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Revisiting the Modeling of Ammonium-Perchlorate Combustion:
Development of an Unsteady Model

P. A. Ramakrishna,*P. J. Paul," and H. S. Mukunda®
Indian Institute of Science, Bangalore 560012, India

This paper examines afresh features of ammonium-perchlorate (AP) combustion. Here an AP model, which
predicts most experimental observations, is proposed. The one-dimensional aero-thermo-chemical field is captured
through the solution of mass, energy, and species conservation equations. The unsteady one-dimensional phase
heat transfer accounting for regression is solved for in the condensed phase. The uncertain parameters for AP
pyrolysis, gas-phase reaction, and extent of surface exothermicity are chosen so that the most certain of the measured
parameters of AP combustion, namely, pressure index of stable combustion (0.77 between 2 and 7 MPa), initial
temperature sensitivity of burn rate, o, (about 0.0021 to 0.0015 K1), range of surface temperatures measured
and suggested in several studies (~850 to 875 K), and low-pressure deflagration limit (LPDL) at 300 K (~2 MPa),
are correctly predicted. The results obtained show the pressure index of AP combustion to be 0.77 and o), to be
0.0024-0.0023 K—!1. The LPDL is caused by a combination of loss of liquid layer and transient conduction into the

condensed phase and not by heat loss.

Nomenclature

Apg = stability parameter E(T, — T;)/RT?

A, A = preexponential factor for gas-phase and
surface reactions

Cpe, Cpyg = specific heats for condensed phase and gas phase

D, = diffusivity of the ith species

d = strand hydraulic diameter, cross-sectional
area/strand perimeter

E, E = activation energy for gas-phase and
surface reactions

F = factor to account for multidimensional effects
in a one-dimensional framework

f = fraction of AP decomposing to APD at the surface

Hiap, Hiapp, = heat of formation of AP, APP, and APD,

Hiaprp respectively

Hp = heat loss per unit volume for individual
condensed phase cell

H, = Heat of reaction

h = convective heat-transfer coefficient is obtained
from a conservative estimate of Nu = 10 based
on diameter of strand

ke, kg = thermal conductivity for condensed phase
and gas phase

Nu = Nusselt number

n = pressure index of burn rate

(OB = heat of pyrolysis

R = universal gas constant

r = burn rate

S; = stoichiometric coefficient of species j

T, Tf, Ty, = condensed phase, flame, gas phase, initial,

T:, T, Ty melt and regressing surface temperature

u, Uy = velocity of gases, velocity of the gas at the

regressing surface
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Y; = mass fraction of the ith species

Yo = mass fraction of the ith species in the pyrolysis
products

Y; = mass fraction of the ith species at the surface

o = stability parameter Cp Ty /Cpc(Ts — T))e

e = [(+2)/21+ (E,/2RT))

n = reaction order

Pcs Pg = density of condensed phase and gas phase

o, = initial temperature sensitivity of burn rate

N = reaction rate, reaction rate of jth species

Introduction

LTHOUGH ammonium perchlorate (AP) has been extensively

used as a standard oxidizer in composite propellants for a
long time, certain issues related to AP combustion are yet to be
resolved. Most models'~ of AP combustion, except those pre-
sented by Price et al.,’ Sohn,” Manelis and Strunin,? predict correctly
the experimentally®~!! observed burn-rate pressure index of 0.77.
Although some models'>%® have predicted the burn-rate depen-
dence on initial temperature, most!"*3-% with the exception of Price
et al.’ predict a higher o, than those experimentally obtained by
Boggs and Zurn.’

Some models!?3 have discussed the low-pressure deflagra-
tion limit (LPDL) of AP. These models’>*> with a quasi-steady
condensed-phase approximation attribute LPDL of AP to loss of
melt layer alone' (no heat loss), loss of melt layer accompanied
by a heat loss to the surroundings,>> and to heat loss to the sur-
roundings alone.’ A good review of the literature on LPDL of AP
monopropellant combustion can be found in Bruno et al.'?

Detailed experimental investigation of the LPDL of AP has been
carried out by Nir.!> He has demonstrated that the LPDL of AP in-
creases with a decrease in the size of the strand, indicating some kind
of heat-loss phenomenon to be responsible. The low-pressure defla-
gration limit of AP reported in literature along with the strand size
and initial temperature are presented in Table 1. Apart from Levy
and Friedman’s'* data, the rest of the data are within the experimen-
tal scatter. It would be difficult to attribute the slightly higher value
of LPDL reported by Levy and Friedman'* to strand size effects, as
there are doubts regarding the purity of AP utilized by them. The
studies indicated in Table 1 have all determined the variation of burn
rate for a particular strand size with pressure and thus determined
the LPDL, while Nir'? has looked at LPDL alone of different strand
sizes. Nir’s'? experiments do not deal with the determining of burn-
rate pressure index. Besides, unlike the studies reported in Table 1
that report a burn rate of around 3 mm/s at LPDL, Nir'? reports of
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Table 1 Low-pressure deflagration limit reported in literature

Investigators T;, K LPDL, MPa Strand size

Levy and 298 222 4 mm x 4 mm x 38 mm
Friedman'#

Hightower and  Possibly 299 1.92 8 mm x 2 mm x 10 mm
Price!”

Beckstead and ~ Possibly 299 1.92 8§ mm x 2 mm x 10 mm
Hightower!?

Watt and 296 1.9 4 mm x 4 mm x 15 mm
Petersen!'®

Boggs et al.!’ 299 2.07 2mm x 6 mm x 10 mm

having obtained LPDL at a burn rate of around 1.5-1.8 mm/s. In
view of the disagreement in the literature on the causes for LPDL
of AP, it is necessary to examine the issue more carefully.

The choice of appropriate activation parameters and the extent of
surface exothermicity are crucial to the success of the model. A brief
overview of the literature on the same is presented here. The values
reported in literature'®=2* are wide, ranging from 37.7-210 kJ/g-
mole. A closer look at the consolidated data of surface pyrolysis
for AP presented in Fig. 5.9 of Williams et al.? reveals that in the
high burn-rate region (closer to the regression rates obtained during
deflagration) E; (extracted as a slope of burn rate vs inverse surface
temperature plot) is lower than those encountered at low burn-rate
regimes. Thus, while studying the deflagration of AP, preference for
a lower value of E; would be more appropriate as compared to a
higher value.

