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COMPLEX GAS PHASE KINETICS
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The results of a model of the combustion of monopropellants, using ammonium perchlorate
as the specific example and treating the complex gas phase kinetics and diffusion by the trace
diffusion approximation, are presented in this paper. The species considered are HCIO,, NH,,
ClO,, NH,, CIOH, HNO, Cl, O, NO, N,0, N;, Cl,, ClO, HCI], O; and H,;0, and are ex-
pected to participate in 14 reversible reactions. Kinetic data for the reactions are based on
the works of Ermolin,® Guirao, and Williams' and Jacobs and Pearson.' The time-dependent
governing equations are solved by the method of lines, and the results for mass burn rate,
pressure index and temperature sensitivity are compared with those of experiments. Some
perturbational calculations show that inclusion of NO, and ClO,, in palce of atomic oxygen,
leads to more realistic predictions for mass fractions and burning rate.

Introduction

Combustion of solid monopropellant like, am-
monium perchlorate 1AP] has been modelled by
several researchers.'™? Most of these studies have
assumed single-step kinetics for the gas-phase re-
action. Guirao and Williams! have also treated the
problem by using single-step gas phase kinetics but
deduced the kinetic parameters by analysing an as-
sumed chain mechanism under isothermal and iso-
baric conditions. The assumption of a rate control-
ling overall reaction leads implicitly to a pressure
index for the reaction rate of second order, result-
ing in a larger bumn rate pressure index than that
observed experimentally (~0.77). In fact, the anal-
ysis of Beckstead® et al has established a rather
simple formalism which is essentially equivalent to
that of Guirao and William,! and leads to the cor-
rect pressure index only when the reaction rate is
of order 1.8. The only way in which the pressure
index of the burn rate can be predicted is to treat
the gas phase kinetics in detail. Ermolin et al> have
computed the flame structure of AP with complex
kinetics. Their theory ignores both thermal con-
duction and diffusion. While the basic elements of
their theory do not preclude calculation of the mass
flux (m"), they have not made any such calculation
and seem to indicate that the mass flux is the same
for a range of pressures. The present authors are
aware of no study which solves the conservation
equations with complex kinetics and realistic dif-
fusion and obtains combustion characteristics, in-

cluding mass burn rate. The present paper there-
fore addresses itself to the solution of the problem
of linear regression of a monopropellant with com-
plex gas phase kinetics and trace diffusion. While
the basic framework is applicable to any monopro-
pellant, the treatment presented here takes account
of some of the freatures of combustion specific to
AP, HMX, RDX. The reason for going into these
complexities is to set up a model by which one can
examine the importance of gas phase kinetics. The
effect of catalysts (burning rate modifiers) can also
be studied by considering their effect on various re-
action steps in so far as the effect on gas phase ki-
netics is considered. Experimentally it has been
observed®~® that the surface of the combusting solid
in the above cases has a liquid layer. In the specific
case of AP it has been deduced® that reactions take
place in the liquid layer effectively neutralising the
endothermicity of decomposition of AP and even
making the situation at the surface exothermic. The
present theory as distinct from all the earlier the-
ories takes explicit account of the liquid layer and
allows the interface regions to be endothermic/ex-
othermic as dictated by specific situations. If one
considers the class of monopropellants which do not
show a surface melt layer, it is simple matter to
incorporate the necessary changes. They are in-
cluded in the text at the appropriate places. In the
following sections the formulation of the problem,
method of solution and the results of the compu-
tation are described. Comparison of results for AP
with those of experiments are also presented.
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Formulation

The formulation of the problem calls for the
enunciation of the governing equations for the gas
phase and the condensed phase along with the in-
terface conditions. The governing equations for the
gas phase for the case of (N — 1) chemical species
reacting in R steps for the plane one dimensional
case are:

Pt (pu) =0 0

p(Yn)t = (an(Yn)x)x — pu (Yn)x + d):;,,
n=1LLN—-1 (2

N ) N
= D ka6l + 3 DoY)y, (3)
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here (T), = 8T/dx and (Y,), = 9Y,/6x etc.

