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Radiative Heat Feedback in Aluminized
Solid Propellant Combustion

M. Quinn Brewster* and David L. Parryt
University of lllinois, Urbana, Illinois

A one-dimensional model has been developed to describe the combustion, flow, and radiant transport
processes by aluminum and alumina particles near the surface of a burning aluminized composite solid
propellant. The equations of mass, momentum, and energy have been solved to obtain the species concentration,
velocity, and temperature profiles near the propellant surface. The decoupled radiative transfer equation has
also been solved using the two-flux model to obtain the radiant flux profiles and the radiative heat feedback to
the propellant surface. The results of the model indicate that the radiant heat feedback to the surface of a typical
aluminized composite propellant would be 300-400 W/cm? or about 20% of the total energy flux required to

heat the solid propellant to the surface temperature.

Nomenclature
a = two-flux absorption coefficient
a._s = polynomial coefficients for C, and H
B = two-flux back-scatter fraction
C, = aluminum droplet drag coefficient
C, = constant pressure specific heat (mass basis)
C, = specific heat of solid propellant (mass basis)
c = constant in linear regression rate law
D = particle diameter
Jfm; = mass fraction of species or mixture i
Sv; = volume fraction of species or mixture i
H; = enthalpy (molar basis) of species i
I+/- =total radiant intensity (forward/backward)
k = two-flux emission coefficient and proportionality
constant in Al burn rate equation
M; = molecular weight of species or mixture i or general-

ized chemical species symbol
= mass production rate of species / through chemical
reaction
= molar production rate of species / through chemical
reaction
= pressure
= molar enthalpy of combustion
+/— = total radiant heat flux (forward/backward)
= molar specific (universal) gas constant
= mass specific gas constant
= propellant linear regression rate
= two-flux scattering coefficient
= temperature
= time (combustion-flow model) or optical depth
(radiation model)
= velocity
= single-scatter albedo
= spatial coordinate normal to and away from propel-
lant surface
¥ = mole fraction of species or mixture /
o = absorptivity
€ = emissivity or effective emission coefficient (droplet
system)
v’ v”; = stoichiometric coefficients of reactants and products
0; = density of species or mixture i or reflectivity
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r = summation over i or j
I = dynamic viscosity
Subscripts
AP = ammonium perchlorate
al = aluminum droplet (including flame envelope)
B = binder
b = blackbody
bp = boiling point
g = mixture of gaseous species
go = mixture of gaseous species and equilibrated
aluminum oxide particles
i = chemical species or mixture of species
I = liquid
mp = melting point
0, ox = aluminum oxide or initial value
s = solid propellant or surface of aluminum droplet
sp = surface of solid propellant
x = mixture quantity
Introduction

ADIATIVE heat feedback is often ignored in aluminized
composite propellant combustion studies in spite of
potentially significant levels of radiant flux produced by
condensed Al and Al,O, particles. One reason is that studies
comparing the burn rates of aluminized and nonaluminized
propellants have been inconclusive.1 Sometimes aluminum
enhances the burn rate and sometimes the opposite result is
obtained. The percent change in the magnitude of the burn
rate in either case is usually small. This behavior is puzzling in
light of evidence that external radiation usually increases the
burn rate of nonmetallized propellants significantly.2,3
The question of whether or not radiative heat feedback is
important is complicated by the fact that addition of
aluminum changes several properties of the propellant and
flame simultaneously (in addition to increasing the radiant
heat flux). The thermal conductivity of the propellant is
increased by adding aluminum, which tends to increase the
burn rate. However, spectrally selective in-depth absorption
of the radiant energy by opaque aluminum tends to decrease
the burn rate.s The overall stoichiometry is often changed by
aluminum addition, which could lead to either an increase or
a decrease in the burn rate. Also, the replacement of a
rate-controlling oxidizer particle size often occurs when
aluminum is added. For example, replacing fine ammonium
perchlorate (AP) with aluminum usually decreases the burn
rate.
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From these few considerations it can be seen that generaliza-
tions about the role of aluminum are still difficult to make.
Further systematic study is needed, and one question that
needs to be answered is whether the level of radiant flux is
sufficient to warrant inclusion in future mechanistic studies or
whether it can be neglected. This study tries to answer that
question by developing a realistic yet relatively simple model
of the flow and combustion of aluminum and the associated
thermal radiative transport near the surface of a burning
aluminized solid propellant.