The extent of surface exothermicity (indicated by f fraction of
AP decomposing at the surface) has been a point of contention in
the literature. Bircumshaw and Newman?® experimentally observed
that 30% of AP decomposes (f = 0.3) at the surface under isother-
mal conditions (less than 300°C). Hightower and Price'* report of
having observed a thin frothy liquid layer 2-5 pum thick that ex-
ists during the combustion of AP. They report of having found no
trace of AP decomposition products in the crystalline phase. Based
on these observations, they argued that the pathway for condensed-
phase reactions during deflagration (10° K/s) to be different from
those observed in differential thermal analysis (DTA) (80 K/s). They
postulated that during AP deflagration a majority of the decompo-
sition of AP occurs in the melt layer rather than in or on the crystal.
Acheson and Jacobs,?” using DTA and thermogravimatric analysis
(TGA), have argued that observed acceleration of AP decomposi-
tion by addition of small amounts of magnesium perchlorate was
caused by the formation of a melt in which perchlorate ions decom-
posed at an enhanced rate. The fraction of AP decomposing at the
surface under combustion-like conditions still remained undeter-
mined. With this as the background, models'? have been developed
with the fraction of AP decomposing at the surface varying between
75 (surface heat release of 502 kJ/kg) and 70% (surface heat release
of 420 kl/kg), respectively. Pellet?® attempted to determine fraction
of AP decomposing at the surface using mass spectrometry on CO,
laser-assisted pyrolysis of pressed AP pellets. His studies have not
been well received because of lingering doubts on whether they re-
ally observed condensed phase decomposition. He has reported an
f of 0.6 during quasi-steady vaporization when the incident heat
flux to the surface was in the range of 8.4—-16.8 MW/m?. Thus, it is
seen that experimental evidence is nebulous.

The knowledge that propellant combustion can be unstable un-
der certain combination of physicochemical parameters is old,? but
most of the earlier investigators,' ~®# with the exception of Strahle*
(who carried out a small-perturbation investigation of AP deflagra-
tion to determine the intrinsic stability of a one-dimensional con-
figuration) have not verified if the parameters of AP combustion
chosen are in the stable regime. A good review of the literature on
unsteady combustion of propellants can be found in review papers
of Culick,?' De Luca,*? Novozhilov,*? and Brewster.**

This paper aims to take into account the stability of AP com-
bustion (one-dimensional) in arriving at the uncertain parameters
for AP combustion such as the activation parameters for pyroly-
sis and gas-phase reaction and the extent of surface exothermicity.

They are also chosen so that the most certain of the experimentally
obtained parameters of AP combustion, namely, n of 0.77 as reported
in literature,”~!! o, of about 0.0021 to 0.0015 K~! as reported by
Boggs and Zurn,’ range of surface temperatures measured and sug-
gested in several studies'2 131835 (~800 to 875 K) and LPDL of AP
at 300 K (~2 MPa),%1%13-17 are correctly predicted. The model for
AP combustion developed here has been adopted in the sandwich
propellant model.**37 The sandwich propellant model***7 has been
successful in explaining some of the features like quenching of sand-
wiches with thin binders below the LPDL of AP, the low-pressure
and high-pressure features of AP combustion, and the protrusion
of AP close to the AP-binder interface region. The features of this
model are to be incorporated in a comprehensive model for com-
posite propellant combustion that is currently under development.

Mathematical Formulation

The computational domain is the region above and below the py-
rolyzing surface. The geometry is assumed to be one-dimensional.
The coordinate system is fixed to the regressing surface of the burn-
ing strand with the unsteady equations solved in both the gas and the
condensed phase. This feature allows for the propellant to exhibit
inherent instability depending on the choice of certain parameters.
The conservation equations solved in the gas phase are those of
mass, energy, and species, with pressure being assumed to be con-
stant. These equations are solved in the primitive variables using
finite volume discretization with all of the variables being evalu-
ated at the cell centers employing Patankar’s*-*° algorithm. The
condensed phase and the gas phase are solved independently after
obtaining the surface temperature. The temperature of the regress-
ing surface is obtained by discretizing and numerically solving the
surface heat-flux condition given in the section “Initial and Bound-
ary Conditions.” The density is obtained from the equation of state
after solving for the energy and species conservation equations. The
Lewis and Prandtl numbers are assumed to be unity, and the diffu-
sivities of all of the species are assumed to be identical. First-order-
accurate schemes are used for discretizing the time derivative term
and the convective term, whereas second-order-accurate schemes
are used for discretizing the diffusive terms.

Governing Equations

The governing equations with the usual notations are as given
here:
Gas-phase continuity equation:
Iy o
ot ox

Gas-phase energy equation:

=0 (1)

oT, aT, ke [ 0°T, H .,
— tu—=— = | — ® 2)
ot 0x  pCpe | 0x2 PsChe
Gas-phase species conservation:
aY; aY; %Y,
S n o p | E s 3
FTEMFF: [aﬁ}“”’ @

Condensed-phase energy conservation equation:
oT. . 3T. ke [aZTc} H;

o P ox T | o | T pcy

Heat-Loss Model

The low-pressure deflagration limit has long been argued to be
caused by heat loss in the literature.>* To understand the role of heat
loss in relation to LPDL of AP, an elementary heat-loss model with
distributed convective heat loss in the condensed phase has been
incorporated. The regressing strand is assumed to lose heat from
the side walls and it is modeled as a negative source term.

