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A Model of Composite Solid-Propellant Combustion
Based on Multiple Flames

M. W. BECKSTEAD,* R. L. DERR^ AND C. F. PRICE J
Lockheed Propulsion Company, Redlands, Calif.

A model describing the combustion of AP composite propellants has been developed. The
model is based on a flame structure surrounding individual oxidizer crystals; the relationship
between crystals and the binder matrix being evaluated statistically. Three separate flame
zones are considered: 1) a primary flame between the decomposition products of the binder
and the oxidizer, 2) a premixed oxidizer flame, and 3) a final diffusion flame between the prod-
ucts of the other two flames. Simple global kinetics are assumed for gas-phase reactions, and
the surface decomposition of the propellant ingredients is assumed to be adequately described
by simple Arrhenius expressions. The oxidizer decomposition is taken as being the over-all
controlling factor in the combustion process. The results obtained show that the calculated
surface temperature and the effect of oxidizer concentration predicted by the model are in
agreement with observed experimental trends. The predicted effect of particle size is some-
what greater than observed experimentally while the temperature sensitivity is in excellent
agreement with experimental data. The results of the calculations indicate a relatively strong
exothermic reaction taking place at the propellant surface. Apparently the ammonium per-
chlorate (AP) partially decomposes exothermically in the thin surface melt previously reported
in AP deflagration studies.

Nomenclature

A = Arrhenius frequency factor
Afh = ratio of the peak diffusional distance to the effective heat-

transfer distance of the diffusion flame
b = burner radius from Burke-Schumann analysis; also the

characteristic surface dimension [see Eq. (14)]
c2 = constant in Eq. (13): SDoT^W/fl
cp = average mean heat capacity for the solid and gases
d = characteristic diffusion dimension [see Eq. (12)]
Do = diameter of oxidizer crystal before combustion
33 = gaseous diffusivity
3)o = diffusion coefficient at reference conditions [see Eq. (11)]
E = activation energy
h = distance crystal protrudes above or is recessed below,

the propellant surface
k = rate constant, Aexp(-E/RT)
m = mass flux associated with propellant components
mT = total mass flux of propellant
n = burning rate pressure exponent, d Inr/d InP
P = pressure
Q = heat release associated with combustion steps
Qfuei = heat of pyrolysis of the fuel binder
QL = heat of gasification of the oxidizer
r — linear burning rate
R = gas constant
S = surface area
So = total surface area
fcgn = ignition delay time
T = temperature
Tf = adiabatic flame temperature of the propellant
To = initial temperature of the propellant
v = gas velocity
2* = flame standoff distance
x* = effective heat transfer distance, i.e., x*/Afh
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W = molecular weight
a. = weight fraction oxidizer
fir = fraction of reactants involved in the primary diffusion

flame
5 = reaction order
f = volume fraction of oxidizer in propellant
X = thermal conductivity
77' = stoichiometric related coefficient [see Eq. (13)]
£* = nondimensional standoff distance, cpmx*/\
p — density
T = characteristic time
fa — first root of the first-order Bessel function (i.e., 3.83)

Subscripts
f = fuel binder
ox = oxidizer
FF = final flame conditions
s = the propellant surface conditions
AP = AP flame conditions
p = solid propellant
g = gas
PF = primary flame
D = diffusion
PD = primary diffusional distance

Introduction

ACOMPOSITE solid propellant is a mixture of crystalline
oxidizer and polymetric fuel binder, metal particles

added as fuel, burning rate modifiers, processing aids, and cur-
atives. The combustion of such a heterogeneous mixture is
understandably complex, particularly when it is realized that
the solid components are usually blended in three or four dis-
crete sizes to aid in processing. In developing an analytical
model for composite propellant combustion, these complexities
are further compounded by an incomplete understanding of
the various possible reactions present in composite propellants
and the need for mathematical tractability in representing
these reactions as well as those that are more fully understood.
It follows, therefore, that it is unlikely that any one model can
provide quantitative a priori burning rates of composite
propellants.

Several models have been proposed in the past to describe
the combustion of composite propellants.1"6 In general,
these models have been somewhat successful in correlating ex-
perimental data after the fact, but are not sufficiently accurate
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or complete to predict burning rate behavior a priori. Only
the work by Hermance4-5 considers the combustion problem on
a sufficiently broad scale to be free of empirically derived con-
stants. In that work however, an unrealistic description
of the propellant surface was assumed. A heterogeneous re-
action was assumed to occur in a cusp between the oxidizer
crystals and the binder, the cusp resulting from the spherical
regression of the oxidizer particles. Recent studies of ex-
tinguished propellant surfaces7'8 have shown these assump-
tions to be invalid.