Scope of the Combustion-Radiation Model

The objective of this effort is to predict the radiative heat
feedback to a burning composite propellant. This is not
intended to be an aluminum combustion efficiency model per
se, although it includes many of the same features, such as Al
droplet burn rate and two-phase flow considerations. There-
fore, not included in this work are Al droplet size distribution
effects and two-dimensional flow considerations, both of
which are vital to combustion efficiency predictions but of
minimal importance to predicting radiative feedback. A recent
example of a detailed combustion efficiency model, which is
similar in many aspects to this work (but neglects radiation),
is that of Larson.s

The present model encompasses the region of space several
centimeters thick adjacent to the surface of a burning AP
composite propellant (Fig. 1). The origin of the x coordinate is
at the surface of the burning propellant, which is stationary.
The propellant is assumed to move upward at the linear
regression rate r. The region above the propellant is occupied
by combustion gas products of the AP/binder reaction,
molten, burning aluminum droplets Aly, and molten smoke
oxide product Al,Oy. The AP/binder reaction is assumed to
reach equilibrium at the surface of the propellant. The molten
aluminum agglomerates are then dragged away from the
surface by the hot, high-velocity gaseous species. As the flow
proceeds in the positive x direction away from the surface, the
Al droplets are accelerated by the flow and, at the same time,
reaction with the oxidizing species (H.0, COz, O, OH, and
0O;) in the AP/binder products occurs. This results in a
decrease in the Al droplet size as the Al is consumed and an
increase in the Al,O3; concentration as the flow moves away
from the surface. Eventually the Al is totally reacted and the
mixture reaches the final equilibrium composition of the
AP/Al/binder flame.

Two phases are considered to be present, a gas phase and a
particle phase. (The word ‘‘phase” is used broadly here to
mean species that have common fluid dynamic and thermody-
namic properties, in this case velocity and temperature, as
opposed to strictly gas, solid, and liquid.) The gas phase is
composed of all the gaseous species as well as the condensed
ALO; particles, which have been swept away from the
luminous flame envelope surrounding the burning aluminum
droplets. These oxide particles and gas are assumed to be in
thermal equilibrium at temperature 7, and to have the same

Products:
AP/binder/Al
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Fig. 1 1-D, 2-phase aluminum flow/combustion-radiation model.
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velocity U,. The particle phase consists of the burning Al
droplets (with temperature 7, and velocity Uy) and the
luminous, oxide-laden flame envelope surrounding the
droplets.

The entire combustion-flow-radiation model is actually
composed of two separate models, a combustion-flow model
and a radiation model. This separate treatment is made
possible by assuming that radiation has negligible influence on
energy transport in the gas phase, thus decoupling the energy
and radiative transfer equations. The combustion-flow model
is first solved to obtain the flowfield and thermodynamic
properties. These results are then used in the radiative transfer
model to solve for the intensity 7+ and I - using the two-flux
model. The quantity of primary interest is the radiant flux
g (x=0)=nl-(x=0) incident on the propellant surface,
assuming reflection and emission by the propellant to be
negligible.

Input parameters for the model correspond to those of a
typical aluminized AP composite propellant, with 70% AP,
16% Al, and 14% PBAN binder (by mass). Calculations are
made at two pressures, 3.44 MPa (500 psia) and 6.87 MPa
(1000 psia), covering the most important operating range
experienced by most solid rocket motors.

Aluminum Combustion-Flow Model

The combustion and flow model consists of solving the
coupled momentum, energy, mass, and burn rate equations
(Table 1). The unknowns are the particle velocity Uu, gas
velocity U,, gas temperature T, aluminum particle diameter
Dy, and species volume fractions fv; or mole fractions )

Table 1 Aluminum combustion-flow model

Equations Unknowns
Al particle momentum Uu
Gas momentum U,
Energy Ty
Al burn rate Dy
Species conservation Juior y;

Table 2 Governing equations (combustion-flow model)

Al particle momentum
Py UaQUau/dx = 3p,(Uy — U | Uy — U |Ca/4Du
Gas momentum
05afVeaUp AU, /dx = (U — Uu) m " aigy = 3pefVary
(U — Ua)| U, ~ Ua|Ca/4Du