Hy = @Fh/d)(T. - T)) (&)

“

Further discussions on this will be presented in the section titled
“Low Pressure Deflagration Limit.”
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Kinetic Details
The surface decomposition process is taken as

AP — (1 — f)APP + (f)APD (6)

The surface decomposition process is known to occur through a
liquid layer (similar to Guirao and Williams? model), which causes
the pyrolysis to be exothermic. When the surface temperature goes
below 850 K (corresponding®'® to 2.07-MPa pressure and burn
rate of 3.3 mm/s), the thickness of the liquid layer begins to de-
crease and goes to zero when surface temperature becomes equal
to the melt temperature'® of 825 K. As the thickness of the lig-
uid layer decreases, the fraction f of APP pyrolysis product of
AP [NH;(gas) + HCIO,4(gas)] going to APD (composition obtained
from equilibrium decomposition products AP*?) at the surface also
decreases and goes to zero at T, =825 K. This is consistent with
the surface decomposition being related to the activity in the lig-
uid layer. The fraction f is taken as 0.6 for T; > 850 K, and for
T, <850 K it is assumed to decay linearly in conformity with the
liquid layer thickness (justification for the choice of f will be given
while discussing the results). A linear relationship connecting sur-
face temperature and f is written as

f=06 for T,>850K ©)
f=06-0024850—T,) for 825 <T, <850K (8)
f=0 for T, <825K ©

The preceding model intrinsically allows for variation of LPDL
with the initial temperature, as variations in the initial temperature
do get reflected in 7.

A single reaction scheme is used for the gas-phase chemical ki-
netics model.

AP decomposition flame : APP — APD (10)

The present model assumes a single-step gas-phase reaction. The
consideration of full chemistry in the gas phase is postponed for a
future consideration because it is thought advisable to explore the
limits of a single-step chemistry model in predicting the combustion
behavior of AP. The kinetic expression is chosen as

N i/ _EE’
w :Agp;exp<RTg>l—[Yi (11
The reaction rate of any species j is obtained as

W =5 (12)

J

Initial and Boundary Conditions

The initial conditions are uniform velocity field (obtained from
the surface pyrolysis expression) coupled with the mass fraction
of APP and APD being 0.4 and 0.6, respectively, and an ignition

temperature of 950 K in the entire gas phase. The final solution
obtained is independent of the initial conditions as a steady-state
solution is sought here through an unsteady formulation. The ana-
lytical solution corresponding to the surface temperature of 850 K
is given as the initial temperature profile in the condensed phase.
At the gas-phase exit boundary, the diffusive fluxes are taken as
zero while allowing for convective fluxes to cross the boundary.
The pyrolysis expression along with continuity of heat and mass
flux constitutes the boundary condition at the vaporizing surface.
The flux conditions are

ot
aY;
—Di,oga— = pgito(Yiv — Yio) 13)
X 0
" -
T, |° ot |
—ke—L| = —k.=—=| + peuoQ; (14)
ax |, ox |,

Qs = (Cpg — Cpo) Ty — Ti) + fHeapp + (1 — f)Heapp — Hiap
(15)

The surface heat release O, being positive for endothermic phase
change and negative for exothermic phase change. This varies from
—205 kJ/kg for f=0.6 at T, =850 K to 1.85 MJ/kg for f =0 at
T, = 825 K. The values of other variables in Eq. (15) are taken from
Tables 2 and 3 with 7; =299 K. The pyrolysis expression for the
surface is

pgito = perr = Asexp(—E;/RTy) 16)

The condensed-phase thickness is chosen to simulate the infinity
condition of ambient temperature.

Choice of Parameters

The thermodynamic data and the kinetic expressions for the var-
ious steps are as shown in Tables 2 and 3. The average values of
thermodynamic parameters in the condensed phase have been used
for the present study in order to keep the model simple. The choice
of surface temperature of 850 K at a pressure of 2.07 MPa and
3.3-mm/s burn rate is within the range of measured surface temper-
ature values reported in literature.'> 133> The adiabatic flame tem-
perature is obtained from the equilibrium calculations. This varies
with pressure from 1394 K at 2.07 MPa to 1412 K at 13.82 MPa.
The value of C,, (see Table 3) is chosen to account for this variation
in flame temperature. The experimentally determined value of flame
temperature®>* is much lower at around 1200 K. The prediction of
experimentally observed temperature profile would need the use of
complex chemistry, which is not taken up here. The value of D; p,
at any location is obtained as a function of the temperature of a par-
ticular location as given in Table 3. The justification for choosing
the values given in Table 3 for the surface pyrolysis and gas-phase
reaction activation parameters will be presented while discussing
the results.

Table 2 Thermophysical properties of AP

Property Value Reference

AP heat of formation —2,517,545 J/kg JANAF#

Specific heat capacity of 1,602 J/kg K Based on average values of
condensed phase Cp. JANAF#

Thermal conductivity of 0.3 W/m K Based on average values of
condensed phase k. Zanotti et al.*!

Density of condensed phase p. 1957 kg/m3 Density of orthorhombic phase of

Surface temperature T

850 K at a pressure of

Taylor et al.*?
Beckstead and Hightower,15 Powling,18

2.07 MPa and burn rate Mitani and Niioka
3.3 mm/s

Melt temperature T, 825 K Beckstead and Hightower15
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Table 3 Reaction-rate parameters, thermodynamic and transport data

Property Value

Comment

Cpg 1273.6 — (P —2.07)*1.7 J/kgK  Tuned to obtain an adiabatic flame

D; pg (1000 K) 4 % 1075 kg/ms
Molecular weight of APP 117.5
Molecular weight of APD 27.8

Heat of formation of APP —482,220 J/kg
Heat of formation of APD —3,898,200 J/kg

Ay 7,864 kg/m?s
E 50.24 kJ/g-mole
A, 8.55 x 10°
E, 27.45 kJ/g-mole
f 0.6

Order of reaction for AP 2

decomposition flame n

temperature variation (obtained from
equilibrium calculations) of 1394 to 1412 K
at an initial temperature of 299 K.