The objective of the present study was to develop a new
analytical model of composite propellant combustion based on
a realistic physical model, utilizing information derived both
from recent experimental studies concerning the surface struc-
ture of extinguished propellants and previous analytical model
efforts. The goal was not to predict burning rates a priori.
Instead, the more realistic objective of predicting changes in
burning rates for a given change in propellant formulation was
considered. In keeping with the need for mathematical trac-
tability, a propellant containing a unimodal oxidizer with
binder was considered a simple, reasonable starting point.
Through this approach, it is believed that a better understand-
ing of the controlling factors in the combustion of a simple
composite propellant can be derived.

A Physical Description of the Combustion Model

As a composite propellant burns, both the oxidizer and the
binder are preheated by conduction as the surface proceeds
into the propellant. At the propellant surface the initial
decomposition step of both the binder and the oxidizer is endo-
thermic. However, while still adsorbed on the surface, either
set of products could possibly undergo further condensed
phase reaction, resulting in a less endothermic and possibly an
exothermic process at the surface. These products then pass
into the gas phase, mix, and react. The characteristic time
for gas phase reactions decreases with increasing pressure.
Therefore, at low pressures (particularly with small AP parti-
cle sizes), one can expect the gases from both the oxidizer and
the binder to mix completely before reacting. However, for
increasing pressure or AP particle size, the reaction time be-
comes short and the mixing step may ultimately become the
limiting process.

The idea of the propellant burning with a premixed flame at
low pressures and as a diffusion flame at higher pressures has
been proposed by Summerfield in his original granular diffu-
sion flame model.1 However, the premixed flame that was
considered there, was formed by the fuel products and the de-
composition product of the AP monopropellant flame.
Hermance5 also considered a similar flame structure (i.e., a pre-
mixed flame structure at low pressures and a diffusion con-
trolled flame at high pressure). The difference with the flame
structure proposed here is that the AP monopropellant flame
is not considered as occurring at the propellant surface, but is
considered as extending from the surface.

The nature of the burning surface at a variety of conditions
has been studied extensively7-8 by examining extinguished
samples both with a visual microscope and a SEM.§ These
studies (as well as others) have indicated that the AP crys-
tals protrude from the burning surface (dome shaped) at low
pressure and are recessed at high pressure. The sketch in
Fig. 1 is typical of AP crystals at low pressures. No evi-
dence has been observed for the cusp which formed the basis
of the Hermance model.4'5 However, the statistical approach
of Hermance4 is a significant contribution to modeling efforts
of composite propellants and is employed in the present model
(i.e., the model is based on the statistically average oxidizer
particle).

The geometric relationship of the flame structure as pro-
posed here is also sketched in Fig. 1. At low pressures (i.e.,

PRIMARY FLAME
TEMP: PROPaLANT FLAME TEMP (?)

HEAT TRANSFER: 3 DIMENSIONAL

AP DECOMPOSITION
PRODUCTS

•FINAL DIFFUSION FLAME
TEMP: PROPELLANT RAME TEMP
HEAT TRANSFER: 3 DIMENSIONAL

AP MONOPROPELLANT FLAME
'TEMP: ADIABATIC FLAME
TEMP FOR PURE AP
HEAT TRANSFER: APPROXIMATELY
ONE-DIMENSIONAL

Fig. 1 The postulated flame structure for an AP com-
posite propellant showing the primary flame and the AP
monopropellant flame followed by the final diffusion flame.

ambient to ̂ 100 psi) the propellant is considered to burn as a
premixed flame with the oxidizer and binder decomposition
products mixing completely before reaction occurs. With
increasing pressure, it becomes more difficult for the fuel
products to diffuse into the stream above the oxidizer (and
vice versa) and thus two reaction paths (i.e., oxidizing prod-
ucts + ammonia from the AP decomposition, vs binder prod-
ucts + AP-oxidizing products) become competitive. At
higher pressures where reactions occur more rapidly, the
oxidizing products react preferentially with the ammonia to
yield the normal AP monopropellant flame before the binder
products can diffuse into the oxidizer steam and react. Near
the binder-oxidizer interface, it is presumed that some frac-
tion of the oxidizing products react with the binder products at
all pressures. However, the effect of these reactions becomes
less important with increasing pressure.

The flame structure can be described by considering the two
proposed reaction paths (see Fig. 1) A) NH3 + HCKX products
AP flame
————> inert products + oxidizing species or B) fuel py-
rolysis products (CH2,-CH4, C, etc.) + HC104 products
primary diffusion flame

———————————> combustion products.
Whenever the AP flame occurs, it is followed by a diffusion

flame (the 2-stage flame) where the oxygen-rich products of
the flame (approx. 30% 02) react with the fuel-rich binder
pyrolysis products. This reaction should be dependent on
mixing only, as the oxygen is heated to the temperature of the
AP flame, 1400°K, and at this temperature would be expected
to be very reactive. All the characteristics of a typical diffu-
sion flame can be expected for this flame. It provides consid-
erable energy to the surface at low pressures but has diminish-
ing effect with increasing pressure.

In summary, three flames are considered in the model.
The primary flame which is dependent on mixing and on ki-
netics (path B). The AP flame which is independent of mixing
but kinetics-dependent (path A). The final flame which is
strictly a diffusion flame (follows path A).