Gas energy

0eafVeoCpgolUp AT /dx = 1" upQ[Te, Tauw]
Al energy

Ty = Tpp, = 393.3 in [P(Pa)] — 2273

Al burn rate

Du/Dyy = (1 — kt /D,g'-8)1/1-8 (Hermsen)
Species conservation

dpfoU))/dx =m"™;
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Table 3 Supporting equations (combustion-flow model)

Drag coefficient
Cs =24/Re (Re <0.34)
C; =0.48 + 28 Re ~*%¥ (0.34 <Re < 10°)
Re = |Uy — Uu|Dupy/ug
Aluminum production
m” gp= — 1.667pupfVank / (Do’ — kt) (Hermsen)
k =8.3314 x 10 7R, > P(psi)®? (em'¥/s)
Ay =100 Ey;/y, i = H,0, CO,, OH, O, O, ]
Ry =270
m”;=Mn";
n"i=@ =" on"
Reaction equation
v’ M; + Aly—Zv" :M;
Enthalpy of combustion
Ol Tupl = E(v"; —v')H;
H,/RT; = ay + axTi/2 + a5 T%/3 + ayT’/4 + asT*/5 + agi / T
Specific heat
C,i/R; = ay + ayT; + a T + ay T + a5 T)*
Mixture relations
px = Lfvipi/ Tfv;
Jui = fmipx/pi = yip M/ (0iMy)
M. = LyM;/Ly;
Cpox = LfvipiCri /Ef ;0
Equation of state
0g = PMy/RT,
Al particle kinematics

Uy = dx/dt

Governing Equations

The governing equations for the combustion-flow mode] are
given in Table 2. The particle momentum equation accounts
for acceleration of the aluminum droplets due to the drag
force of the gas phase. The gas momentum equation balances
the gas acceleration (negative) with the drag force exerted by
the aluminum droplets and the momentum required to
accelerate the oxide and gas products from the aluminum
particle velocity U, to the gas velocity U,. In both momentum
equations, pressure and buoyancy forces are neglected. In the
gas energy equation, the convective sensible enthalpy rise of
the gas oxide mixture is equal to the chemical energy release
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due to combustion. Both conductive and radiative heat
transport have been neglected. Aluminum energy is repre-
sented by the assumption that the droplets are isothermal at
the metal boiling point. In the species conservation equation,
the increase of mass of species i is equal to the volumetric mass
production rate of that species through chemical reaction with
diffusion mass transport being neglected. The aluminum burn
rate is modeled with a “‘D2-law’’ using Hermsen’s data.s-s

Supporting Equations

Supporting equations for the combustion-flow model are
listed in Table 3. These include the aluminum particle drag
coefficient C,, the volumetric mass (7n ”;) and molar (n ")
species production terms, the chemical reaction equation, the
molar enthalpy of combustion Q (7,, 7T,), the species
enthalpies H; (mass basis) and specific heats C,, (molar basis),
the mixture relations, the ideal gas equation of state, and the
aluminum particle kinematic equation. Drag on the burning
aluminum particles is modeled as drag over a sphere. The
volumetric species production terms are generated from
reaction stoichiometry and Hermsen’s aluminum burn rate
model. The thermodynamic properties H; and C,,; are obtained
from the widely used NASA polynomial curve-fits of McBride
and Gordon.s-10 The mixture relationships express mixture
density, molecular weight, and specific heat in terms of the
corresponding individual constituent quantities.

In this work, any of three equivalent concentration parame-
ters may be used to indicate chemical composition: volume
fraction, mass fraction, or mole fraction. Mole fractions are
used most commonly in connection with chemical equilibrium
calculations. Volume fractions are the easiest to use in
deriving the governing conservation equations and also appear
in the particulate radiative transfer relations. And mass
fractions are commonly used for specifying propellant compo-
sition. Therefore, all three descriptors are used in various
places in this work and an equation is supplied in the mixture
relations for converting between any two of the three. It
should also be noted that the use of volume fractions implies
adoption of the Amagat model of ideal gas mixtures and,
therefore, all species are envisioned as having the same
pressure but occupying individual volumes (i.e., partial
pressure has no meaning).