In the same range as Guirao and Williams?
Dipg ~ T0,68

Obtained from NASA SP-27343

Calculated with inputs from Narahari**

Calculated with inputs from Narahari**
and NASA SP-273%

Tuned to get a burn rate of 3.3 mm/s for a
T of 850 K

Obtained through parametric study

Obtained through parametric study

Obtained through parametric study

Obtained through parametric study

At the pressures encountered in AP combustion
second-order reaction are important

16 Anil Kumar et. al.[46](Curve E) @ Ramakrishna et al. (5)
14 [ Beckstead \ DB [29] (Curove A) +Paul et al. (51)
e O BDP model (1)
E12 fetals2] Unstable 01 Guirao and Williams (2)
=0 ' X X Price et. al. (6)
o < Manelis & Strunin (8)
t':/ 8 F £=0.60(Curve C) & Johnson & Nazhbar 3)
LlTl'] 6 f=0.52(Curve B)
;:g 4 IStable f=0.75(Curve D) Unstabl
2 | Pred. T=423 K S e————
o L(CuveGy , Pred T7299K (Curve F) Stable ,
0 2 4 6 8 10

o, =

C(T, - T)e/C, T,

Fig. 1 Predicted results of AP combustion on a Denison and Baum?® stability parameters plot along with the neutral stability curves from Denison
and Baum?® and current studies for different values of surface heat release (f =0.52 implies Q; = 0 kJ/kg, f = 0.60 implies Q; = —205 kJ/kg and f =0.75

implies O = —526 kJ/kg). The results of other models are also plotted.

Grid and Time-Step Details

The cell size in the gas phase is geometrically increased from
0.01 pm near the burning surface to 4.35 um at the exit plane for
a pressure of 2.07 MPa. The corresponding values for a pressure
of 13.82 MPa, where the gradients are steep, are 0.002 and 0.87
um, respectively. The number of cells in the gas phase is 250. The
cells in the condensed phase are geometrically stretched from 0.01
pm near the burning surface to 27.5 wum at the exit plane for a
pressure of 2.07 MPa. The corresponding values for a pressure of
13.82 MPa are 0.002 and 20.2 pm, respectively. The number of
grids in the condensed phase is 270. The height of the computa-
tional domain above the burning surface is 182 um at 2.07 MPa
and 36.5 um at 13.82 MPa. The depth of the computational do-
main below the burning surface is 918 pum at 2.07 MPa and 576
pm at 13.82 MPa. The time step used in the present calculation
is 0.01 ws. In all of the cases studied, the steady-state solution is
obtained with residuals being brought down by at least nine orders
of magnitude. All of the solutions obtained are grid and time-step
independent.

Results and Discussions

Intrinsic Instability

The stability plot using Denison and Baum? stability parame-
ters (refer Fig. 1) shows the neutral stability curves obtained for
the parameters specified in Tables 2 and 3 for three different sur-
face heat release rates (curves B, C, and D, respectively). Also,
shown in Fig. 1 are the neutral stability curves from Denison

and Baum?® and Anil Kumar and Lakshmisha*® (curves A and E,
respectively).

The neutral stability curves (for the parameters specified in
Tables 2 and 3) for a zero surface heat release is obtained as outlined
next. For Apg of 10.5 corresponding to a E of 116 kJ/g-mole, E, is
varied while holding all other variables in the Denison and Baum?
parameters constant and stability of the solution is verified. The solu-
tion obtained is considered stable only if the nondimensional burn
rate (nondimensionalized with the burn rate obtained with steady
condensed-phase calculations) is invariant (nonzero value) with time
as time increases. The values of gas-phase reaction activation ener-
gies, 1/apg and the result if the solution is stable or not, are indicated
in Table 4. Thus, the neutral stable point in terms of Denison and
Baum?’ stability parameters for Apg = 10.5 is 1/apg = 1.148. Sim-
ilarly, other neutral stable points were determined, and the locus
of such points forms the neutral stability line for zero surface heat-
release rate (curve B). A similar exercise is repeated for other values
of surface heat-release rates and the corresponding neutral stability
lines (curves C and D) are as shown in Fig. 1.

The neutral stability curve separates the stable and unstable zones
as shown in Fig. 1. From Fig. 1 (curves B, C, and D) it is evident
that an increase in the magnitude of surface heat-release rate tends
to shrink the stable combustion zone. Similar results have been
reported by De Luca and Verri.*” It is seen that all neutral stability
curves (curve A, B, C, D, and E) tend to merge at the high E,
limit because of gas-phase response time tending to zero, a regime
where quasi-steady gas-phase assumptions are valid. This issue is
discussed in detail by Anil Kumar and Lakshmisha.*®
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Table 4 Stability of the solution for zero surface heat-release
rate and Apg of 10.5

SI. No. Eg, kl/g-mole 1/app ApB Stability
1 2.1 1.090 10.5 Stable

2 4.2 1.137 10.5 Stable

3 8.4 1.230 10.5 Not stable
4 6.3 1.183 10.5 Not stable
5 5.2 1.160 10.5 Not stable

Table 5 Sensitivity study

Burn-rate Temperature sensitivity
Parameter pressure index of burn rate
E4/R=3800K 0.8 0.0026-0.00235 K1
Eg;/R=3300K 0.77 0.00247-0.00227 K1
E,/R=2800K 0.73 0.00236-0.00221 K~!
E;/R=6542K 0.74 0.0025-0.00235 K~!
E;/R=6039K 0.77 0.00247-0.00227 K1
E;/R=5536 K 0.79 0.0025-0.00223 K~!
f=0.7 (=560 kJ/kg)* 0.693 0.0028-0.0024 K~!
f=0.6(—205k]/kg)* 0.77 0.00247-0.00227 K1
f=0.5(+147 kI/kg)* 0.81 0.0023-0.00218 K~!

*Values indicated within parentheses refer to the surface heat release at 2.07 MPa and
T; =26°C.

Choice of f, E;, and E,

The values for f, E;, and E, are chosen in keeping with the
philosophy of this paper that the results obtained must agree with
the most certain experimental observations stated in the introduction
to the paper. Towards this end a parametric study was undertaken;
a small portion of the same is presented as the sensitivity analysis
in Table 5. The nominal values chosen are indicated in bold, and
variations around these parameters are considered.

As already observed, an increase in f or surface heat release
shrinks the stable zone (refer Fig. 1). From Table 5, it is noticed
that o, is strongly affected by the choice of f. Besides, if the heat
release is lowered further, the temperature sensitivity approaches the
experimental value but in the process makes the surface pyrolysis
endothermic. Hence, the choice of f = 0.6 is made (o, of 0.24%/K,
being close to the experimental value) with the expectation that the
surface pyrolysis is exothermic in nature as revealed in a significant
part of the literature. Once a choice of f is made, the values of E;
and E, must be so chosen that the results obtained are stable in
comparison to curve C (corresponding to f =0.6) of Fig. 1 even
at the highest pressure (14 MPa) and highest initial temperature
(150°C). This forces a choice of lower E, which is in keeping with
the observations made in the “Introduction” section. In addition, the
particular value of E, given in Table 3 has been made based on a
parametric study as stated earlier.

