [2—4]. Lines:
model prediction.

The parameters k and r have been calculated according to the ZN theory, Equation (20). The model of Meynet is
not included in this analysis, as it assumes a fixed surface temperature. The Gross model isn’t considered as well,
as it uses separate correlations for the surface temperature and regression rate with respect to the surface heat flux,
which is not a good approach for unsteady simulations. Both models are stable at low pressure and approach the
stability limit as the pressure increases. In order to characterize more precisely the stability limit of the two models,
the evolution with pressure of the stability margin r —r, is plotted in Figure 23. The combustion becomes unstable
following an oscillatory regime below the zero level. The Smyth model becomes unstable around 87.5 atm, while
the present model is stable up to 105 atm, as predicted when designing the pyrolysis law. This increased stability
range is of practical interest, allowing unsteady calculations to be performed over a broader range of pressure.
The trends of the temperature sensitivity o (P) for the different models considered are plotted in Figure 24. They
are compared to the experimental data of Atwood et al. [1]. It is observed that the experimental trend is not
captured by the models, as they predict a nearly constant temperature sensitivity over the studied pressure range.
The present model predictions are at the upper boundary of the experimental data points scatter.

8. Conclusion

Using recent research by Shrestha et al. [12] and Pelucchi et al. [18], a revised gas-phase mechanism for AP
combustion has been elaborated. This new mechanism produces satisfactory results for simple reactive systems,
allowing validation of its main sub-mechanisms. The test cases also revealed deficiencies in the reference model
from Gross et al. [10]: this mechanism was never validated on fundamental data, yet managed to reproduce the
available macroscopic experimental data on AP combustion. This work highlights the importance of the valida-
tion process when assembling a complex gas-phase mechanism: as testing macroscopic combustion characteristics
(e.g. regression rate) cannot reveal possible deficiencies in the temperature and species profiles. But when try-
ing to simulate the combustion of composite propellants, interactions between species from different ingredients
would be very sensitive to the local conditions in the flame. A conformal condensed-phase decomposition model
has been designed for the revised kinetic mechanism, including the gaseous product composition and an adapted
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Fig. 23: Stability limit according to the ZN theory for different models.
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Fig. 24: Temperature sensitivity as a function of pressure. Symbols: experiment [1]. Lines: models [9-11].

pyrolysis law. The pyrolysis law parameters have been chosen ensuring combustion models stability up to 100
atm. The resulting coupled model has been validated on the case of the low-pressure AP flame studied by Ermolin
et al. [5] and Tereshenko et al. [6]. The profiles of the main species molar fraction and the temperature profile
obtained are in good agreement with the available experimental data. The macroscopic characteristics of AP com-
bustion (surface temperature, regression rate) were evaluated at different pressures. The regression rate shows a
pressure dependence of the form a P™ with n decreasing with pressure. This result is consistent with experimental
trend and represents a specificity of the new model compared to other reference models. A Zel’dovich-Novozhilov
stability study was performed at variable pressure. The model is intrinsically stable up to 105 atm, allowing for
unsteady simulation to be performed over a wide range of pressure. The evolution of the temperature sensitivity
coefficient agrees with the experimental data.
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