The unsteady state formulation, given here has
been chosen instead of the steady state formulation
because of the inherrent computational advantages
in treating unsteady conservation equations. Also
physically realistic oscillatory solutions if present are
extracted from the solution of the above equations.
Use of the transformation Y (x, t) = p(x, ) auto-
matically satisfies the continuity equation. The spe-
cies conservation and energy equations can now be
written as

(Yo) = (Dap®(Yalody ~ g (Yo)y + G5i/p (D)

N
(T), = (kp(Dhy)y/Sp — (D) = D, ha/pG,
n=1

N
+ pz/ép Z Dncpn<T)¢(Y”)'ll (8)

1

where ," = p,r refers to the mass flux from the
s

surface (x = 0). The reaction rates o are given by
the classical law of mass action as
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where R, and Ry, refer to forward and backward
specific reaction rates, M,, is the molecular weight
of nth species and v}, and v), are stoichiometric
coefficients. The reaction rates refer to the reaction
equation

R N R N
2 D Ve An2 Y D Vi A, (10)
r=1 n=1 r=1 n=1

The diffusion coefficients are evaluated using the
trace diffusion approximation. This was first pro-
posed by Hirschfelder' and has been extensively
used for flame propogation calculations subse-
quently. This model is exact for binary mixtures and
for trace species and is a good approximation for
the general case. The only possible objection against
this is that it violates the species conservation law
in a mixture (because the mass fractions of all spe-
cies do not add up to unity, errors are introduced
in the 5th or 6th decimal place).

Other studies by Spalding'® and Stephenson
have shown it to be a reasonable approximation for
flame speed calculations and hence the same ap-
proximation is taken to be valid in the present cal-
culations.

The diffusion coefficient is obtained from the
equation

16

1-Y;)
D, = (1)
o1
k=i Dj

where Dy is the binary diffusion coefficient.

The governing equations of the condensed phase
are now discussed. Figure 1 shows schematically the
features of the condensed phase schematically. The
solid phase occupies the region — =< x =< —9§,,
where 8, is the thickness of the liquid layer. The
region —8; = x < 0 is occupied by the liquid layer.
The region above x = 0 is the gas phase. All changes
of heat are expected to take place at interfaces only.
No bulk reactions in the solid or liquid layer are
permitted in the present analysis. Treating the con-
densed phase processes as quasi-steady, the equa-
tions are :

(ki(Ti)o)e = migep, (T =0 i=SL  (12)
If there is no liquid layer, the equation correspond-
ing to i = L is to be omitted.
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FiG. 1. Schematic of the model.

The Boundary, Interface and Initial Conditions

T(—c, t) = T,; T(=8y, t)
= T, (fusion temperature) (13,14)

k(D) B2 = Qs k(DL EZY = myQu  (15,16)
an(Yn)x]x=0+ = nozg(Yn - Y;) (17)
x—>® : (Yn)xv (T)x -0 (18)

In the above equations Qg and Qp refer to heats
of phase change (Solid to liquid) and exothermic/
endothermic liquid to gas phase change. Y, refers
to mass fractions of species on the liquid side of the
interface. They are given by
Yucio, = Mucio,” Mar, YnNH,

= Mnu,/ Map  (19)

and zero for the rest of the Y, s.

Transformations

For the sake of computational ease the governing
equations are transformed to

7= (T = T,)/(Ty = To) (20)
2= (U — o)/ (b5 — Vo), 1)
t*=t/t (29)

so that the zone of integration for ¢ and z are be-
tween 0 and 1, where s and {, are constants. The
equations are
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(Yn)t* = t-(Dn pZ(Yn)z)z/(lL’f - ¢0)2
= (Ya)oritg /(s — )
+t"/p,n=N-1 (23

(@ = /(6,00 = $o)) (kp().):
— nilgt /(= $o) "z = £/(E,(Ty — T,)

N
. [Z hnwlr’n’/P] + pzt-/(ép(‘hf_ ¢0)2)
n=1
N
(@) D Dacyo(Ya). (24)
n=1

In the above equations (fy — W,) is chosen from
the relation Yy — ¥, = [ p(x)dx where z* is the
thickness of the flame zone. Estimates from ex-
perimental measurements (~100 pwm) are used as
a rough guide to set a value for (s — ,).

