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A Model of Composite Propellant Combustion Including
* L
Surface Heterogeneity and Heat Generation
CrArRkE E. HERMANCE*
Unaversity of Waterloo, Walerloo, Ontario, Canada
The surface heterogeneity of a composite propellant is incorporated in a model of the pro-
pellant combustion process. This process is pictured as the sum of fuel pyrolysis, oxidizer
decomposition, heterogeneous chemical reaction between the fuel and decomposed oxidizer
in small fissures surrounding individual oxidizer particles, and gas phase combustion of all
final decomposition products. Expressions for the burning rate and the rate of heat gen-
eration at the propellant surface and in the gas phase flamne are formulated, explicitly includ-
ing the oxidizer particle size distribution. Expressions for the mean, one-dimensional, pro-
pellant surface and flame temperatures are derived assuming planar regions of heat genera-
tion. A collected set of implicit, algebraic equations is solved numerically for the pro-
pellant burning rate, surface (and flame) temperatures for a variety of physical parameters.
The burning rate is found to depend strongly on the oxidizer particle ignition delay at low
pressures, and upon the position of the external flame at high pressures. The effect of the
heterogeneous reaction on the burning rate is strongest at intermediate pressures. The re-
sults agree quite well with experimental data on the effect of pressure and oxidizer particle
size on composite propellant burning rates, surface temperatures, and surface structure.
Nomenclature kg, kox = mass flow rates in g/sec of fuel pyrolysis and
oxidizer decomposition
A = mass of fuel vapor released by pyrolysis, g [see ksry ks’ = rate constants associated with surface reaction,
Eq. (1)] em?/sec and em/sec, respectively
Ay = pre-exponential factor for fuel binder pyrolysis, My, M. = molecular weight of combustion gases and C,
cm/sec respectively
B = mass of fuel vapor produced by oxidizer decom- M, m; = mass flow rate, mass flux, associated with pro-
position, g [see Kq. (2)] pellant component as designated by subseript,
(B) = mass concentration of B, g/em3 g/sec and g/cm? sec, respectively
C = mass of oxidant vapor produced by oxidizer de- m = diameter exponent in particle ignition term [see
composition, g [see Eq. (2)] and identified as Eq. (12)]
HCIO, when oxidizer is NH,CI1O, n = pressure exponent in particle ignition term [see
<) = mass concentration of €, g/cm? Eq. (12)]
c = specific heat of solid propellant, 0.4 cal/g-°K P = ambient pressure, atm
cp = constant pressure specific heat of combustion P, = partial pressure of oxidant C, g;/cm?
gases, 0.3 cal/g-°K P, P, = mass of inert products, or oxidized fuel vapors
Dy, Dy = mass of reduced oxidizer vapors produced by sur- produced by gas phase reactions, g [see Egs.
face and gas phase reactions, g [see eqs. (3) (3) and (4)]
and (4)] QL = latent heat of oxidizer decomposition
D, D; = diameter of oxidizer crystals, u Qup = gas phase heat release of oxidizer decomposition
AD,, AD; = number of integer diameters between maximum Q. = heat released by surface reaction, cal/g
and minimum diameters of respective oxidizer Qr = heatreleased in gas phase flame of propellant, cal/g
particle size distributions r = propellant burning rate, cm/sec
D, = characteristic diameter of decomposing oxidizer R = gas constant, 1.986 cal/mole-°K
crystal, u [see Eq. (13)] Sy = surface area of fuel pyrolysis, cm?
E;, E.,, E = activation energies of fuel binder pyrolysis, surface Sox = planar surface area of oxidizer decomposition, ¢cm?
reaction, and gas phase reaction, respectively Ser = surface area available for surface reaction, ecm?
(keal/mole) S = total planar, cross-sectional area of burning sur-
Eox = half the activation energy of the oxidizer de- face of propellant, cm?
composition (~56 kcal/mole for NH,ClO,) 7,7, = temperature, and propellant initial temperature, °K
g = acceleration of gravity, taken as 980 cm/sec? i = characteristic time of exposure of oxidizer crystal
AH, = endothermic heat of pyrolysis, cal/g at propellant surface [see Eq. (14a)]
J = mechanical equivalent of heat, 4.185 X 107 erg/cal tign = ignition delay time of oxidizer crystal, sec
Ko = oxidizer ignition delay parameter, sec-(atm)m- vy = linear burning rate of an oxidizer crystal, cm/sec
(em)™™*1 (k of Ref. 8) 14 = linear burning rate constant of oxidizer crystal,
-— cm-sec ! atm(—®
Presented as Preprint 66-112 at the ATAA 3rd Aerospace z* = flame standoff distance, cm
Sciences Meeting, New York, January 24-26, 1966; submitted Z = pre-exponential factor of gas reaction rate, ¢m3/
January 27, 1966; revision received June 6, 1966. This work g-sec
was sponsored by The Aeronautical Research Institute of a = weight fraction of oxidizer in propellant
Sweden (FFA), Bromma, Sweden, in cooperation with The B = (ep/NZ Y ppJ /1033.gM )2, const
Swedish Institute for Defense Research (FOA), Stockholm, g = thermal conductivity of combustion gases, 2 X
Sweden. The author wishes to express his appreciation to G. 107 cal/cm-sec-°K
Drougge, Director of Research, FFA, and T. Marklund, Director v = volume fraction of oxidizer in propellant
of Solid Propellant Research, FOA, for the opportunity of o = density, g/cm3
cooperating with their institutes in Sweden. Particular thanks a = fraction of oxidizer having particle size spread AD:
are due T. Markiund for his interest and many stimulating 6 = dimensionless temperature, RT/FE
discussions with regard to this work. £ = (mr¢p/N;)X, dimensionless length
* Assistant Professor, Department of Mechanical Engineering. € = depth of fissure surrounding oxidizer crystals
Member ATAA. 8 = pressure exponent of oxidizer burning rate
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Subscripts