Modeling the microscopic flame structure of the statistically
average oxidizer particle introduces a detailed, physical reality
into the combustion model that has not been attempted
previously. In the following section the details of the equa-
tions describing these flames are presented along with a dis-
cussion of the results and applications of the model.

§ SEM—Scanning electron microscope.

Basic Equations of the Combustion Model

If one is to describe the physical nature of the burning sur-
face for a random distribution of oxidizer in a fuel matrix, the
surface can be assumed one dimensional and uniform, or a
statistical description of the surface can be made. Both
theoretical and experimental work9-10 indicate that the size of
the flame structure is of the same order as the oxidizer particle
size, which tends to detract from the assumption of uni-
formity. Thus, the latter assumption seems preferable for
completeness and physical reality. The statistical approach
was first used by Hermance4 who calculated the average inter-
section diameter for a plane passing through a randomly
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packed bed of spheres (i.e., the oxidizer particles) as being
(-f)1/2D0 (see also Ref. 11). This value is then taken as the
diameter of the statistically average oxidizer particle at the
burning surface.

Conservation of Mass

For burning propellant the equation of mass continuity can
be written as

mT = rpP = mf(Sf/SQ)- (1)
The first term on the right represents the total mass flow
emanating from the fuel surface (including possible interface
reactions) and the second corresponds to the oxidizer surface.
This equation can be simplified further by requiring that the
relative ratio of oxidizer to binder be maintained over a rela-
tively long period of time (i.e., the ratio of oxidizer consump-
tion to fuel consumption is equal to the weight ratio of oxidizer
to fuel in the propellant).

Thus, averaged over the entire propellant surface the mass
flux is

mT = (mox/aOOSoxAS0) = [m//(l - a)](Sf/SQ) (2)
It can be seen from Eq. (2) that the burning rate can be cal-

culated from either of the two expressions. The first term of
Eq. (2) implies that the burning rate of the propellant is de-
termined on a macroscopic scale by the regression of the oxi-
dizer. Utilization of the last term would imply that the
binder regression is controlling. It is assumed here, that the
regression of the oxidizer is the dominant characteristic of the
combustion of composite propellants and therefore the first
equality is used throughout the modeL

Propellant Surface Geometry

To evaluate the area ratio in Eq. (2) the geometrical rela-
tionship between the oxidizer and the binder must be estab-
lished. The area of the oxidizer that is exposed to reaction
can be calculated by assuming that the portion of the crystal
that protrudes above or is recessed below the surface is spheri-
cal, but always joining the fuel at the planar fuel surface.
Thus,

So*

s. (3)

where f is the volume fraction of oxidizer in the propellant.
The geometric factor h/DQ represents the fractional distance
the oxidizer protrudes above or is recessed below the surface
and can be written

:7T (4)

The second term in Eq. (4) is related to the ignition delay
time as derived by Shannon12 and utilized by Hermance.4
Equations (3) and (4) permit the calculation of the oxidizer
surface area ratio for eventual use in Eq. (2).

Conservation of Energy

In order to calculate the burning rate of a propellant using
Eq. (2), the mass burning rate of the oxidizer must be eval-
uated. This is done assuming that global kinetics adequately
describe the decomposition of the oxidizer. Utilizing an
Arrhenius expression, the mass burning rate can be expressed
as

mox = ^4 ox exp(—E0*/RTs) (5)
From Eq. (5) it can be seen that the surface temperature be-
comes a very critical factor in determining both the burning-
rate magnitude and pressure dependence.

Theories have been based on the assumption that the binder
and the oxidizer are at different temperatures,2 however, in-

formation describing such a distribution is not available. In
the present model, an over-all averaged temperature is calcu-
lated, considering the energy of decomposition of both the
binder and the oxidizer at the surface as well as the energy
feedback from the flames to the surface by conduction. Thus,
energy to raise propellant to T8 = (— ) energy to vaporize
oxidizer + (— ) energy to vaporize fuel binder + energy ar-
riving at surface from the various flames

m^ QL - mf ~ +
oo OQ

p(-£p*-*) + (1 - frOwox X

exp(-£AP*) + QPF exp (-&,,*)] (6)

where ftp is the fraction of the oxidizing reactants that react
in the primary diffusion flame. Terms involving the expo-
nentials represent the heat transferred from the various flame
fronts to the propellant surface. The multiplying factor rep-
resents heat flux generated by the respective flame front, and
the exponential function describes the fraction of generated
heat conducted to the surface. By employing Eq. (2), the
averaged surface temperature becomes

Ts = TQ - a ®- - (1 - a) ̂ —— + (1 - Ma X
Cp Cp

[ C) 0 ~~l
- AP exp(— £Ap*) + —^ exp(— £FF*) +

Cp Cp J

(7)

The evaluation of the nondimensional standoff distances, @F
and the energy terms is discussed in the following sections.