Aluminum Burn Rate Modification

One term in the Hermsen burn rate law deserves special
discussion. In the aluminum production terms of Table 3, the
term A, describes the influence of the ambient chemical
composition on Al burn rate. This term is defined in Ref. 8 as
the sum of the mole percent of oxidizing species in the ambient
environment. High values of A, corresponding to high
oxidizer concentrations result in higher burning rates and vice
versa. Since the empirical constants in the model are obtained
from laboratory experiments where the radiation environment
and velocity lag are different than the motor environment, an
empirical factor R, has also been added to compensate for
these two effects.

The problem unique to this study is that if the prescribed
definition of A, is used, the predicted Al burn rates near the
surface will probably be too low. This is because the empirical
constants have been obtained assuming constant oxidizer mole
fractions. In a rocket motor environment, the highest mole
fraction of aluminum, when calculated in a ‘‘batch’ sense
(i.e., neglecting velocity slip of aluminum droplets), is about
16%. However, near the surface of the propellant, the velocity
slip between aluminum droplets and oxidizing gases and the
high density of aluminum relative to the gaseous species
results in mole fractions of aluminum of approximately 97 and
59% at the propellant surface at 3.44 MPa (500 psia) and 6.87
MPa (1000 psia), respectively. If the mole fractions of
oxidizing gases are based on the total mixture (with aluminum
occupying 59-97% near the surface), the predicted aluminum
burn rates will be too low. Therefore, the term y,, {moles of
gas/oxidizer (gas phase) per mole of total mixturef is included
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in the denominator of the A, expression. This has the effect of
putting the oxidizer mole fractions used in A4, on a basis
relative to the gas phase rather than the total mixture, more in
line with the experiments used to obtain the burn rate data.

Initial Conditions

The initial conditions used in solving the governing equa-
tions for the combustion-flow model are listed in Table 4. The
initial aluminum volume fraction is obtained from conserva-
tion of aluminum across the propellant surface, assuming that
there is no reaction between aluminum and the surrounding
AP/binder and that the initial aluminum velocity at the
moment the droplet ignites and begins to leave the surface is
the linear regression rate of the propellant. The initial
aluminum volume fraction is thus the volume fraction in the
propellant modified by a slight change in density of the
aluminum upon melting. This treatment does not address the
mechanism of aluminum agglomeration. Thus, it does not
preclude the possibility of aluminum concentration on the
surface prior to agglomeration. It does not predict the
agglomerate size either. The initial velocity of aluminum is so
small compared with the surrounding gas velocity that it could
be taken as zero.

The initial gas velocity is obtained from conservation of
mass of the AP/binder matrix across the propellant/gas
interface, assuming that the AP/binder reactions reach
equilibrium at or very near the surface. As the AP and binder
react, the density decreases by a factor of 200-300 (depending
on pressure), resulting in an increase of similar magnitude in
the gas velocity over the propellant burn rate.

Table 4 Initial conditions for combustion-flow model

Uyg=r Vvarsy = fVais) Pattsy/ Paiy]

Uy = fvap,s Tpaps/ (0gfVy) [fv, =1 — foue)
T, = 2384 K
Dy = 1/[1.1248 r(m/s)] fmap
Yi =v"ill = yap)/Ev’; [sum over all j except Al(/)]
Yanty = fitaoMs/ My
My =My + Muyag
Ye =1=Yaug
M, = Ly":M,;/Zv’[sum excludes Al(/) and ALOs]
Sy = foun pan/px
ox = JUawpaqy + fUe0,
Jvg = foap + fur
p: = PM,/RT,
SVay = fVars
SVasy = fMaisy 05/ pars)
SUap = fMarps/pap
Jvs = fmeps/py

ps = V/fmas/pas) + fmav/pap + frme/ ps)
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The initial gas temperature is taken as the equilibrium
adiabatic flame temperature of the AP/binder reaction at 3.44
MPa (500 psia), 2384 K. Since this is above the melting point
of aluminum oxide (2320 K), solid Al,O3 is never encoun-
tered. Also, since energy is required to melt the solid
aluminum in the propellant and raise it to its boiling point, an
appropriate amount of energy 116 KJ/mole (27,767 cal/mole)
is removed from the initial enthalpy of AP in this calculation
to account for the energy lost from the AP/binder system. The
temperature of 2384 K reflects this modification.

The initial aluminum agglomerate diameter is calculated
from a correlation of Nickerson et al.8 The initial droplet sizes
were 145 ym and 115 pm at 3.44 and 6.87 MPa (500 and 1,000
psia), respectively.