The gas-phase reaction parameters have been obtained by cali-
brating them against known experimental data over a wide range
of conditions. The detailed chemistry calculations of Tanaka and
Beckstead* reveal that the reaction of perchloric acid with radicals
such as OH, Cl, and HNO are chain-carrying steps and hence quite
important. These reactions have low activation energies, and these
could be rate-controlling processes. The use of low values of E, has
led to better prediction of o, as evident from Table 5. Analogously,
WSB model*®~30 has been successful in obtaining a better prediction
of o, for double-base propellants through the use of E,/RT <1
limit. From the preceding discussions, it can be deduced that a choice
of lower E, is more appropriate to the combustion of AP than a
higher one. Moreover, stability (comparison to curve C of Fig. 1)
as explained earlier restricts the choice of E, to a low value. The
results obtained with the parameters (especially f, E, E,) given in
Tables 2 and 3 are stable under all conditions of pressure and initial
temperature as seen from Fig. 1 (curves F and G).

The results of some of the earlier models'~%%>' of AP combus-
tion that have used a steady-state condensed-phase approximation
(Denison and Baum? parameters were calculated based on the pa-

rameters used by them for a burn rate of 3.3 mm/s) are also presented
in Fig. 1. The steady-state condensed-phase models'~%8>! have pre-
ferred higher values of E, and E,, and these values when used in an
unsteady model (like the current one) result in an unstable solution.

In recent times Beckstead and Erickson® have taken experi-
mental data of n, 0,, and surface temperature of many propel-
lants to determine their response characteristics using flame mod-
eling approaches to combustion instability. The region occupied by
Beckstead and Erickson®® on the stability plot is in the stable zone
with reference to the Denison and Baum?® neutral stability curve
(curve A of Fig. 1). But the Denison and Baum?’ analysis does not
include the surface heat release, which (refer to curves B, C, and D
of Fig. 1) is a key parameter that decides the location of the neutral
stability curve on the stability plot. Hence, a more cautious approach
towards claiming the results as stable would be to verify the time
invariance of the nondimensional burn rate.

From the preceding discussions the following broad inferences
can be drawn:

1) Comparison of the results of monopropellant combustion with
the stability criterion of Denison and Baum? and other investigators
reviewed in Refs. 31-34 does give a reasonable estimate of stability,
but it would be appropriate to check the stability of a propellant
composition based on the time invariance of the nondimensional
burning rate.

2) Low values of E, and E, are essential to achieve stability of
AP combustion.

3) Previous modeling efforts'~®%3! have used relatively high E
reported by experimental investigators'®=2* and have preferred high-
activation-energy asympototics in the gas phase, which when used
in an unsteady model results in an unstable solution.

4) These have not been noticed by them'~%%>! because of the
convention of use of one-dimensional quasi-steady solution in the
condensed phase.

Burn-Rate Sensitivity to Pressure and Initial Temperature

With the input parameters given in Tables 2 and 3, the predicted
dependence of burn rate on pressure along with experimental values
obtained by Boggs and Zurn® and Boggs!' at an initial temperature
of 26°C is as shown in Fig. 2. The solid lines correspond to predic-
tions while the experimental values are the dashed lines. The circles
indicate experimental results of all other investigators (refer Guirao
and Williams?). It is seen that the agreement of predictions with the
experiment is good. The predictions show a burn pressure index of
0.77 up to 6.9 MPa, which decreases with further increase in the
pressure. These are in agreement with the experimental results of
Boggs.!!

The predicted variation of melt layer thickness with pressure is
also shown in Fig. 2. The melt layer thickness is seen to increases
rapidly at low pressure end and slowly decreases towards the high
pressure end. Qualitatively similar trends have been reported by
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Fig. 2 Predicted values of burn rate and melt layer thickness (top
curve) of AP at various pressures along with experimental results.
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Fig. 3 Predicted initial temperature sensitivity of burn rate as a func-
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Fig. 4 Predicted values of LPDL of AP as a function of the initial
temperature for the different strand sizes along with the experimental
results.

Guirao and Williams,? although they observe a sharper increase in
the melt layer thickness at the low pressure end.

The predicted initial temperature sensitivity of burn rate along
with the experimentally obtained values of Boggs and Zurn® and pre-
dicted values of other investigators are shown in Fig. 3. The predicted
values of o, = 0.0024-0.0022 K~ are in reasonable agreement with
experimental results of o, =0.0021-0.0015 K~'. The results ob-
tained here are better than 0.005 K~'of BDP' model, 0.004 K~!
of Tanaka and Beckstead,* and 0.003 K~! of our previous work® as
evident from Fig. 3. The experimental results of Watt and Petersen'®
and Friedman et al.*> have not been used here for comparison, as
the AP used by them has been later proved> to have small traces
of impurity, which led to higher-pressure index of burn rate and a
higher o,,. Price et al.% have predicted the values of o, that are closer
to the experimental values than those obtained here, but the solution
obtained by them is in the unstable zone as discussed earlier.

Low-Pressure Deflagration Limit

To understand the role of heat loss in causing LPDL of AP, the
heat-loss model outlined in section “Heat Loss Model” was used.
The factor F [in Eq. (5)] accounts for multidimensional effects in
a one-dimensional framework. This was obtained so as to realize a
LPDL of 2.05 MPa for a strand size of 13 mm (identical to those
obtained by Nir,'? refer to Fig. 4). This value was around 20. This ap-
pears high, although it is the best one can get from a one-dimensional
model. This needs further careful consideration (multidimensional
effects) and has not been pursued here as it has little bearing on the
other aspects being examined in this paper.