Gas Phase Phenomena

The standoff distance for a kinetically limited one-dimen-
sional flame can be written as4

= m/kPs = m/P8A exp(-E/RT) (8)

where k now represents a pseudo rate constant (i.e., the Ar-
rhenius rate constant combined with various proportionality
constants), and 5 is an arbitrary reaction order. Combining
Eq. (8) with the definition of the nondimensional flame stand-
off and solving for the mass burning rate yields

which is the same form that results from more rigorous deriva-
tions.13-14 The principal difference between Eq. (9) and the
more rigorous equations involves the relationship between £*
and the conservation equations. In the present derivations £
is simply related to the thermal conduction whereas the more
rigorous derivations involve a more complete description of the
reactions taking place and the flow interaction between the
products and reactants. The more rigorous derivations would
be unjustified in the present application because of the lack
of precise knowledge concerning the reactions.

Diffusional Mixing

Diffusional processes are important in the model becasue of
the physical separation of the binder and oxidizer. As reac-
tion times become short with increasing pressure, the diffusional
processes should become significant and perhaps even domi-
nant. The diffusional mixing distance is the variable that
causes this in the model, and will be discussed here. The
characteristic diffusional time can be written dimensionally as

TD * d2/£> (lOa)

or

TD a d/v (10b)
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Equation (lOb) applies to very short flames where the mixing
time is the transport time. Equation (lOa) is the more con-
ventional characteristic time usually associated with diffu-
sional processes. The gaseous diffusivity is15

and the diffusional standoff distance becomes (x* — vr)

XD* a (m/pg)d2P/^QT1-15 (12a)

or
d (12b)

[Equation (12a) is essentially the form used by Hermance.5]
From Eq. (12) and the ideal gas law (pg oc P) it is apparent

that there is no pressure dependence for a flame that is simply
a diffusion flame. This is the conclusion reached by Nachbar3

in his attempts to model composite propellant combustion
based on diffusional limitations. Because of the fact that the
burning rate of composite propellants does vary with pressure,
Nachbar concluded that the propellant flame is not a simple
diffusion flame. This corroborates one of the basic assump-
tions of the present model (i.e., "the flame" is a combination
of several complicated flames). However, under certain
conditions, and for limited pressure regimes, some composite
propellants exhibit a plateau in the burning rate curve where
the burning rate does not vary with pressure [for example
see propellant A-35 reported in Ref. (16)]. This indicates
that under certain restricted conditions, the combustion of
composite propellants can be diffusion-limited.

A successful detailed analysis for tall diffusion flames was
reported by Burke and Schumann in 1928.17 Because of the
circular symmetry involved in their analysis, it appears to be
very appropriate for the present problem of a spherical oxi-
dizer crystal surrounded by a fuel. A complete review of the
analysis and assumptions has been made by Williams.18 A
modified solution to the original Burke-Schumann analysis that
is not limited to tall flames (as suggested by Williams) is sum-
marized by the equation for the diffusional mixing length

where c2 is related to the surface temperature and the diffusion
coefficient of Eq. (11). The term i\r is related to the mixture
ratio of the flame and the surface geometry. 0i is a constant,
and 6 is the distance from the center of a crystal to the center
of the adjacent binder. This characteristic dimension of the
surface can be shown to be

6 = (D0/2){ [7r/6][l + Pox(l - a (14)

When the product mb is sufficiently small (e.g., low burn rate
or small particles), Eq. (13) reduces to the form of Eq. (12b).
For high burning rates and/or large particle sizes, mb be-
comes large and Eq. (13) approaches the tall flame limit repre-
sented by Eq. (12a). A comparison of the results based on
both the tall and the short flame analyses is made in a later
section.

Flame Standoff Distances

From the aforementioned equations the calculated flame
height represents the maximum height of the flame above the
center of the oxidizer crystal. The actual flame shape will be
symmetrical around the center line of the crystal but will vary
with radial distances forming a somewhat conical configuration
above the oxidizer (see Fig. 1). For the present application
an average, effective flame height has been defined assuming
that some fraction of the calculated flame height corresponds
to the distance a one-dimensional flame would be from the sur-
face in order to deliver the same amount of energy to the sur-
face as the actual flame. Thus, the effective heat transfer dis-
tance becomes

XD* = AfhxD* (15)

where Afh is the average flame height factor and has a value
between zero and one.