P = propellant

3 = gurface

sr = surface reaction
[O): = oxidizer

T = total

gp = gas phase

L = latent

f = fuel, flame

c oxidant vapor C

Numerical constants

1.36 (3637.7)(g/J ) exp(24.38)
(24)12.¢,

0.5(1 + 371/2)

¢y
Ca
C3

a = 11 = )/ = &)lprds/py
as = 04(1 - a)'AHpR/CpE
ag = QsR/coE
by = (MV)/lpp(1 — a)(BREM )"
b2 = (¢/ep) 0p + a(Qgp ~ QLIR/c,E
by = h(l — )@ — QupIR/c,E
1 — o AD1+1
& - [(ADI i) 2 2t s 1) x

ADs+1
> oo
1=1

Introduction

URING the development and use of composite solid

propellants, several theories concerning the combustion
mechanism of these propellants have been presented. The
theories have ranged from detailed treatments of oxidizer and
fuel decomposition in a “sandwich” propellant,! to the broad
treatment incorporated in the “granular diffusion flame”
model.2  Although useful in helping to quide experiments to
gather information about the combustion process of com-
posite propellants, it is not unfair to note that these theories
have had limited success in explaining or predicting many
features of composite propellant combustion which are evi-
dent in the extensive experimental data available. Perhaps
the most striking features of these data are 1) the effect of
different fuel binders on the burning rate-pressure relation-
ship?; 2) the variation of the burning rate pressure exponent
with ambient pressure level, particularly the near unity
values of this exponent at pressures in the region of 4000
psia®; 3) the dependence of the burning rate on the oxidizer
particle size distribution and the disappearance of particle
size effects at high pressures?*; 4) the value of the mean surface
temperature of the burning propellant and the possible in-
sensitivity of this temperature to ambient pressure level’;
5) the evidence of a substantial energy release at, or very
close adjacent to, the propellant surface.2?

The purpose of the present paper is to describe a model of
composite propellant combustion which incorporates the
heterogeneity of the burning surface of composite propellants
caused by the oxidizer particles, and a mechanism for sub-
stantial energy release at the burning surface, in an attempt
to account theoretically for the aforementioned features of
composite propellant combustion.

It must be emphasized at this point that, although the
following theory is tested with respect to ammonium per-
chlorate propellants, the formulation is such that any com-
posite propellant can be considered providing appropriate
data on the individual components is available.

Description of Model

The physical-chemical processes incorporated in the model
are the surface processes of endothermic fuel binder pyrolysis,
exothermic oxidizer decomposition, exothermic heterogeneous
chemical reaction between the fuel binder and decomposed
oxidizer in small regions surrounding individual oxidizer

ATAA JOURNAL

particles, and the gas phase process of combustion of the
final fuel and oxidizer decomposition products. Each of
these processes depends on either, or both, the ambient pres-
sure level and the temperature present at the location of the
process in question; they are linked together by the tempera-
ture distributions present in the gas and solid phases. Evi-
dently the temperature distribution depends on the inter-
action of the heat source (or sink) at the propellant surface,
and the heat source in the gas phase caused by the final
combustion process. The magnitudes of these heat sources
are determined by the details of the respective surface and
gas phase processes. The proposed structure of these proc-
esses follows, assuming that all undecomposed oxidizer
crystals are spherical.

Surface Processes and the Burning Rate

The over-all burning rate of a composite propellant should
be determined ultimately by the sum of the decomposition
rates of the propellant components. It is postulated that
these decomposition processes can be represented by the
following reaction sequence, where S stands for surface and
k; denotes the mass production rate of the reaction:

a) Fuel binder decomposition by pyrolysis

S; M A~ AH, 1)

b) Initial decomposition step of the oxidizer

Sox ———-——)kox B + ¢ - QL (2)

¢) Heterogeneous reaction between oxidant C from Eq. (2)
and the fuel binder to produce products, a reduced oxidizer,
and heat

C+ 8 P+ D + Q. 3)

d) Second decomposition step of oxidizer, close to the oxidizer
crystal producing heat, a reduced oxidizer, and other inerts
and combustiblest

B+C—-——)kop P2+D2+Qap (4)