Determining the mole fractions at the surface is a little more
difficult than just taking the equilibrium mole fractions from
the AP/binder reaction and adding the proper stoichiometric
proportion of aluminum. To do so would neglect the
aluminum velocity lag at the surface and grossly underpredict
the aluminum mole fraction at the surface. Instead, the
starting point for the initial mole fraction determination is the
statement of conservation of aluminum across the propellant
surface, fvap=SVaspas/papy. The initial volume fraction
Suasy can be determined from the initial mass fraction of
aluminum in the propellant, fmga. The volume fraction of
liquid aluminum above the surface fv. can then be converted
into the mole fraction yu using the mixture relations of Table
3. From Yy, the initial mole fractions of all the other species
can be determined using the mole numbers »’;, which are
developed from the equilibrium AP/binder flame composi-
tion. It should perhaps be noted that the expression for gas
molecular weight M, in Table 4 is used only for the initial
calculation, and thereafter the general mixture relation of
Table 3 is used. In solving the system of governing equations,
the volume fractions were actually converted into mole
fractions, and the product of mole fraction times mixture
density y;p, was solved. This quantity could then be summed
over all species to obtain the mixture density p,, which could
be divided into y;o, to give the mole fractions.

Numerical Solution of the Governing Equations

The governing equations were written in finite-difference
form and solved numerically on a digital computer. Input data
for the AP/binder and AP binder/Al/chemical equilibrium
problems were obtained from the ODE module of the Air
Force Rocket Propulsion Laboratory solid propellant pro-
gram (SPP).® A step size A* of 10 um was used in the
combustion-flow model. The step size was increased to 100 um
for the radiation model. This increase in step size was found to
be necessary to adequately model the radiative influence of the
agglomerates on the surface, which were of the order of 100
wum. The aluminum volume fraction decreased so quickly away
from the surface that it was necessary to force the surface
value of aluminum volume fraction to extend over a step size
of the order of the agglomerate size to correspond to the
actual physical situation and thus accurately model the
presence of the droplets near the surface.

Since diffusive mass, heat, and momentum transfer effects
are neglected in the governing equations, the corresponding
second-order derivative terms do not appear. The equations
are forward-differenced and solved in an explicit marching
scheme. That is, the known values at the first half-node are
used to calculate the unknown values at the second full node,
and so on.

Parameters Used in the Combustion-Flow Model

Other properties and parameters used in the aluminum
combustion-flow model are listed in Table 5. The gas viscosity
was taken to be constant at the value of the AP/binder flame
products (3.44 MPa). Aluminum and oxide densities were also
assumed to be independent of temperature.!! Burn rate and
propellant composition data for a typical AP composite
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propellant were used in the calculations. The reactant and
product stoichiometric coefficients for the 27 chemical species
considered are listed in Table 6. The reactant values »’; were
calculated from the equilibrium mole fractions of the AP/
binder flame based on one mole of Aly, (with the input
enthalpy of AP reduced to compensate for the aluminum
melting and preheating, as noted earlier). The product values
»”  were calculated from the equilibrium mole fractions of the
AP/Al/binder flame based on zero moles of Aly, in the
products. Reactant mole numbers of aluminum compounds
other than Al are set to zero to be consistent with the
assumption of no reaction between aluminum and AP below
the propellant surface.

Radiation Model

Previous efforts to model radiative transfer in aluminized
rocket motors have pointed out the need for including the
effect of scattering by condensed AlLO;.12 In this study the
two-flux model of radiative transport is used. The surface of
the propellant is taken to be a blackbody at zero degrees as
indicated by the nonreflecting, nonemitting boundary condi-
tion. This condition can be easily modified later by including
the actual scattering characteristics of the propellant and
treating the problem as radiant interchange between two
plane, parallel walls with the appropriate effective absorptivi-
ties, emissivities, and reflectivities.

Particulate radiation only is considered (gaseous radiation
would be negligible). Participation by both oxide smoke
particles in the gas phase and the burning aluminum droplets
of the particle phase is considered. The alumina particles are
assumed to be spherical and monodisperse (as are the
aluminum droplets). The appropriate expressions for the
scattering, absorption, and emission coefficients for these
assumptions are given in Table 7.