Equation (15) is used directly to calculate the final diffusion
flame standoff distance. The distance calculated in this man-
ner is the distance between the AP flame and the effective
diffusion flame heat release point. In order to incorporate
these results into the surface temperature calculation, the
diffusional length must be added to the AP flame standoff to
give the total distance from the surface that the heat release
takes place. In nondimensional form this is

XD*)/\ (16)

Similarly, the primary flame standoff distance is the sum of
two terms. In the primary flame the components must mix
together and then react, so that there is a diffusion distance
followed by the distance that it takes the ingredients to react.
Again in the nondimensional form

xPF*)/\ (17)

XPD* is calculated from Eq. (13) where the temperature is the
propellant surface temperature and xpp* is calculated from
Eq. (8). The third nondimensional standoff distance that is
needed to evaluate Eq. (7) is that of the oxidizer flame. This
is simply

Competing Flarife

From the general discussion of the model and the primary
flame it is apparent that there is a range of pressures where the
monopropellant flame and the primary flame are competing
for the reactive oxidizer species. Mathematically this is ac-
counted for by the term ftp in Eq. (7), where ftp is the fraction
of the oxidizing reactants that react in the primary flame. At
low pressures ftp is unity. In other words, the combined pri-
mary flame mixing and reacting distances are less than the
AP flame height, and therefore all of the oxidizing species re-
act directly with the binder products rather than with the
ammonia-derived fuel species from the AP. As pressure and
burning rate increase, the AP flame height is reduced consid-
erably [see Eq. (18)], the primary flame reactive distance is
reduced, but the primary diffusive distance is increased or
held constant [see Eq. (12)]. Thus near the center of
the crystal where the diffusive distance is greatest, the oxidiz-
ing species react preferentially with the ammonia derivatives
in the AP flame, and ftp is between zero and one. At high
pressure, the AP flame standoff becomes very small as does
the primary flame reacting distance, while the diffusive dis-
tances are relatively large. Under these conditions a very
small amount of the original oxidizing species reacts with the
binder products in the primary flame near the binder-oxidizer
interface, and ftp approaches zero.

The numerical evaluation of ftp is made, by assuming the
diffusional flame shape to be either parabolic or conical above
the oxidizer particle (calculations have been made for both
cases). The intersection of the AP and primary flames can be
projected onto the surface of the oxidizer crystal and the area
corresponding to each flame determined. Numerically, then,
ftp becomes the fraction of AP surface whose products enter
into the primary flame. The results are slightly different
depending on the assumed flame shape. For a parabolic
shape the transition from ftp = 1 to ftp ~ 0.1 (ftp is always
greater than zero) occurs over a more narrow pressure range
than if a conical flame is assumed. The parabolic flame shape
was utilized in the calculations discussed below.
Ingredient Decomposition

The dissociative sublimation of ammonium perchlorate
gives ammonia and perchloric acid and the reaction is endo-
thermic by 56 kcal/mole or approximately 480 cal/g. How-
ever, recent work19"23 seems to indicate that this is not the
only reaction occurring at the AP surface during deflagration.
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Fig. 2 Variation of surface temperature with pressure
calculated for two AP/polysulfide propellants and com-

pared to the data of Fowling.28

It appears likely that there are reactions (other than just the
simple sublimation) occurring in the thin molten layer that
has been observed on the surface of the deflagrating AP single
crystals21*22 and in composite propellants.7 Exothermic re-
actions occurring in the thin layer on the AP surface will result
in a less endothermic value of the term QL than the 480 cal/g
quoted above, perhaps even to the extent of being exothermic.
Because these reactions take place in a very thin zone near the
surface, the entire process can be ascribed to the surface with-
out considering the complications that arise from equations
describing reactions below the AP surface.

The stoichiometry of the reactions enter^ into Eq. (15) in
the term rjf. In evaluating this term, the stoichiometric ratio
of oxidizer to fuel was calculated assuming C02, H2O, S02, etc.,
as final products. The calculated ratios for a polysulfide
binder (PS), a polyurethane binder (PU), and a polybutadiene
binder (PBAA) with AP as the oxidizer are 4.9, 6.2, and 9.0,
respectively.

The pyrolysis of the binder enters into the equations of the
model in determining the surface geometry, the surface tem-
perature and the gaseous fuel species. The energy required
to break up the binder has a principal effect in the equation
used to calculate the surface temperature. It can be seen
that the effect of a larger value of Qfuei (more endothermic) has
a cooling effect on the surface temperature and thus [through
Eq. (2) and (5) ] reduces the burning rate. Although Qfuei is
not precisely known, a value on the order of 0-200 cal/g
seems reasonable for a typical hydrocarbon binder (Her-
mance4'5 used 175 cal/g). For more energetic binders Qfuei
would decrease while for a very stable binder, such as fluoro-
carbon, Qfuei would be considerably larger (more energy is re-
quired to break up the polymer).

The effect of the binder pyrolysis is accounted for on a
microscopic scale in Eq. (4) where the geometric relationship
between the oxidizer and binder is established. A linear re-
gression rate for the binder is calculated from the same form of
equation as that of the oxidizer:

mf = Af exp(-Ef/RTs) (19)
Because the regression of the oxidizer is taken as the rate con-
trolling step in the combustion, Eq. (19) has only a secondary
effect on the burning rate of the propellant, influencing the
value of Sox through Eqs. (3) and (4).