Adopting the methods of chemical kinetiecs, the total mass
flow away from the propellant surface is given by

MT=At+Bt+Ot+(P1+D1)z+(P2+D2>t (5)

where

44: = k/
Bg = %kox - kap(B) (C)
C, = 3kox — [k:r(C) + kuu(B)(C)] (6)

(P1 + Dl)t = 2]93,(0)
(Pz + D2)t = 2kap(B) (C)

Under the postulate C; = 0, or there is no net flow of reactive
oxidant C't away from the propellant surface, the total mass
flow away from the propellant burning surface is given by

Mr = ki + kox + k. (C) g/sec (7)

To derive an expression for the burning rate, it is only neces-
sary to note that

mr = Ppr = AMT/SO = k//SO -l— kox/so + kST(C)/SO <8)

1 The production of a reduced oxidizer in step d is necessary
for the existence of an external, gas phase flame.

1 For the ammonium perchlorate propellants dealt with in
the numerical caleulations of this paper, C is identified as HCIO,
(perchloric acid) an oxidizer that can support combustion.$
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where

k_" = mef kox = MoxSex
)]
A(C) = mersr = ksy‘,<C)'Ssr

such that
7= 1:0pms(S;/S0) + Mox(Sox/So) + Ms(S./So)] (10)

Consequently, it is necessary to calculate the area ratios in
the preceding equation.

Calculation of Mass Flux Area Ratios

Assuming that the mean fuel surface, i.e., between oxidizer
crystals on the propellant burning surface, is planar, and a
total volume fraction (v) of spherical oxidizer crystals,
(87/80) and (Sox/Se) are defined as (1 — ») and (»), respec-
tively. The area on which the surface reaciion occurs, S,,
is calculated by noting that an oxidizer crystal on the burn-
ing surface should, in general, have decreased in dimension
from its original size. It is postulated that the result of this
dimension change is to produce a fissure of depth (e) between
the crystal and the fuel binder originally surrounding the
crystal as sketched in Fig. 1. The area of this fissure will be
taken as (wD;’e;) where D,’ is the chord length of an unde-
composed crystal at the level of the planar fuel surface; this
is the area on which the postulated surface reaction occurs.

For N, such spheres occupying a volume fraction »;, the
total surface reaction area is (S,); = w(¥.D.'e)). But for
a planar, cross-sectional propellant surface area So, it may be
shown that the expected value of Dy’ is (2)V/2D;, and

N, = 6vS¢/7D;?
Consequently,
(Ssr/So)i = (24>1/2Vi(€i/Di) (11)

Consider a bimodal propellant, having two rectangular
distributions of discrete particle diameters AD; and AD; such
that the total weight fraction of oxidizer is o and the weight
fraction of the total oxidizer weight of AD, distribution is
. In such a case, a simple extension of Eq. (11) shows
that the ratio (S,,/So) is

S 1 — g ADi1 /oo
LAY pl{ =9 £
<SO> V(24 [(ADw‘ + 1> 2:1 <D,~> +

(@72) 5 ()] @

i=1

wherein 1t is assumed that all particles have a discrete di-
ameter of (D; & 3)u which is termed D;. For the calcula-
tions resulting in Eq. (12), it is assumed that the distribution
function gives ‘“‘the fraction of particles, by weight, having a
diameter less than D,”” and has shape in the form of a staircase
having square steps.

Calculation of the Fissurve, Depth (¢)

Referring to Fig. 1, it is assumed that the characteristic
value of the fissure depth (¢;) is given by the difference be-
tween the original value of the diameter D; and the character-
istic D, of the decomposing crystal. The value of D, is given
by

Dc = Dz e vb(tc - tign) (13>

where () is the linear regression rate of the oxidizer at the
particular ambient pressure level; &, is the ignition delay
of the individual crystal, assuming the ignition process starts
when the top of the crystal becomes just tangent to the planar
fuel surface. The characteristic time ¢ is the time necessary
for the burning surface to regress the distance L from the
top of the crystal to a position such that the diameter of
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Fig. 1. Sketech showing reaction depth around on oxidizer
crystal.

crystal, at its intersection with the burning surface, is the
expected value of (3)1/2D;, or
L =051 + 373D,
Therefore,
t. = L/r

Il

esDifr (14a)
and
€, = Dz - Dc = Ub(tc _ tign) (14b>

The ignition delay and linear burning rate of ammonium
perchlorate crystals have the form”—*

bign = (KoDyet1/Pm) v = VP? (14c)

Consequently, the expression for (e;/D;) appearing in Eq.
(12) is

(ei/Di) = VP*[(Cs/r) = (KoDs»/Pm)] (15)

Substitution of Eq. (12) into Eq. (10) gives the following
expression for the ratio of surface reaction area to total
surface:

Sar 1/2 ﬁ _ & 1 -—g
(S—> — b4 VP‘*{T <pm)[<A_ﬁpl N 1) %

AD;+1 o AD241 .
)y D"n+<A—DT+—1> z DP( (162)

i=1 i=1
or, for simplicity,

(Se/8o) = v(24)¥2 {¢/D) (16b)

Final Expression for Burning Rate

In the expression derived for the propellant burning rate
[Eq. (10)], the terms m;, mox, and m, are the mass fluxes
caused by the processes of fuel pyrolysis, ammonium per-
chlorate decomposition, and the heterogeneous chemical
reaction between the solid fuel and gaseous oxidant produced
by the oxidizer decomposition.