The use of an emission coefficient separate from the
absorption coefficient in Table 7 should be noted, since they
usually are the same. This distinction is made necessary here
by the fact that the burning Al/Al,O; droplet systems are not
in thermodynamic equilibrium. The properties of these
droplets are effective properties representing the complex
radiative transfer that actually occurs in the luminous,
nonisothermal, oxide-laden flame envelope surrounding the
droplet and between the flame envelope and the droplet itself.
These effects have been considered elsewhere,i3 and the
appropriate results of that study have been incorporated here.

The key finding of Ref. 13 is that the envelope around the
burning droplet, although optically thin (thus contributing

Table 5 Parameters used in combustion-flow model

Gas ue = 0.744 x 10~ * kg/ms
Aluminum (liquid) Pagy = 2350 kg/m®

Aluminum oxide (liquid)  p,x = 3690 kg/m*

Burn rate r(m/s) = cP(Pa)"
¢ =0.44652 x 10™*
n =0.35
Solid propellant properties
AP/Af/Binder AP/Binder
Constituent  p(kg/m?) H(Cal/mole) fm H(Cal/mole) fm
Al (s) 2700 0 0.16 0 0
AP 1950 —-70,690 0.70 — 98,457 0.833
Binder 950 - 15,110 0.14 — 15,110 0.167
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negligibly to scattering and absorption), is nevertheless a
strong source of emission due to the high temperature in the
envelope (approximately the oxide boiling point T,,,). The
effective emissivity of a burning droplet (based on droplet
temperature 7,) can be represented by the three-term expres-
sion in Table 7 for ¢, in which ¢, is the optical depth of the
flame envelope. The three terms correspond to direct emission
(1), envelope emission reflected from the droplet surface (2),
and droplet emission (3). From measurements of intensity
emitted by burning aluminum droplets at the surface of
aluminized AP pressed pellets, it was determined that e, was
the order of 1.0 (Table 8). This estimate is based on the
following values: 7, = 2320 K, T, = 4820 K (6.9 MPa),
e, =0.01 to 0.02, p, =09, and ¢ =0.1. Based on a
different assumed droplet temperature T, ¢, would be
increased or decreased by the ratio (7,/2320)* but the emitted

Table 6 Stoichiometric coefficients

M v’ V”,‘
ALOy, 0 0.475
Al 1 0.
Al 0 0.560 x 10~*
AlCl 0 0.247 x 107!
AlCl, 0 0.845 x 102
AICl 0 0.750 x 107°
AlH 0 0.800 x 10~*
AlO 0 0.114 x 1072
AlOC! 0 0.947 x 1072
AlOH 0 0.225 x 1072
AlO, 0 0.210 x 10~3
AlOH 0 0.378 X 1072
ALO 0 0.180 % 1073
Cco 0.104 x 10 0.148 x 10
CO, 0.545 0.106
Cl 0.530x 1072 0.829 x 107!
H 0.488 x 1072 0.235
HCl 0.999 0.870
HCN 0 0.300 x 10™*
H, 0.658 0.164 % 10
H,0 0.198 x 10' 0.915
N 0 0.400 x 10~*
NO 0.140 x 1073 0.433 x 1072
N, 0.528 0.527
o 0.100 x 10~* 0.484 x 1072
OH 0.262 x 1072 0.566 x 107"
0, 0.200 x 104 0.107 x 1072

Table 7 Governing equations (radiation model)

Two-flux model

dI+/dx = — (@ + )Y+ + sI~ + kalo(T3) + koads(T)
—dI-/dx = — (@ + )~ +sI* + kalo(T,) + Koy (T,)

I+x=0)=0
dI+/dx(x —~o) =0

Two-flux coefficients

a = Qy + Qox
S = Sqg + Sox

a; = 3fv; /Dy i = al, ox
s; = 3fvi pi Bi/D;
k,' = 3fv,~ é,'/D,‘

eal(Ts) = 2teeox1b(Taxbp)/Ib(Ts) + Zteeoxpslb(Toxbp)/Ib(Ts) + fsa
@ @ (3)

Ref. 13.
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Table 8 Parameters used in radiation model

o o € B
Burning aluminum droplets 0.10 090 .02 0.50
(including flame envelope)
Aluminum oxide 0.45 0.55 0.45 0.30

*Based on 2320 K.