Gas Phase Heat Releases

In Eq. (7) there is a gas phase heat release associated with
each of the three flames. These energy releases are deter-
mined from an over-all energy balance assuming that equilib-
rium is attained in the flames, and that the system, is adiabatic.
The heat release associated with the monopropellant flame is

GAP = cp(TAP QL (20)

For an averaged specific heat of 0.3 cal/g°C the sensible en-
ergy term represents 330 cal/g (TAP ~ 1400°K). Therefore,
adding this to the value of 480 cal/g that is associated with the
dissociative sublimation of AP, 810 cal/g are needed to

achieve the adiabatic flame temperature. This represents the
maximum value that QAP can have. However, if half of the
available energy is released in the liquid surface layer, then
QAP would be 405 cal/g and QL will be on the order of 75
cal/g, etc.

The final flame heat release is calculated from an over-all
energy balance considering the entire propellant composition,
and can be written as

QFF = (cP/a){(Ts - TQ) -

[(1 (21)

The heat release associated with the primary flame is

QPF = cP(Tf - TG) + aQL + (1 - cOQfuei (22)

where QPF is based on the mass flux of the propellant rather
than that of the oxidizer as was QFF- In making calculations
the same adiabatic flame temperature was used in both Eqs.
(21) and (22), assuming that the final reaction products are
the same in both the primary flame and the final flame. Be-
cause of the lack of precise information concerning the reac-
tants, the intermediate products, and final products, this
appears to be a reasonable assumption.

Results

In the preceding equations, the burning rate appears in a
transcendental form requiring an iterative solution. The
principal equations involved are Eqs. (2, 3, 5, and 7) with the
various terms defined appropriately. The equations were
solved numerically on an IBM-360 Model 40 digital computer,
iterating on the surface temperature, at a given pressure.
After reaching a solution the pressure was incremented and a
new iteration begun.

Experimental data reported by Bastress24 for a series of uni-
modal polysulfide propellants have been used for compara-
tive purposes. These data represent the most complete set of
burning rate data available for a series of propellants covering
a very wide range of pressures including various concentra-
tions and unimodal particle size distributions.

Parameter Values

Part of the philosophy behind the development of the model
was to describe the combustion process in as realistic a manner
as possible and then to relate the effects of various combus-
tion trends to individual ingredients and/or combustion mech-
anisms. To accomplish this, values of the various param-
eters must be determined. This becomes a difficult and yet a
critical part of the model evaluation because the majority of
the parameter values are either unknown or known to an ap-
proximate extent. However, this problem can be alleviated
somewhat by determining relative effects of the parameters
and using relative values for those that have a small effect on
the over-all results. A second approach is to evaluate the
calculations in terms of as many known experimental facts as
is possible. In this manner the possible deleterious effects
caused by unknown parameter values can be reduced.

For example, variations in the value of $ox/$o were deter-
mined to have a very minor effect on the calculated burning
rate curve. Varying £ign in Eq. (4) over a very large range
of values had a significant effect on the calculated values of
h/Do, a lesser effect on the value of $ox/$0 and virtually no
effect on the burning rate. Thus, the parameters involved
only in Eq. (4), (i.e., Af, E f , and Zign), have such a small in-
fluence on the burning rate that the particular value used for
these parameters is not important. E/ was taken as 15 kcal/
mole,25-26 and Af and fign were adjusted to give consistent val-
ues of h/Do. Experimental studies7-8'24 indicate that h/D0
should be positive at low pressures, zero somewhere in the
range of 300 to 600 psi. and negative at higher pressures. All
of the calculations discussed below are consistent with these
observations.
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Variations in the gas phase physical properties, A, cp, 2D0 and
A/h were observed to have a significant effect on the magnitude
of the burning rate. However, values of these parameters will
not be dependent on propellant formulation. By assigning a
reasonable, constant value to each of these parameters, calcu-
lations for various propellant formulations become relative.
An a priori prediction of absolute values of the burning rate is
excluded, but calculated trends will still be valid. The av-
eraged values of these four parameters are listed in Table 1,
along with other parameter values used in the calculations.

The adiabatic flame temperatures for the given propellant
and for AP burning as a monopropellant are calculated from
thermochemistry as is the molecular weight of the combustion
gases. The kinetic constants for the AP combustion, &Ap
and £AP, are both calculated from the known burning rate of
AP at 70 atm. The gas phase activation energy was taken as
30 kcal/mole.27

Surface Temperature and Flame Standoff Distances

The surface temperature has a very significant effect on the
calculated burning rate, and therefore, is very important
within the model. Values for the surface temperature can be
obtained from the work of Powling28 who measured the surface
temperature of several propellant systems at low pressures
using an infrared technique. Surface temperatures deter-
mined in the calculations discussed below for propellants con-
taining 20 ju and 200 /* oxidizer (a = 0.70) are compared to
Powling's work in Fig. 2. The agreement is very reasonable.
From Eq. (5) the effect of the surface temperature on the burn-
ing rate is influenced greatest by the parameters Aox and Eox.
A change in either of these parameters causes a significant
change in the calculated surface temperature, and a corre-
sponding (but reduced) change in the burning rate magnitude.
However, if A0* and E0* are varied in such a way that the sur-
face temperature at a given pressure is approximately con-
stant, then the burning rate magnitude is changed only
slightly over the pressure range. A value of 22 kcal/mole
was used as being representative.28-29 of the activation energy
for the combustion of AP. A0* was adjusted to give reason-
able agreement with Powling's data.