The initial conditions in the gas phase need to
be specified for the mass fractions of various species
and temperature at z = 1 (x — ), these are given
by equilibrium considerations. For the given mon-
opropellant, the adiabatic flame temperature (Ty)
and equilibrium composition are calculated at each
of the pressures and these values are set at z = 1
(large x). The variation of the mass fractions are
treated as linear functions of 7 for major species and
quadratic functions for minor species and 7 vs z is

given by
e (m c,,m’:f - luo),z)
x= 25)
1. —TLexp (—‘——“—"moc'](d;cf— %)-z) ‘

where T corresponds to liquid surface tempera-
ture. This is essentially an exact solution for a sim-
ple reaction rate function.'®*? Since the integration
involves excessive computer time, what is actually
done is to first obtain converged results for a con-
trol set of parameters (P = 45 atm, T, = 300 K)
and then use these as input profiles for futher work.

g = AL exp (=EL/RTL) (26)

Here the value of the activation energy E; chosen
is the now generally accepted value'® of 125.52 kJ/
mole. The choice of frequency factor A;, however
merits discussion. The presence of a melt layer on
the deflagrating strands of AP has been established.
The interface temperature between solid and liquid
has been shown to be invariant with respect to
pressure and has been estimated to be 865 *
20 K.%® Low pressure extinction studies have shown
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that the burning rate at extinction does not change
(~5.85 kg/m®s) with initial temperature although
the low pressure deflagration limit (LPDL) itself is
dependent on the initial temperature. Consistent
with the presently accepted hypothesis that extinc-
tion occurs when the liquid layer vanishes (or T, <
865 K), the value of A is chosen so as to yield the
observed mass burning rate (at extinction) when the
liquid surface temperature is equal to 865 K.

The Method of Solution

The governing equations can essentially be writ-
ten in the form

(@) = ai(Ai(di)): — bi(dy): + BRR;, i=1, N (27)

where i = 1 refers to temperature and others to
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species as already noted. The term RR; includes all
the source terms.

In order to solve the above equations the method
of lines'” is adopted. The spatial coordinate span-
ning from 0 to 1 is split into a number of segments
{j = 1, NSEG). The right side of Eq. (27) is dif-
ferenced by using a second order central difference
scheme. The difference equation thus obtained is

(i) = Aizig [Aijr1se (o1 — dij)
- Ai,j—l/z (¢i,j - ¢i,j—l>]
b;
- 2—A; [bij+1— &ij-1] + RR;; (29)

where A, ;. 1/ refers to the mean of A; ; and A, ;.
This difference equation when written for the sur-

TABLE 1
Input data for reaction mechanism
Sl
No. REACTION STEP Logi, A vl E(k]/mole) SOURCE Ref.
1. HClO, - OH + ClO, 11.0 0.00 163.4 5
2. Clo; + M—> ClO + O, + M 12.23 0.50 0.0 5
3. NH; + OH — NH, + H,O 12.52 0.00 9.2 19
4. NH; + ClO —» NH, + CIOH 11.62 0.50 26.8 5
5. NH; + Cl - NH, + HCI 11.65 0.50 0.4184 5
6. NH, + O, - HNO + OH 13.71 0.00 126.4 19
7. NH; + NO —- N, + H,0 19.95 —2.46 7.53 19
8. HCIO, + HNO — CIO; + NO 13.48 0.00 25.1 b
+ H,O
9. CIOH + OH - CIO + H;0 13.26 0.00 0.0 5
10. 2NO - N,O + O 12.11 0.00 134.3 5
11. Clo+0—->Cl+ 0O, 13.82 0.00 1.84 5
12. 2Cl0 — Cl, + 62 11.30 0.00 0.0 5
13. HCIO, + Cl — CIOH + ClO, 12.08 0.00 34.5 5
14. 2C1+ M—->Cl, + M 14.86 0.00 -7.5 5