The mass flux caused by fuel pyrolysis is taken to be of the
form

my = psA; exp(—E;/RT,) a7

With regard to the oxidizer mass flux, the over-all propellant
formulation must be preserved, which results in the relation-
ship,

Mox = (a/v)mr (18)

The calculation of the mass flux because of heterogeneous
reaction, m.,, is less simple. In the derivation of Eq. (10), it
should be recalled that m. = ks'-(C) where (C) is the con-
centration of gaseous oxidant and k,.' is the rate constant of
the reaction. Thisrate constant is'

ko' = ai/4 (19)

Assuming that the sticking probability « can be repre-
sented by an Arrhenius relationship, and using the standard
expression for the mean molecular velocity ¢, the rate constant
is written in the form

ko' = 3637.7(T/M)"? exp(—E./RT,) (20)
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Fig. 2. Sketch of the one-dimensional model used to
calculate the gas and solid phase temperature dis-
tributions.

The foregoing is approximately the value of the rate constant
for the heterogeneous reaction of carbon and oxygen.1!

Assuming ammonium perchlorate as the propellant oxidizer,
(C) becomes the weight concentration of HClQ,. There
seems to be adequate evidence that the decomposition of the
ammonium perchlorate is an equilibrium process,'* with a
known equilibrium constant.’® Therefore, the concentra-
tion of HCIO,, as a function of the temperature of the per-
chlorate crystal, is

(C) = M.P./R.T, g/cm? (21)

where the value of the equilibrium partial pressure of HCIO,»
P.,isgiven by

P, = [1.36 exp(24.38)] exp(—Fox/RT,) (22)

After condensation of the numerical constants, the mass
flow rate caused by the surface reation is given by

_ Ts 1z ]‘/{C . - (on + Esr)
Mer = @1 <Ma> <RCTS> &xp [ RT, @3)

For other oxidizers, m,. should have the same general form as
Eq. (23).

Equations (16a, 17, 18, and 23) can be inserted now into
Eq. (10) to obtain the equation for the burning rate in terms
of the surface temperature and the ambient pressure level.
After collecting terms, condensing the numerical constants
and using the dimensionless temperature § = RT/E, the re-
sulting equation is

—E;

T = a; exp( T > 4+ &P,V X
C3 —d_l ‘—(on + Esr)
(%) - (Pﬂ oo =] e

Determination of Surface and Flame
Temperatures

In the derivation of the equation for the burning rate, a
mean surface temperature was used; and it was implied that
this temperature was uniform over the entire propellant sur-
face. TFor consistency then, the surface and flame tempera-~
tures are calculated from a one-dimensional model, in which
both the surface region and the gas phase flame zone are
collapsed to planes where heat release takes place (see Fig. 2).
The plane (z = 0) is assumed to remain at the surface of the
propellant, and the flame position (x = 2%) is assumed to be
a known function of the burning rate. Upon assuming s
steady state, constant material properties, and unspecified
but constant values of the heat released at the surface and at
the gas phase flame, the following energy equations describe
the temperature profiles in the regions shown in Fig. 2:

mre(dTs/dz) = Ny (d2T:/dz?)
mrcp(dTs/dx) = N, (d?Ts/dx?) (25)
mTcp(dT3/dx) = )\g(dzTg/d$2)

Region 1
Region 2
Region 3

ATAA JOURNAL

These equations are subject to the following boundary condi-
tions:

x> (—o): TW—T,
z = 0: — M (dT:/dz)y + meeTy + meQ, =
—A{dTo/dz) + mac,Te; To= T
z = r¥: =N (dTo/dz) + mac,Te + moQy = (26)
— N (dTs/dx) + mae,Ts: Ty =T,
z— (+ =) T finite

Using the dimensionless temperature, § = RT/E, and the
dimensionless length, ¢ = (mrC,/A)x, this set of equations
can be solved to give the following the dimensionless surface
and flame temperatures:

0: = (c/c)0p + (Q:B/c,E) + (QR/c,E) exp(—£%)  (27)
0y = 0. + QsR/c,E)[1 — exp(—£¥)] (28)

The heat released in the flame @; will be taken as a known
constant for a given propellant and will be independent of the
burning rate or pressure. However, the surface heat release
Q. and the flame standoff distance £* are not necessarily con-
stant and must be determined.