With the heat-loss model as already outlined, the variation of
LPDL of AP with the initial temperature for two different strand
sizes along with the experimental results of Nir'> are plotted in
Fig. 4. The predicted results capture the broad trends exhibited by the
experimental results. The predicted and experimental curves have a
negative slope indicating a reduction in LPDL with increase in the
initial temperature. The two curves for the different strand sizes get
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Fig. 5 Variation of burn rate with time for the three different cases
when the pressure is gradually reduced from 2.17 to 2.0 MPa for an
initial temperature of 293 K.

closer as one moves to a higher initial temperatures pointing to a
reduction in the heat-loss effect associated with strand size at higher
initial temperatures.

At a pressure of 2.0 MPa and an initial temperature of 299 K
for a strand diameter of 25 mm, experimental observation'? reveals
that AP ceases to burn. This corresponds to the limit wherein the
strand size has little effect on LPDL. To assess LPDL correctly,
the calculations were started from a steady solution obtained for a
pressure higher than the LPDL at 2.17 MPa. The development of
the solution in time was then followed by slowly reducing the pres-
sure to a value lower than LPDL (2.0 MPa) at a rate of 0.2 MPa/s.
This rate is very much lower than the rates required to quench the
propellant by rapid depressurization® (400 MPa/s). The results of
these calculations with a melt layer model as described in the section
“Kinetic Details” are shown for three cases: 1) when the solution is
obtained with quasi-steady condensed-phase approximation with-
out heat loss from the sides (as adopted by BDP model'), 2) when
the solution is obtained with quasi-steady condensed-phase approx-
imation with heat loss from the sides (as adopted by Guirao and
Williams?), and 3) when solution is obtained with transient con-
duction in the condensed phase without the heat-loss model being
incorporated (current study).

With quasi-steady condensed phase with and without heat loss (re-
fer Fig. 5), it is possible to obtain steady burning (around 1 mm/s) at
pressures below LPDL, despite the loss of liquid layer (as described
in section “Kinetic Details”) and consequent loss of activity on the
surface. When transient conduction in the condensed phase accom-
panied by the loss of the liquid layer (case 3) is introduced without
the heat loss, the results show quenching (zero burn rate). The burn
rate obtained with case (3) should have stabilized at some point
below 3 mm/s, but because of the nature of the liquid layer model
the surface activity and consequently the surface temperature (burn
rate) begin to decrease. This causes the surface pyrolysis process
to become endothermic (2.035 MJ/kg) from an initial exothermic
process (—205 kJ/kg). This in turn increases the temperature profile
thickness in the condensed phase (refer to Fig. 6) leading to an in-
creased demand in gas-phase heat flux at the surface with low rates
of surface pyrolysis. As this cannot be sustained, the surface temper-
ature and consequently the burn rate fall further taking it away from
the equilibrium point. These processes continue until the propellant
ceases to burn. Thus, LPDL is obtained with case 3, wherein heat
loss was not considered. This conclusively shows that the LPDL of
AP is not caused by the heat loss alone as argued by Johnson and
Nachbar.’ The LPDL of AP was not attained with conditions de-
fined in cases 1 and 2, indicating that the LPDL of AP is not caused
by the loss of liquid layer alone with or without heat loss either as
argued by Guirao and Williams?> and BDP model,' respectively. In
conclusion, it can be stated that the transient heat conduction in the
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Fig. 6 Temperature profiles in the gas and the condensed phase when
the surface pyrolysis process changes from a exothermic process to an
endothermic process.

condensed phase accompanied by the loss of liquid layer causes the
LPDL of AP.

Conclusions

Computations have been carried out with a simple single-step
gas-phase reaction and surface heat-release model with a view of
simulating the burn-rate dependence on pressure and initial tem-
perature and LPDL of AP combustion. The pressure index of AP
combustion is 0.77 for pressures ranging from 2.07 to 6.91 MPa
and decreases from 6.91 to 13.82 MPa, which is in good agreement
with the experimental observations. The initial temperature sensi-
tivity of burn rate o, is around 0.0024-0.0023 K™!, which is slightly
higher than the experimental value of 0.0016-0.0021 K~!. The low-
pressure deflagration limit is correctly predicted and is shown to be
caused not by heat loss or by loss of melt layer alone but by the loss of
melt layer accompanied by transient conduction into the condensed
phase. Perhaps, the most important contribution of this work is in
identifying stability as an important element in AP combustion.

References

1Beckstead, M. W., Derr, R. 1., and Price C. F,, “The Combustion of
Solid Monopropellants and Composite Propellants,” Proceedings of the 13th
Symposium (International) on Combustion, Vol. 13, The Combustion Inst.,
Pittsburgh, PA, 1971, pp. 1047-1056.

zGuirao, C., and Williams, F. A., “A Model for Ammonium Percolate
Deflagration between 20 and 100 ~ atm,” AIAA Journal, Vol. 9, No. 7,
1971, pp. 1345-1355.

3Johnson, W. E., and Nachbar, W., “Deflagration Limits in the Steady
Linear Burning of a Monopropellant with Application to Ammonium Per-
chlorate,” Proceedings of the 8th Symposium (International) on Combustion,
Vol. 8, The Combustion Inst., Pittsburgh, PA, 1962, pp. 678-689.

4Tanaka, M., and Beckstead, M. W., “A Three-Phase Combustion Model
of Ammonium Perchlorate,” AIAA Paper 96-2888, July 1996.

SRamakrishna, P. A., Paul, P. J., and Mukunda, H. S., “Revisiting the
Combustion Model of Ammonium Perchlorate,” Proceedings of the Second
International High Energy Materials Conference and Exhibit, edited by
S. Krishnan and S. K. Athithan, Vol. 2, Allied Pub., Mumbai, India, 1998,
pp. 180-186.

%Price, C. F, Boggs, T. L., and Derr, R. L., “Modeling of Solid Propellant
Deflagration,” AIAA Paper 78-219, Jan. 1978.

7Sohn, H. Y., “A Unified Theory of Ammonium Perchlorate Deflagra-
tion and the Low Pressure Deflagration Limit,” Combustion Science and
Technology, Vol. 10, No. 34, 1975, pp. 137-154.

8Manelis, G. B., and Strunin, V. A., “The Mechanism of Ammonium Per-
chlorate Burning,” Combustion and Flame, Vol. 17, No. 1, 1971, pp. 69-77.