Specific reaction rate is given by the expression R, = AT* Exp (—E/RT).
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TABLE 1I
Input parameters for different species
Heat of
Sl Formation o e/k
No. Species Mol. Wt. (kJ/mole) (Anstroms) (k) Reference
1. HCIO, 100.50 —10.46 1.800 452.0 a
2. NH, 17.00 —46.0 2.900 558.3 16
3. Clo, 83.45 154.8 3.842 184.0 b
4. Clo 51.45 101.2 3.842 184.0 16
5. NH, 16.00 167.8 2.900 558.3 16
6. CIOH 52.45 -92.0 3.842 184.0 b
7. HNO 31.00 99.6 3.470 119.0 16
8. OH 17.00 39.3 3.147 79.0 16
9. Cl 35.45 121.0 3.613 130.8 16
10. 0 16.00 249.4 3.065 106.7 16
11. NO 30.00 90.4 3.492 116.7 16
12. N,;O 44.00 82.0 3.816 237.0 15
13. N, 28.00 0.0 3.681 91.5 15
14. Cl, 70.90 0.0 4.217 316.0 15
15. HCI 36.45 -92.0 3.305 360.0 15
16. O, 32.00 0.0 3.499 100.0 15
17. H,O 18.00 —242.0 2.641 809.1 15

a. o and €/k estimated from melting and boiling temperatures (Eqn. 2-3, Ref 22).
b. o and e/k values taken same as for CIO for which it is available.

face node (j = 1) contains a false point ¢; _;. This
is treated by using a central difference operator at
the boundary interface conditions and eliminating
the false point. For example

(7):

here (1),];-; is obtained from Eq. (15).

The above set of ordinary differential equations
can be handled by ODE solvers like Runge-Kutta-
Gill Package or Hindmarch-Gear.?® In the present
work, the Hindmarch-Gear code (Gear B) was used
with stiff option.

j=1= (T2 — 1)z 1 = 2("’);';‘:1 Az

The Chain Mechanisrﬁ

The detailed kinetics chosen are presented in Ta-
ble 1. The kinetic parameters used in the present
work are taken from sources identified in Table
I. While the number of species (N), as well as
the number of chemical steps, can be increased,
the results presented here refer to (N = 17) and
(R = 14) reversible steps.

The overall mechanism that has been chosen is
similar to the one proposed by Jacobs and Pear-
son.'® Some of the reactions have been replaced by
others cited by Ermolin et al’ based on plausibility
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arguments. While it would have been possible to
take into account more reactions, in view of the
computational limitations, as well as the need to
obtain experience in handling combusting solids, the
limited set was chosen. The forward rate constants
are the same as cited in references®!® and the
backward rate constants were obtained by dividing
the forward rate constant by the equilibrium con-
stant which itself is obtained from thermodynamic
data of the various species, available in the JANAF®
tables. The seventeen species considered, along with
the basic parameters needed for obtaining diffusion
coefficients, are listed in Table II. Some properties
like ¢,, o4, €/k for the species HCLO,, CLO; and
CLOH are not available and they are tentatively
assumed to be the same properties as for CLO.
Thermal conductivity, viscosity and diffusion coef-
ficients are calculated using the formulae given in

TABLE III
Input parameters for condensed phase
SL
No. Name Value used
1. Density (kg/m®) 1950.0
2. C, (kJ/kg mole 1.51
oK)
3. Thermal conduc- 0.42
tivities (W/m
OK>
4. Adiabatic Flame 1400.0
Temperature
°K)
5. Heat of phase Qs 356.0
change (kJ/kg)
6. Solid-Liquid 865.0
(melt) interface
temperture (°K)
7. Heat of phase 502.0
change at liq-
uid gas inter-
face Q.. (kJ/kg)
8. Activation energy 125.52
of Pyrolysis E,,
(kJ /mole)
9. Frequency factor 2.23 X 10°
of Pyrolysis law
A, (See text)

PROPELLANT COMBUSTION

Expt Values from Ref(2,3,6)
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FiGc. 2. Burning rate of AP at different pressures.

Brokaw’s2! report. The data of condensed phase is
shown in Table III.