Determination of £*
The dimensionless flame standoff distance £* is given by
£ = (mrcp/Na* (29)

where z* is the physical flame standoff distance. It is as-
sumed that a sufficiently accurate value of z¥ is given by the
product of the average velocity of gases flowing away from
the propellant U and the average reaction delay time for a
second order, gas phase reaction 7, or z* = Ur. For the
purpose of this simple analysis, we define

mr 1
U=-—= and = (30)
pr ps Z exp(—E/RTy)
where the density p, will be taken as the gas density at the
flame temperature. Replacing p; by (@PM,/JRTy) and
noting that mr = p,r, the dimensionless flame standoff dis-

tance in terms of atmospheres of pressure is

£* = Blr6,/P1* exp(1/0,) 31)
where
_{ tr _pEJ__ 2
o= (MZ><1033 X gﬂ/[‘,> (32)

Determination of Q;

The heat released at the surface of the propellant is equal
to the net heat absorbed or released per unit mass by all of

Table 1 ‘“Standard” parameter values for input to
theory

Propellant data

oy = 1.27 g/cem? (Polysulphide) Ay = 40 em/sec

pap = 1.96 g/cm? (NH.ClOs) Q. = 425 cal/g

a = 07 Q; = 1200 cal/g

E; = 12 kecal/mole AH, = 175 cal/g

Es = 10.5 keal/mole Dy = 163 u

E = 45 keal/mole Dipax = 241

Ty = 25°C D, = 200u
Ammonium perchlorate data

K, = 200 sec-atm™-cm ™" V = 0.0384 cm-sec!-atm—?

m = 0.75 s = 0.73

n =08 Qg — Q1) = 320 cal/g




SEPTEMBER 1966

the decompositional processes occurring at the propellant

surface. Using the notation of the section on surface proc-

esses Q. is given by

Qs = ]//ﬂfl 7 <‘_ AI]pk/ - konL + er'ksr(c> +
kyp(B)(C)Qyw)  (33)

Noting that k,(B) () = ke — k. (C)], inserting the ap-

propriate mass flux and surface area values of each %k, we
can write @, as

v /
Qs = a(Qyp - QL) + Q‘});Z’f‘f/D) (er - va)msr -
(L= v)AH, my;  (34)
Pt

It must be noted that @, is, therefore, a function of the pro-
pellant burning rate, the propellant surface temperature,
the oxidizer particle diameter, and the ambient pressure
level.

Final Equations

At this point, all the necessary relationships have been de-
fined and it is possible to write out, completely, the three
algebraic equations relating the three basic unknowns of
burning rate, surface temperature, and the flame tempera-
ture. However, the condensed form of these equations given
below provides a clearer picture of the relationships between
the equations:

_ . —Ef blpa C3 dl ~ —(on + Esr)
r = exp( E@s> + 0—3175[ . Pm:]-expi: 56,

(35)

_ bsp'S C3 d[ . —(on + Esr)
os = b2 + <1"031/2>[7 - Pm]'e‘\p[ E@S -

(2)eu(52) e oo (5] o

b: = 0, + as{l — exp[—B0,%"%(r/P)*]}  (37)

where a;, s, as, by, b, bs, and d, are constants (see Nomencla-
ture).

=
)

\

~

Solution of Equations

Equations (35-37) were solved numerically using an IBM
1620 or 1710 digital computer. The method used in arriving
at the results to be discussed was to specify a pressure level,
P (1 < P < 3200 atm) and an arbitrary ratio (6,/6;) for an
assumed set of input data (&;, E.., E, Qy, a, AD, etc.) and
to vary the value of 6, (calculating the value of r at each 6,
value from Eq. (35)) until Eq. (36) was satisfied. Equation
(37) then was checked to see if the selected ratio of (8,/6;)
was compatible with the values of r and 8, obtained from the
previous steps. If the last check revealed an error, the
selected ratio of (6,/0;) was modified by the error revealed
by the check; and the whole process was repeated until all
three equations were satisfied. The pressure level was
changed then and the process was repeated until a set of
solutions of 7, T., Ty, and {e¢/D) was obtained over a range
of pressures for the assumed physical and chemical properties
of the propellant. About one and a half minutes were re-
quired for the solution at each given pressure level for a
selected set of input data, using the IBM 1710.

Selection of Propellant Physical and Chemical
Properties

) Values for the physical and chemical properties, assumed as
input data for the calculations, were determined from avail-
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Fig. 3. Comparison of theory with experiment and effect
of particle size distribution.

able data and by what seemed physically reasonable. The
propellant density was calculated for each set of input data.

Parameters for the ignition and combustion of the am-
monium perchlorate were obtained from studies of ammonium
perchlorate combustion.8'* KEstimates of the parameter
values associated with fuel binder pyrolysis were obtained
from Refs. 7, 10, and 11; and estimates of the parameter
values for the gas phase combustion process were obtained
from Ref. 10. Estimates of AD, and AD; for typical particle
size distributions in practice were derived from Ref. 4.

Of the propellant burning rate data available to the author,
that for a polysulphide (ammonium perchlorate) was re-
ported®* over the widest range of pressures (15-20,000 psia).
These data are quite representative of many composite pro-
pellants in terms of the effects of pressure, particle size dis-
tribution, and oxidizer weight fraction on the burning rate.
In particular, the data® presented for a polysulphide pro-
pellant having a weight fraction of oxidizer of 0.7, with a
unimodal particle size distribution and a mean particle
diameter of 200, was selected as a standard for comparison
with various sets of input data for the theoretical calculations
using Eqs. (35-37).