intensity would be the same. Thus, the use of 2320 K for the
droplet temperature in the radiation calculation is arbitrary
and is not inconsistent with the use of the metal boiling point
in the thermodynamic analysis. Substituting the given values
into the relation for e, in Table 7 shows that emission by the
envelope (terms 1 and 2) contributes 90% of total droplet
emission, in spite of the low optical thickness of the envelope.
Thus, the envelope represents a significant portion of the
droplet emission. )

The optical constants and size distribution of rocket AL,O,
have been studied by many investigators.!*2¥ Although
extinction efficiency, albedo, and scattering asymmetry are
strong functions of particle size and wavelength, for total
radiant heat flux predictions, the concept of an effective gray
monodispersion is valid provided the correct size, effective
albedo, and scattering asymmetry are used.!® In this study an
effective size of 0.3 um, an effective albedo of 0.55 (emissivity
of 0.45), and a two-flux back scatter of 0.3 were used. These
values, obtained from Ref. 17, are in line with results of other
investigators.'>'® Reference 15 reports measured size distribu-
tions for rocket exhaust particles with most probable sizes of
0.2 pm. Calculations comparing actual polydispersion proper-
ties with effective monodispersions for typical size distribution
functions indicate that the effective monodisperse diameter is
usually about 1.5 times the most probable diameter in this size
parameter range.'$ Thus, an effective diameter of 0.3 um
seems quite reasonable. "

The effective albedo of molten alumina is highly uncertain
at this time. Part of the reason is that it is very sensitive to the
level of contaminants present (e.g., carbon, aluminum, ferric
oxide, etc.),!%2%2 arid part of the reason is that it is very
sensitive to the combination of optical constants and size
distribution assumed.!> Where incompatible sets of data for
optical constants and size distribution are mixed, arbitrary
and erroneous effective albedos are obtained. As a result,
albedos for molten alumina have been reported ranging from
near zero?! to as high as 0.925.2 Other recent studies favor
values in the 0.7-0.8 range.!* Obviously this issue needs
further investigation. For the purposes of this study we have
chosen to use the effective albedo of 0.55 from Ref. 17.

Results

The combustion-flow model results at 3.44 MPa (500 psia)
and 6.87 MPa (1000 psia) are presented in Figs. 2-6, with
radiation results in Figs. 7-9. Figure 2 shows the decrease in
aluminum diameter above the propellant with burnout occur-
ring 6 cm (3.44 MPa) and 2 cm (6.87 MPa) from the surface.
The initial rapid decrease in the aluminum diameter with
distance is due to the velocity slip near the surface, which can
be seen in Fig. 3. Figure 4 shows that the gas temperature rises
rapidly near the surface and eventually approaches the
adiabatic AP/binder/Al flame temperature of 3374 K.

The mole fractions of the major fuel (Al,) product (Al,0,)
and oxidizer species (H,0) are plotted in Fig. 5 for 6.87 MPa.
The oxide mole fraction increases due to progressive alu-
minum combustion, and the aluminum fraction decreases as
expected. The very rapid decrease in aluminum fraction in the
first few millimeters is due mostly to acceleration of the
aluminum droplets. The H,O profile (which is typical of the
other oxidizing species) increases initially due to aluminum
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acceleration and then decreases as it is consumed by combus-
tion. Similar species profiles are obtained for the 3.44-MPa
case with the variations stretched over 60 mm instead of 20
mm. ' '

Volume fractions of alumina and aluminum are also plotted
in Fig. 6 because of the important role they play in the
radiative properties. The alumina volume fraction reaches
10~* within .1 mm of the surface at 3.44 MPa, while the
aluminum drops from 10! to 103 in the same distance.
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The optical depth normal to the propellant surface due to
alumina and that due to aluminum are plotted in Fig. 7.
Within about 300-600 um of the surface, the two optical
depths are of comparable magnitude. Beyond that point, the
oxide begins to dominaté, and the medium eventually becomes
optically thick due to oxide.