Results and Discussion

The calculation procedure programmeéd on the
DEC-1090 computer took about 45 minutes of CPU
for the first convergence. Convergence is assumed

me —
10 20 30 40 S0
Y T T T T

Equibibrium —___
Fractions 0,

HZO.
_————HC
3 % Nax
-1.0 Cl
Cly

-2.0
P
~o
of
o
-
-30
HCI0,
-4.0- P = 45(atm)
To= 300K
e 6.1 Kg/m's
-5.0

FiG. 3. Variation of mass fractions with distance.
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F1G. 4. Variation of mass fractions with distance.

to have taken place when the maximum time gra-
" dients are at least one order lower than the mini-
mum of the others, and concentrations, tempera-
ture and mass burn rate do not change by more
than 1%. The latter criterion was not as hard to
satisfy as the former, although they are essentially
equivalent, The calculations could be completed for
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FiG. 5. Variation of mass fractions with distance
for modified reaction mechanism.

two pressures and initial temperatures; perturba-
tional calculations have been completed for several
cases.

The results of the calculations are shown in Figs.
2-5 and Table IV. The linear burn rate vs pressure
shown in Fig. 2 indicates that the burn rates ob-
tained from the present calculations are substan-
tially lower than the experimental results. The burn
rate index is 0.67 and o, the temperature sensi-

TABLE 1V

P = 45 atm.

P = 70 atm. Pres Temp

SL
No.

T, =300°K T,=35°K T, =

Index
300°K T, =350°K v

sensitivity
% /°C

1. Experimental 11 12
Mass Burn
Rates

kg/m’s

15.2 16.8 0.77 0.2

2. Computed 6.1
Mass Burn
Rates

kg/m® s

7.5

8.2 10.2 0.67 0.4

3. Mass burn
Rates for
Modified
Reaction
Scheme

kg/m’ s

6.6
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tivity is 0.4%. The experimental values are 0.77 and
0.2%. The results of the present computation, par-
ticularly with respect to the pressure index, indi-
cate that the decomposition of HCIQ,, i.e. the only
first order reaction, must be rate controlling. The
temperature sensitivity (o,) which can be roughly
taken as proportional to E,/2RT} where E, is the
gas phase activation energy, indicates again that the
first reaction has a significant influence on the value
of o, (45000/2 X 1.98 x 1400* ~ 0.58%).

These differences also seem to exhibit them-
selves in the results of mass fraction profiles shown
in Fig. 3 and 4 for pressures of 45 atm and 70 atm.
These figures, which show the variations of mass
fractions of most species with distance, indicate that
the thickness over which these variations take place
is about 50 wm for 45 atm and 26 wm for 70 atm.
The mass fractions reach the equilibrium mass frac-
tions in the case of HyO, Oy and N,. The mass
fractions of HCl, Cl; and Cl are significantly dif-
ferent. In particular, Cl, is lower than the equilib-
rium fraction and Cl is significantly larger.

The fact that exponent 0.67 is smaller than the
observed value was to the dominance of the first
order decomposition kinetics of HClO,. For the ex-
ponent to be larger, the importance of the reactions
with second or third order kinetics must be in-
creased. An examination of the kinetic data of
Ermolin® shows that the rate constants of HCIO,
+ Cl — CIOH + ClO; (reaction 13 in Table I)
cannot be traced to any experimental source. Sus-
pecting that the kinetic data provided may not be
appropriate, the result with frequency factor mul-
tiplied by 10 was used. However, this did not show
any significant difference in the burn rate. Calcu-
lations at pressures of 40 atm showed that the lig-
uid surface temperature dropped below the mini-
mum temperature of 865° K (the low pressure
deflagration limit, LPDL). This implies that for the
present kinetic data, LPDL is about 40 atm instead
of 20 atm.

Thus the present model seems to offer features
which are all consistent among themselves, but the
final results obtained are at variance with experi-
mental values.