9Boggs, T. L., and Zurn, D. E., “The Temperature Sensivity of the De-
flagration Rates of Pure and Doped Ammonium Perchlorate,” Combustion
Science and Technology, Vol. 4, No. 5, 1972, pp. 227-232.

l()Higl'ltower, J.D.,and Price, E. W., “Combustion of Ammonium Perchlo-
rate,” Proceedings of the 11th Symposium (International) on Combustion,
Vol. 11, The Combustion Inst., Pittsburgh, PA, 1967, pp. 463—472.

”Boggs, T. L., “Deflagration Rate, Surface Structure, and Sub-Surface
Profile of Self-Deflagrating Single Crystals of Ammonium Perchlorate,”
AIAA Journal, Vol. 8, No. 5, 1970, pp. 867-873.

lzano, C., Riva, G., Zanotti, C., Donde, R., Grimaldi, C., and De Luca,
L., “Experimental and Theoretical Burning of Solid Rocket Propellants Near
the Pressure Deflagration Limit,” Acta Astronautica, Vol. 12, No. 5, 1985,
pp- 351-360.

3Nir, E. C., “An Experimental Study of the Low Pressure Limit for
the Steady Deflagration of the Ammonium Perchlorate,” Combustion and
Flame, Vol. 20, No. 3, 1973, pp. 419-435.

MLevy, J. B., and Friedman, R., “Further Studies of Pure Ammonium
Perchlorate Deflagration,” Proceedings of the Sth Symposium (Interna-
tional) on Combustion, Vol. 8, The Combustion Inst., Pittsburgh, PA, 1962,
pp. 663-672.

15Beckstead, M. W., and Hightower, J. D., “Surface Temperature of De-
flagrating Ammonium Perchlorate Crystals,” AIAA Journal, Vol. 5, No. 10,
1967, pp. 1785-1790.

16Watt, D. M., and Petersen, E. E., “The Deflagration of Single Crystals
of Ammonium Perchlorate,” Combustion and Flame, Vol. 14, No. 3, 1970,
pp- 297-302.

1"Boggs, T. L., Zurn, D. E., Cordes, H. F., and Covino, J., “Combustion
of Ammonium Perchlorate and Various Inorganic Additives,” Journal of
Progulsian and Power, Vol. 4, No. 1, 1988, pp. 27-40.

8Powling, J., “Experiments Relating to the Combustion of AP Based
Propellants,” Proceedings of the 11th Symposium (International) on Com-
bustion, Vol. 11, The Combustion Inst., Pittsburgh, PA, 1967, pp. 447-456.

19Selzer, H., “The Temperature Profile Beneath the Burning Surface of
a Composite Ammonium Perchlorate Propellant,” Proceedings of the 11th
Symposium (International) on Combustion, Vol. 11, The Combustion Insti-
tute, Pittsburgh, PA, 1967, pp. 439-446.

20Coates, R. L., “Linear Pyrolysis Rate Measurements of Propellant Con-
stituents,” AIAA Journal, Vol. 3, No. 7, 1965, pp. 1257-1261.

21 Chaiken, R. F,, and Andersen, W. H., “The Role of Binder in Composite
Propellant Combustion,” Progress in Aeronautics and Rocketry, Vol. 1, 1960,
pp. 227-249.

22Guinet, M., “La Vitesse de Pyrolyse de Materiaux Composites,” La
Recherche Aeronautique, Vol. 80, 1961, pp. 33-41.

23Jacobs, P. W. M., and Powling, J., “The Role of Sublimation in the Com-
bustion of Ammonium Perchlorate Propellants,” Combustion and Flame,
Vol. 13, No. 1, 1969, pp. 71-81.

24Brill, T. B., Brush, P. J., and Patil, D. G., “Thermal Decomposition
of Energetic Materials 60 Major Reaction Stages of a Simulated Burning
Surface of NH4ClOy4,” Combustion and Flame, Vol. 94, No. 1-2, 1993,
pp. 70-76.

25Williams, F. A., Barrare, M., and Huang, N. D., Fundamental Aspects
of Solid Propellant Rockets, AGARD, NATO, 1969, Chap. 5, pp. 253-333.

26Bircumshaw, L. L., and Newman, B. H., “The Thermal Decomposition
of Ammonium Perchlorate II. The Kinetics of the Decomposition, the Ef-
fect of Size, and Discussion of Results,” Proceeding of the Royal Society
(London), Vol. A227, 1955, pp. 228-241.

27 Acheson, R. J., and Jacobs, P. W. M., “The Thermal Decomposition
of Magnesium Perchlorate and of Ammonium Perchlorate and Magnesium
Perchlorate Mixtures,” Journal of Physical Chemistry, Vol. 74, No. 2, 1970,
pp. 281-288.

28pellet, G. L., “Ammonium Perchlorate Gasification and Combustion at
High Heating Rates and Low Pressures,” Proceedings of the 14th Symposium
(International) on Combustion, Vol. 14, The Combustion Inst., Pittsburgh,
PA, 1973, pp. 1317-1330.

29Denison, M. R., and Baum, E., “A Simplified Model of Unstable Burn-
ing in Solid Propellants,” American Rocket Society Journal, Vol. 31, No. 5,
1961, pp. 1112-1122.

30Strahle, W. C., “One-Dimensional Stability of AP Deflagrations,” ATAA
Journal, Vol. 9, No. 4, 1971, pp. 565-569.

31 Culick, F. E. C., “A Review of Calculations for Unsteady Burning of a
Solid Propellant,” AIAA Journal, Vol. 6, No. 12, 1968, pp. 2241-2254.

32pe Luca, L., “Theory of Nonsteady Burning and Combustion Stability
of Solid Propellants by Flame Models,” Nonsteady Burning and Combustion
Stability of Solid Propellants, edited by L. De Luca, E. W. Price, and M.
Summerfield, Progress in Aeronautics and Astronautics, Vol. 143, AIAA,
Washington, 1992, pp. 519-600.

33Novozhilov, B. V., “Theory of Non-Steady Burning and Combustion
Stability of Solid Propellants by Zel’dovich-Novozhilov Method,” Non-
steady Burning and Combustion Stability of Solid Propellants, edited by
L. De Luca, E. W. Price, and M. Summerfield, Progress in Aeronautics and
Astronautics, Vol. 143, AIAA, Washington, DC, 1992, pp. 601-641.