The flame standoff distances also have a very important
effect on the surface temperature and subsequently on the
burning rate. The magnitude of the flame standoff distance is
not well-known9-10; the consensus of opinion indicating only
that there are energy releases between:the surface and 1000 ju
above it. Within the framework of the physical model, there
is no one flame standoff distance but there is an entire spec-
trum of energy releases above the propellant surface, because of

Table 1 "Standard" parameter values

a.

To

w
Do
pf
Pox

Propellant Data
= 0.70
= 2545 °K
= 27°C

= 26.2 g/mole
= 20 M
= 1.27g/cc
= 1.95g/cc

dpp
kPF
£>

X
cp
Afh
Epp

Flame Parameters
= 1.5
= 30 g/(cm3-sec-atm )
= 0.16 cm2/sec (at room

temperature and pres-
sure)

= 0.0003 cal/cm-sec-°K
= 0.3cal/g-°K
= 0.3
= 15 kcal/mole

Binder Data
Ef = 15 Kcal/mole
Af = 2.5 X 103g/cm2-sec
Qfuei = 50 cal/g (endothermic)

Internally Calculated
Parameters

kAp = 1.12 g/(cm3-sec-atm5)
QPF = 605 cal/g
QPF = 654 cal/g

Ammonium Perchlorate Data
TAP = 1400°K
8Ap = 1.8
EOK = 22 Kcal/mole
Aox = 3 X 105 g/cm2-sec
QL = -120kcal/g
EAP = 30 Kcal/mole

EX PER I MENTAL DATA
A 20/>
0200A»

30 100 300
PRESSURE (psia)

Fig. 3 The calculated burning rates for three 70% AP/-
polysulphide propellants varying the AP particle size.

the three different flames and the nature of their shape. The
heat transfer distance as calculated by the model varied from
values of ~300 AC at one atm for the 200 p propellant to ~5
ju for the AP flame of the 20 n propellant above 2000 psi
(followed by a 20 ju tall final diffusion flame). The trend was
for decreasing flame height with increasing pressure and with
decreasing particle size. Thus, the model agrees with experi-
mental observations that there are a variety of energy
releases between the propellant surface and distances less than
1000 M above the surface.

Evaluating the various parameters as described previously,
leaves the following parameters unevaluated, d, QL, Qtuei,
and kpF< Approximate values for the first two have been dis-
cussed previously, and the reaction rate order is expected to
have a value between one and two for a gas phase reaction (a
value nearer two appears most likely). A recent study has re-
ported the activation energy of the C102—CH4 reaction (i.e.,
the primary flame) as 15 kcal/mole.28 However the prefac-
tor is not defined. Parametric calculations were made with
the model comparing the results with the known characteris-
tics of AP composite propellants to arrive at reasonable values
of these parameters.

Effect of Particle Size, Concentration,
and Initial Temperature

From the basic considerations of the model and the form of
the equations, it can be seen that the surface temperature will
be less for lower oxidizer concentrations which will reduce the
burning rate. On the other hand, the diffusional distances
will decrease with decreasing particle size increasing the burn-
ing rate. Both of these trends are qualitatively consistent
with experimental observation. The effect of particle size is
seen in Fig. 3 where the results are plotted for calculations of
5, 20, and 200 ju particle sizes. The available experimental
data for the 20 and 200 M propellants24 are included. The pre-
dicted change in the burning rate due to the particle size is
somewhat greater than that observed experimentally. Within
the model, the particle size enters the calculations in the equa-
tions for the diffusional lengths and in calculating the
oxidizer surface area. The latter is a secondary effect com-
pared to the former, indicating that the discrepancy is prob-
ably in the form of the equations describing the diffusional
distances. In Fig. 3, Eqs. (lOb) and (12b) were employed
with the diffusional distance corresponding to the oxidizer par-
ticle size. Utilization of Eqs. (lOa) and (12a) resulted in a
much greater discrepancy between the calculations and the
data. Therefore, Eqs. (lOb) and (12b) corresponding to a
short diffusional distance have been used throughout the
calculations.
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Fig. 4 The calculated effect of oxidizer concentration on
burning rate for 20 and 200^ AP/polysulphide propellants.

In terms of the model, the primary flame is controlling (i.e.,
ftp = 1.0), up to the break point in the curves shown in Fig. 3.
This transition occurs at ~50, at ^800 and at ^2000 psi for
the 200, 20, and 5 ju propellant, respectively. The flatter por-
tion of the curves indicate that the diffusional aspects of the
primary flame are dominating the calculation in those regions.
Increasing the pressure beyond this point causes the curve to
break upward again as the AP flame begins to have a greater
influence on the burning rate (i.e., ftp < 1.0).