Modelling studies®>3

seem to indicate that the

TABLE V
Reactions 10 2NO — N,O + O
dropped 11 CIO + O — Cl + O,

NO + CLO — Cl + NO,
2HNO — H,0 + N,0

HNO + O, > NO, + OH
Cl+0,+ M- CLO, + M
Clo, + Cl - 2CLO

2NO, - O, + 2NO

New reactions
included are

PROPELLANT COMBUSTION
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FiG. 6. Variation of Lewis number and tempera-
ture with distance.

activation energy of the pyrolysis has only a mar-
ginal effect on the pressure index, as well as on the
temperature sensitivity which is controlled to a large
extent by the gas phase kinetics. In fact, as long as
the gas phase parameters are unchanged, results
based on either Pyrolysis or the Equilibrium con-
dition at the surface seem to be the same. Hence
the only set of data which has a significant impact
are the gas phase kinetic data. Since this is the first
set of calculations with the available published ki-
netic data, it appears that there is a need to re-
examine the data more carefully.

One cause may be the limited set of species and
reactions chosen from a vast number of possibilities
(e.g. 85 reactions steps are proposed by Ermolin).
Both NO; and ClO; were included in place of atomic
oxygen which was found to be present in a very
small quantity. The reaction mechanism was also
modified keeping in mind the above changes. Table
V gives the new reactions together with the old re-
actions which were dropped.

Figure 5 is a plot of the mass fractions with dis-
tance for the modified scheme. The improvement
over the results of the previous scheme shown in
Fig. 3 is quite obvious. The mass fractions of rad-
icals Cl and ClO which were unacceptably high are
now more realistic. The mass fraction of Cl; is also
nearer to the final equilibrium value. The improve-
ment over the earlier mass burning rate (M, =
6.6 kg/m?%s) is however not as satisfactory even
though the direction of change is correct. In es-
sence, work still needs to be done before one can
obtain a good comparison between the experimen-
tal and theoretical results.

Figure 6 is a plot of the variation of the Lewis
number with distance. As can be seen, the devia-
tions of the Lewis number from unity is not large,
although not insignificant. This figure is included to
emphasize this point, since supposed deviations of
the Lewis number from unity are presented as the
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reason for some observed features of AP combus-
.90
tion.

Conclusion

The problem of combustion of Solid Monopro-
pellants has been tackled numerically using de-
tailed gas phase kinetics, realistic diffusion and a
melt layer on the deflagrating surface. Calculations
with AP ‘as a specific case are presented. Kinetic
data from available sources have been used
throughout. The predictions from the calculations
show (a) lower buming rate, (b) higher temperature
sensitivity, and (c) higher LPDL. The causes for
these have been hypothesmed but detailed calcu-
lations to assess their relative importance are un-
derway. However, preliminary calculations indicate
the correctness of the hypothesis. An interesting
feature observed during the calculations was that
the Lewis numbers for different species were not
very different from unity. This is in contrast to an
earlier suggestion® that the large difference in dif-
fusivities between NHz and HCIO, could lead to
the formation of cellular flames.

Nomenclature

Frequency factor.

Mixture specific heat kJ/kg °C).

Specific heat of n' species (k] /kg °C).

D1Hu51on coefficient using trace approximation
(m?/s).

Activation energy (kJ/kg mole °K).

Enthalpy of mlxture (k] /kg).

Enthalpy of n' species (k]/kg).

Grid index in the spatial direction.

Thermal conductiv1tx (W/m °K).

Lewis number of n™ species (D,pc,/k).

Molecular weight.

Mass burning rate (kg/m?s).

Total number of partial differential equations.

Index used for species.

Pressure (atm).

Heat absorbed at solid-liquid interface (kJ/kg).

Q; Heat released at liquid-gas interface (kJ/kg).

R; Specific reaction rate.

R Universal gas constant.

RR Source term in Eq. 25.

r  Linear burning rate (m/s).

Temperature (°K).

Time (s).

Time scaling factor (1 X 1078 s).

Reaction rate.

Distance (pm).

Species.

Transformed nondimentional variable.

Temperature power index.

p ?O_SO- -

3

szl STE
2

©
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vy  Burning rate power index.
31 Melt layer thickness (um).
¥  Transformation variable (= [p dx).
7 Non-dimentional temperature.

p  Mixture density (kg/m°).

pp AP crystal density (kg/m?).

v

Stoichiometric coefficient.

Subscripts

o Initial condition.
S Solid phase.

F  Flame.

L, Liquid Layer.
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