Results and Discussion

It was found that the parameter values given in Table 1
resulted in a remarkably good fit of the standard experi-
mental data, over a pressure range of 1 to 400 atm, and are
termed standard for the theoretical calculations reported in
this paper. Using this standard set of parameters, many of
the properties of the present model are evident in Fig. 3.

Both the present theory and experiment show that the
effect of oxidizer particle size on the burning rate becomes
negligible at pressures of 200 atm or greater. Evidently the
lower pressure burning rates are increasingly affected as the
mean particle size of a unimodal oxidizer distribution is re-
duced; the effect of bimodal distributions lies between that
of the equivalent unimodal extremes as seems reasonable.

Agreement between the present model and experiment with
respect to the effect of oxidizer particle size is good, at least
qualitatively; and the theory incorporates the particle size
distribution explicitly, without the use of any concepts which
are difficult to visualize.

In addition, the model also predicts the experimentally
observed change in the burning rate-pressure curve from a
concave down curve to one which is concave up at pressures
in excess of 100 atm. This behavior is well documented?*
experimentally for a number of different propellant fuel
binders and ammonium perchlorate oxidizer. It is thought
that the present model of composite propellant combustion



1634 C. E. HERMANCE

~
(=]
=

o
°
3
N
£
153 .
w i
g
3 CURVE  Ejf KCAL/MOLE ‘
Q i
F4 ! 9 :
z
Z 2 10
2 3 12 (STANDARD}
4 15
|
|
|
: _J
100 1000

PRESSURE, atm

Fig. 4. Influence of the activation energy of fuel binder
pyrolysis E; on the burning rate.

is unique with respect to predicting this high-pressure burning
rate behavior.

The increase in burning rate pressure exponent to near
unity values is accompanied by a rather sharp increase in
propellant surface temperature and decreasing values of
the flame standoff distance. However, it may be noted
that the theoretical pressure exponent of the burning rate
tends toward an asymptotic value, whereas the experimental
value continues to increase. Probably equilibrium decom-
position of the ammonium perchlorate no longer is possible at
pressures above some 400 atm'?; and possibly another, pres-
sure sensitive, ammonium perchlorate decomposition mech-
anism takes over. Another possible explanation, assuming
the validity of the postulated surface reaction, is that the
order of this reaction exceeds unity at sufficiently high
surface temperatures, burning rates, and pressure levels.
Experimental data on the very high pressure burning rate
characteristics of composite propellants having oxidizers
other than ammonium perchlorate would be most interesting
in this regard.

Influence of Activation Energies E;, E;,, and E

Figure 4 shows the calculated (r-P) curves for several values
of the fuel pyrolysis activation energy E;. As one might
expect, decreasing F, increased the burning rate at a given
pressure level, except at high pressures burning rates, where
the surface temperatures were sufficiently high to make the
effect of K, variations negligible. Interestingly enough, it
was found that the calculated surface temperatures tended
to increase as E; was decreased; in the pressure range where
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Fig. 5 Effect of the activation energy of the surface re-
action E, on the burning rate.
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different E; values had little effect on the burning rate, the
surface temperatures were quite unaffected also by the E;
value. It may be noted that E, variations affected the burn-
ing rate over the entire pressure range of practical interest.

Increases in the fuel binder pyrolysis pre-exponential
factor A, caused results that were equivalent to increases in
E,, and vice versa, in terms of the calculated values of r, T',,
and T;, and no data therefore is presented.

It is apparent from Fig. 5 that variations in the activation
energy of the surface reaction K, affected the burning rate
somewhat differently than did changes in E,, having the
greatest effect at intermediate pressures and little at high
pressures. Decreasing values of E,. (and therefore in-
creased values of m,,) caused the burning rate to increase;
but in this case, the surface temperatures decreased when E,,
was decreased, although the change in T, was about 55°C
at most for E,, values between 9.5 and 15 kcal/mole. In
view of Eqs. (23, 34, and 35), this behavior is not surprising
when the heat released by the surface reaction .. is less
than that available from the gas phase combustion of the
oxidizer Q,,. Physically, this means that the oxidant C pro-
duced by the oxidizer decomposition is consumed more
readily in the surface reaction than in the gas phase oxidizer
decomposition step.

Variations in the value of the activation energy for the
propellant gas phase combustion process E were found to
affect the high pressure behavior of the burning rate alone
(see Fig. 6), since by Eqgs. 29-32, E determines the flame
standoff distance (z*) and the heat feedback to the propellant
surface. Consequently, E variations have their largest effect
where the (E/p? term in Eq. (30) becomes small, making
x* decrease rapidly. Finally, it may be noted that variations
in the pre-exponential factor Z of the gas phase reaction
produce effects similar to equivalent changes in E, and there-
fore no data is reported.