The numerical calculations for varying the concentration
from 60 to 70% oxidizer in a polysulfide binder with both 20
and 200 fjL AP are displayed in Fig. 4. The calculations are
close to observed trends over the entire pressure range.
From experimental data,24 the dependence of burning rate on
concentration is on the order of 5.0 (i.e., (l/r)(dr/da)). The
calculated dependence is 4.

An important characteristic of propellant combustion that
can be used in evaluating the model is the temperature sensi-
tivity (denoted as d Inr/dTo). Typical values for bimodal
composite propellants are on the order of 0.11-0.13%/°F
(measured at 1000 psi). The values calculated at 1000 psi are
0.29 and 0.11%/°F for the 200 ju and 20 /A propellants, respec-
tively. The calculations indicate that the temperature sensi-
tivity increases with increasing pressure as well as with increas-
ing particle size. Both of these trends are consistent with re-
cent experimental studies relating to propellant temperature
sensitivities.30 The calculations also indicated an increased
sensitivity with increased oxidizer content.

Of the various parameter values required by the model to
give the foregoing agreement with experimental data that has
been achieved, the most significant is probably the value of QL,
the heat release of the oxidizer at the burning surface. It was
found that a value on the order of —100 to — 200 cal/g was re-
quired to meet the several requirements stipulated above.
For example, if a value of 0 to —100 were used for QL, the
temperature sensitivity would be reduced by at least a factor
of two, the concentration dependence would be reduced to al-
most zero, and the particle size dependence would be increased
even above that of Fig. 3. Recalling the previous discussion
of QL, these results indicate that on the order of 75% of the
energy available during the combustion of AP is released at
the burning surface, apparently in the liquid layer. There-
fore, any modification of the AP that might affect the liquid
layer could have profound effects on the burning rate of com-
posite propellants.

Conclusions

The calculated results of the proposed model have not only
been compared with burning rate data, but also with the par-
ticle size dependence and concentration dependence of burn-

ing rates, with temperature sensitivity data, as well as with
the variation of surface temperature and pressure exponent
with pressure. In addition, the flame structure and surface
geometry have also been considered. This has permitted the
evaluation of the results in terms of a very broad scope of com-
bustion, rather than simply considering the observed burning
rate as a function of pressure as is sometimes done.

The results indicate that the model is capable of describing
the various qualitative combustion characteristics observed
in composite propellants (i.e., high slope at low pressure, re-
duced slope and possible plateau burning at intermediate pres-
sures, and increased slope at high pressures). The calcula-
tions indicate that the predicted dependence of burning rate on
oxidizer concentration is essentially the same as observed ex-
perimentally. The calculated dependence of burning rate on
oxidizer particle size is somewhat greater than observed ex-
perimentally. The dependence on initial temperature is in
qualitative agreement with data showing a trend to increase
with both pressure and particle size. The model calculates as
output the mean propellant surface temperature, flame stand-
off distance, and a geometric factor describing oxidizer particle
shape. Results show the calculated values to be in agree-
ment with experimental programs studying the surface tem-
peratures, flame structure, and surface structure of composite
propellants.
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Calibration and Use of Electrostatic Probes
for Hypersonic Wake Studies
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An experimental shock-tube program was undertaken in order to calibrate spherical and
cylindrical electrostatic probes that may be used to make point ion density measurements in
continuum flowing plasmas. The empirically derived formula that relates ion density to
measured probe current was obtained in terms of appropriate similarity parameters: the
Nusselt number for mass transfer of positive ions, dimensionless probe potential, ratio of
Debye length to probe radius, and flow Reynolds number. The empirical correlation was used
to interpret ion currents collected by a radial array of negatively biased spherical probes, which
were positioned so as to intercept the ionized wake of a hypervelacity model in a ballistics
range. Integrated ion densities were found to be in good accord with integrated electron
densities which were simultaneously measured using microwave methods.

1. Introduction

IT has long been recognized that our understanding of the
structure and radar-scattering characteristics of the wakes

of hyper velocity projectiles might be significantly advanced
if time-resolved point measurements of electron density were
available in the wakes. Although ballistics ranges do provide
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an appropriate laboratory environment for making such mea-
surements, and indeed reliable measurements of average elec-
tron density as a function of distance behind the projectile
have been obtained,1'2 attempts at measuring local electron
density with electrostatic probes have so far been hampered
by difficulties with the interpretation of the probe signal.3-4

In a recent paper, Sutton5 proposed a ballistics range ex-
periment that might allow such measurements to be per-
formed with cylindrical collision-free Langmuir probes, held
in tension so as to avoid the problem of probe bending. To
operate the probe in the collision-free regime, and at the same
time have a turbulent wake, requires relatively large ballistics
models and low environmental pressures. (Button's calcula-
tions were based on the theoretically computed wake condi-
tions behind a 6.8 cm diam sphere traveling at 4.72 km sec"1

in an ambient pressure of 10 torr.) Unfortunately, the bal-