The radiant fluxes (g = «I) are plotted in Fig. 8. Near the
surface the forward flux (away from the surface) is very small
due to the nonreflecting, nonemitting boundary condition.
The backward flux (toward the propellant) at x = 0 represents
the flux that would be incident on the propellant surface and
for e, = 1 has a magnitude of 290 W/cm? (3.44 MPa) and 330
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W/cm? (6/87 MPa). Because of the uncertainty that still
remains in the actual value of the effective emissivity of
burning aluminum droplets, the radiant flux is also presented
for an assumed vlaue of ¢, = 3 (based on 2320 K). This value
is felt to be near the upper limit and is based on extrapolation
from reported brightness and color temperatures of aluminum
photo flash lamps.?* It may be argued that since the value of
€y =1 was determined from measurements of burning
droplets in pure AP flames, a higher value is appropriate for
propellant flames due to the higher temperature of the gas
surrounding the droplets (2300-2400° K compared with
1200-1400 K for AP). This difference in gas temperature
could make a significant difference in the intensity emitted by
the condensed Al,O; in the flame envelope. The results in
Fig. 8 for ¢, =3 show that the burning aluminum droplets
contribute significantly to the radiant heat feedback to the
propellant surface by increasing the flux to 360 W/cm? (3.44
MPa) and 400 W/cm? (6.87 MPa). Since the flame envelope is
at such a high temperature and is such a significant source of
emission from the droplets, the spectral distribution of the
flux back to the propellant would be represented by blackbody
radiation at 4000-4800 K, while the magnitude of the flux
would correspond to a blackbody at 2700-2900 K.

To investigate the effect of the assumed aluminum and
oxide particle sizes on the radiant flux, additional calculations
were performed varying these sizes, and the results are
presented in Fig. 9. It can be seen that smaller aluminum
droplets, which would tend to burn out closer to the
propellant surface, would result in more radiant heat feed-
back. Smaller oxide particles, on the other hand, would tend
to decrease the radiant feedback due to an increase in optical
depth in the relatively cold region near the propellant surface.



130 M. Q. BREWSTER AND D. L. PARRY

Table 9 Heat flux to propellant surface (W/cm?)

Incident radiant heat flux (% of total)

Heat flux (W/cm?) 3.44 MPa 6.87 MPa
q* 1240 1560

grad (ex = 1) 290 (23%) 330 (21%)
g rad (e = 3) 360 (29%) 400 (26%)

g = Psprcsp(Tsp —T,)

psp = 1.77 g/cm3; Cyp = 1.4 J/gK
T, =875K; T, =300 K

Required to heat propellant to surface temperature 7,

Comparison with Total Heat Feedback Requirement

The radiant heat feedback predicted by this model is
compared in Table 9 with an estimate of the total energy flux
required to raise the initial, cold solid propellant to an average
surface temperature of 875 K. Although complex details of the
heat transfer at the surface are ignored by taking the energy
balance below the propellant surface, this comparison is
probably still valid because most of the radiant energy would
be transmitted past the complex surface zone and absorbed or
scattered in depths below the surface. The total energy flux
requirement is estimated as 1240 and 1560 W/cm? at 3.44 and
6.87 MPa, respectively. For a burning droplet emissivity of
ey = 1, the fraction of radiant contribution to the total heat
feedback is estimated as 23% at 3.44 MPa and 21% at 6.87
MPa. These percentages increase to 29% and 26%, respec-
tively, for e, = 3, based on 2320 K.

It is also interesting to consider radiative effects connected
with the spectral distribution of the radiation heat feedback.
As noted earlier, although the flux levels correspond to
blackbody radiation at 2700-2900 K, the spectral distribution
is probably closer to that of a blackbody at 4000-4800 K,
depending on pressure. Assuming 4000 K, half of the radiant
energy would be below 1 um wavelength, which is the
approximate cutoff wavelength for absorption for many of
the transition metal oxides that have demonstrated significant
cdtalytic behavior in comp051te propellants (e.g., Fe, 04,
Cr,0;, Cu,0, CuO, copper chromite, etc.), This suggests the
possibility of a selective absorption/emission mechanism
acting instead of or in addition to the chemical catalytic
mechanism.

Conclusions

Development of a model for combustion, flow, and
radiation by aluminum and aluminum oxide near the surface
of a burning solid propellant has led to the conclusion that the
level of radiant flux back to the propellant surface is 300-400
W/cm2, which represents about 20% of the total energy flux
required to heat the solid propellant to the surface tempera-
ture. This radiart contribution may be partially responsible
for the pressure decouplihg influence aluminum addition
seems to have on oscillatory solid propellant combustion. The
radiation contribution should be considered more carefully in
future mechanistic combustion studies.
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