The Effect of Qs and H,

Figure 7 indicates the quite sensitive dependence of the
predicted burning rate behavior on the value assumed for the
surface reaction heat release @,. The predicted surface
temperatures are equally sensitive to @, and change in the
same direction. The general effect of @, could be anticipated
from Iq. (33). Nevertheless, the evident sensitivity of the
results to the selection of @, is admittedly surprising, but it
is a consequence of the combustion mechanism postulated
in this paper and must be accepted as such. It represents
an area requiring further study.

The value of @, in Table 1 was selected purely by fitting
the calculated (r-P) curve to the standard experimental data®
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Fig. 7 Effect of various values of the heat released by the
surface reaction Q;, on the burning rate.

mentioned previously, and is about one fourth of the heat
released by the heterogeneous C (graphite) + %4 0.(g) —
C0{g) reaction.

The influence of the value assumed for the endothermicity
of the fuel binder pyrolysis AH, also was investigated for a
range of values between 0 and 250 cal/g. It was found that
the effect was most noticeable in the pressure range from 50
to 100 atm. However, the magnitude of the changes in the
resultant (r-P) curves and surface temperatures was less
than 5%, at most, and no graphs were drawn.

Effect of Changing Ignition and Burning Rate
Parameters of Ammonium Perchlorate

Variations in the parameters Ko, m, and n alter the ignition
delay of the individual oxidizer crystals and affect the calcu-~
lated (7-P) curves in an informative manner. Changes in
the ignition constant Ko and in the sensitivity of the ignition
process to the crystal diameter have very noticeable effects
(see Figs. 8 and 9). Changes in (K,) and (n) are, according
to Eq. (14c¢), equivalent to changes in the mean crystal
diameter; this is evident by comparing Figs. 3, 8, and 9.
Changes in the pressure sensitivity of the crystal ignition
have a minor, relatively constant effect on the »-P curve over
the pressure range 6-100 atm of +69% for m = 0.85 and
—89%, for m = 0.65. Decreases in Ky and n result in greatly
increased low pressure burning rates and lower surface
temperatures. Thus, the model indicates that low pressure
propellant burning rates can be controlled over quite wide
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Fig. 8 Influence of the oxidizer ignition parameter K; on
the propellant burning rate.
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Fig. 9 Effect of exponent (n) of the oxidizer particle dia-
meter in the particle ignition term on the propellant burn-
ing rate.

ranges by the addition of appropriate catalysts affecting the
oxidizer ignition process.

The parameters V and § affect the linear burning rate of
the oxidizer crystals [see Eq. (14¢)].§ The linear rate con-
stant V has a small effect on the (»-P) curve, most noticeably
in the intermediate pressure range of 10-200 atm, with a
maximum effect at 100 atm. At this pressure, V = 0.05
produced an r change of +69%,; whereas V = 0.025 produced
an r change of —159, from the standard (r-P) curve with
V = 0.0384. Variations in the pressure sensitivity (8) of the
oxidizer burning rate had little effect on the (r~P) curve at
low pressures, but had an increasing effect as the pressure
increased (see Fig. 10); § was the only “physical” parameter
that had any strong effect on the (r-P) curve at high pressures.

The results discussed thus far indicate the following pic-
ture of the combustion process: at low pressures, oxidizer
crystal ignition is controlling, the heterogeneous reaction
is dominant at intermediate pressures, whereas at high
pressures, the gas phase flame position controls the over-all
combustion process.

Effect of Propellant Initial Temperatures and Oxidizer
Weight Fraction

Figure 11 contains calculated (r-P) curves for the standard
data but various assumcd values of the initial propellant
temperature T,. Although the trends evident in this figure
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Fig. 10 Influence of the pressure exponent (3) of the oxid-
izer burning rate on the propellant burning rate.

§ Both of these parameters can depend on the nature of the
fuel binders decomposition products surrounding the oxidizer
crystals.1¢
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Fig. 11 Effect of initial propellant temperature T; on the
propellant burning rate.

are clearly coirect, the magnitude of the predicted changes
in burning rate are about 159, per 10°C change in initial
temperature. Typical experimental results's are about 5%
per 10°C, indicating that the model is not satisfactory in this
respect.

The applicability of the proposed model for predicting the
effect of varying the oxidizer weight fraction on the propellant
burning rate may be seen from Fig. 12 for a standard pro-
pellant, but with a unimodal particle size distribution having
a diameter of 20 u. This particle diameter was selected to
facilitate comparison of the theoretical results with the data
of Bastress.® Although the predicted results are in basic
accord with experience, comparison of Fig. 12 with the results
shown in Fig. 14 of Ref. 4 indicates only the most qualitative
agreement between theory and experiment. Consequently,
the proposed model also is somewhat deficient in this respect.