34Brewster, M. Q., “Solid Propellant Combustion Response: Quasi-
Steady (QSHOD) Theory Development and Validation,” Solid Propellant
Chemistry, Combustion, and Motor Interior Ballistics, edited by V. Yang,
T. B. Brill, and W-Z. Ren, Progress in Aeronautics and Astronautics,
Vol. 185, ATAA, Reston, VA, 2000, pp. 607-637.



668 RAMAKRISHNA, PAUL, AND MUKUNDA

35Mitani, T., and Niioka, T., “Double Flame Structure in AP Combustion,”
Proceedings of the 20th Symposium (International) on Combustion, Vol. 20,
The Combustion Inst., Pittsburgh, PA, 1984, pp. 2043-2049.

36Ramakrishna, P. A., Paul, P. J., and Mukunda H. S., “Sandwich Propel-
lant Combustion: Modeling and Experimental Comparison,” Proceedings of
the 29th Symposium (International) on Combustion, Vol. 29, The Combus-
tion Inst., Pittsburgh, PA, 2003, pp. 2963-2973.

3TRamakrishna, P. A., Paul, P. J., Mukunda, H. S., and Sohn, C. H., “Com-
bustion of Sandwich Propellant at Low Pressures,” Proceedings of the 30th
Symposium (International) on Combustion, Vol. 30, The Combustion Inst.,
Pittsburgh, PA, 2005, pp. 2097-2104.

3Raithby, G. D., and Schneider, G. E., “Elliptic Systems: Finite-
Difference Method II,” Hand Book of Numerical Heat Transfer, edited by
W. J., Minkowycz, E. M., Sparrov, G. E., Schneider, and R. H., Pletcher,
Wiley, New York, 1988, Chaps. 6, 7.

3Patankar, S. V., Numerical Heat Transfer, Hemisphere, Washington,
DC, 1980, Chaps. 5, 6.

40“JANAF Thermo-Chemical Tables,” Journal of Physics and Chemistry
Reference Data, Vol. 14, Suppl. 1, 1985, p. 747.

41 Zanotti, C., Volpi, A., Bianchessi, M., and De Luca, L., “Measuring
Thermodynamic Properties of Burning Propellants,” Nonsteady Burning and
Combustion Stability of Solid Propellants, edited by L. De Luca, E. W. Price,
and M. Summerfield, Progress in Astronautics and Aeronautics, Vol. 143,
ATAA, Washington, 1992, pp. 145-196.

42Tay10r, R. E., Stark, J. A., and Shoemaker, R. L., “Thermophysical
Properties of Propellants,” High Temperatures—High Pressures, Vol. 17,
No. 4, 1985, pp. 429-435.

43Gordon, S., and McBride, B. J., “Chemical Equilibrium with Trans-
port Properties,” NASA SP-273, CET 89, COSMIC Program LEW-15113,
COSMIC, The Univ. of Georgia, Athens, GA, 1989.

44Narahari, H. K., “Modeling Studies on Solid Monopropellants,” Ph.D.
Dissertation, Dept. of Aerospace Engineering, Indian Inst. of Science,
Banagalore, India, July 1986.

4Friedman, R., Nugnet, R. G., Rumbel, K. E., and Scurlock, A. C., “De-
flagration of Ammonium Perchlorate,” Proceedings of the 6th Symposium

(International) on Combustion, Vol. 6, The Combustion Inst., Pittsburgh,
PA, 1956, pp. 612-618.

46 Anil Kumar, K. R., and Lakshmisha, K. N., “Nonlinear Intrinsic Insta-
bility of Solid Propellant Combustion Including Gas-Phase Thermal Inertia,”
Combustion Science and Technology, Vol. 158, No. 1, 2000, pp. 135-166.

“TDe Luca, L. T., and Verri, M., “Intrinsic Stability of Pressure-Driven
Solid Propellant Burning with Variable Thermal Properties,” Proceedings
of the Third International High Energy Materials Conference and Exhibit,
edited by K. S. Sastri et al., Vol. 3, Allied Pub., Mumbai, India, 2000,
pp- 495-503.

4Ward, M. J., Son, S. F., and Brewster, M. Q., “Steady Deflagration of
HMX With Simple Kinetics: A Gas Phase Chain Reaction Model,” Com-
bustion and Flame, Vol. 114, No. 3—4, 1998, pp. 556-568.

49Ward, M. J., Son, S. F,, and Brewster, M. Q., “Role of Gas- and
Condensed-Phase Kinetics in Burning Rate Control of Energetic Solids,”
Combustion Theory Modeling, Vol. 2, No. 3, 1998, pp. 293-312.

5()Brewster, M. Q., Ward, M. J., and Son, S. F,, “Simplified Combustion
Modeling of Double Base Propellant: Gas Phase Chain Reaction vs. Thermal
Decomposition,” Combustion Science and Technology, Vol. 154, May 2000,
pp. 1-30.

SIPaul, P. J., Ramakrishna, P. A., and Mukunda, H. S., “Computational
Study of Combustion in Sandwich Solid Propellants,” Proceedings of the
Fourth National Conference on Air Breathing Engines and Aerospace
Propulsion, edited by S. Soundranayagam et al., Vol. 4, Interline Pub.,
Bangalore, India, 1998, pp. AP 11-21.

32Beckstead, M. W., and Erickson, W. W., “Combustion in Stability of
Solid Monopropellants,” Proceedings of 33rd JANNAF Combustion Meet-
ing, Vol. II, 1996, pp. 145-157; also CPIA Publication 653.

53Boggs, T. L., Petersen, E. E., and Watt, D. M., “Comments on ‘The
Deflagration of Single Crystals of Ammonium Perchlorate,”” Combustion
and Flame, Vol. 19, No. 1, 1972, pp. 131-133.

54De Luca, L., “Extinction Theories and Experiments,” Fundamentals of
Solid Propellant Combustion, edited by K. K. Kuo and M. Summerfield,
Progress in Aeronautics and Astronautics, Vol. 90, AIAA, New York, 1984,
pp. 661-732.