Predicted Values of T, Q,, and {¢/D)

The predictions of the model concerning the magnitude and
behavior of the propellant surface temperature 7T, were one
of the most interesting results of the calculations; see Fig.
13 for a plot of T, vs pressure level for unimodal propellants
having mean particle diameters of 200 u, 20 x, and 9 u, and
a bimodal propellant with a (75/25) split of 200 x and 20 u
particles. The predicted value of T, for a 9 u particle size
(but otherwise standard) propellant is approximately 625°C
=+ 10°C between 1 and 100 atm. This is in good agreement
with the measured values of 600° & 50°C for a 9 p mean

60 —— —

i

E1 'y
OXIDIZER WEIGHT FRACTION =070 |
6+ {STANDARD}
- , |

BURNING RATE ,mm/sec
S
T
A
\
|
|
\
\
\
o
o
%

- e
2f 069~ |
: s g r
i -
o8 i // ‘
Y= /,/ MEAN PARTICLE DIA. = 20 \
7 MIN " . =10
04 /// MAX. . W =39
//,
o2 1 1 111 L

I 10 100 100C
PRESSURE , atm

Fig. 12 Effect of oxidizer weight fraction of propellant
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diameter, 709, oxidizer, unimodal propellant over a pressure
range from 1 to 10 atm.’ The fact that the predicted values
of T,, for the standard propellant with a 9 4 mean diameter
particle size, varied little with the pressure level also is in good
agreement with measurement.?

From these experimental results?® the existence of a heat
release near (or at) the propellant surface amounting to some
130 cal/g of propellant burned was deduced. For the 9 p
particle diameter, but otherwise standard propellant, the
predicted value of the heat release at the surface was approxi-
mately 165 cal/g of propellant burned, which is reasonably
compatible with the experimental value just mentioned.
Values of @ for other particle diameters can be calculated
easily from the data given in the figures and in IEgs. 17, 23,
and 34, but for lack of space they are not quoted here.

The behavior of {¢/D) (the over-all ratio of the depth of
fissure surrounding an oxidizer crystal to the diameter of the
crystal) vs pressure, is shown in Fig. 14 for two different
unimodal particle size distributions. It may be noted that a.
maximum value of {e¢/D) is attained at about 200 atm, after
which the ratio decreases. Physically, Fig. 14 shows that
at low pressures the oxidizer particles protrude above the sur-
face of the surrounding fuel matrix, As the pressure in-
creases, the degree of crystal protrusion decreases until the
crystals are level with (or below) the fuel surface. At pres-
sures above about 200 atm, this process reverses as the burn-
ing rates become very large. This behavior of the oxidizer
crystals is in very good agreement with the observations
reported by Bastress.*

Flame Standoff Distance

From the computed values of r, T, and the value of 8 used
in the calculations, it is possible to compute the value of the
flame standoff distance predicted by the solution of Eqgs.
(35-37), by using Eqs. (29) and (31). The standard pro-
pellant data result in the formula z* = (50r/P?) cm,; from
which the computations show an «* ranging from 5 em at 1
atm and a 1 mm/see burning rate to 50 u at 100 atm, and a
1 em/sec burning rate. Quite clearly, the proposed model
gives rather unrealistic values for the flame standoff distance.

Conclusions

The preceeding discussion of the predictions about the
combustion of composite propellants, resulting from the
analysis of the proposed model, has revealed the areas of
agreement and disagreement with available experimental
data.

Summing up, there is little or no evidence which unequiv-
ocally indicates the existence of the heterogeneous reaction
which is postulated to oceur around the oxidizer crystals and
which is an important aspect of the proposed model.§ The
results of the model are quite sensitive also to the assump-
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Fig. 13 Predicted propellant surface temperatures for
several particle size distributions.

9 Recent experiments’ have, however, demonstrated that
several common composite propellant fuel binders can be ignited
at 300°C (1 atm) by 729 HCIO, vapor, but the mechanism of
ignition and combustion is still unknown.
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tions made about the magnitude of the heat released by this
reaction. In addition, the model ignores the diffusion proc-
esses in the gas phase which should be important, at least
at high pressures. Predictions of the effect of oxidizer weight
fraction are also at variance with experimental data, although
the effects of experimental uncertainties in the value of
parameters involved in the ignition and linear burning rate
of the oxidizer were found to be small. The model is some-
what overly sensitive to the value of initial propellant
temperature, and finally, it predicts rather unreasonable
values of the flame standoff distance, particularly at low
pressures. Efforts to improve the model in these aspects
are currently underway and will be reported in the future.

On the favorable side, however, there is quite good agree-
ment between theory and experiment concerning the burn-
ing rate-pressure relationship over a wide pressure range.
The effect of various particle size distributions is predicted
in a correct manner, at least qualitatively. The model in-
corporates the particle size distribution explicitly, with little
if any artificiality, and uses reported data concerning the
oxidizer combustion. Good agreement exists between the
derived and experimentally observed behavior of the oxidizer
crystals with respect to the fuel binder surface over a wide
range of pressure and particle sizes. Finally, the model
predicts a magnitude and behavior of the temperature of
the burning surface of the propellant which is in good agree-
ment with experimental data as well as a very reasonable
value for the heat generated in the region of the burning
surface.

Considering the simple mathematical structure of the
analysis and the existing degree of agreement between the
theory and experiment, the assumed physical model may be
a step in the right direction toward obtaining the correct
picture of the combustion process of composite solid pro-
pellants.
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