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Table 2 Correlation between increase in
burning rate and change in volume
agglomerate size going from 1.83 to

5.27 MPa (250 to 750 psi)
Increase in

Propellant burning rate, %
0% metal
10% Al
20% Al
30% Al
10% Mg-Al
20% Mg-Al
30% Mg-Al

82
65
43
44
53
54
51

Decrease in
agglomerate size, %

——
76
2
9

-9
-24

7

metal content. At 20 and 30% metal loading, the Al propellant
burning rate increased by about 44% in going from 1.83 to
5.27 MPa while the volume average agglomerate size was con-
stant at about 180 ± 20 /-on. This increase of 44% for the Al
propellants is less than the increase of 53% for the Mg-Al pro-
pellants, which is consistent with the hypothesis that the Al ag-
glomerates either had a higher ignition temperature than the
Mg-Al agglomerates or were otherwise less effective at trans-
ferring heat to the propellant for a fixed agglomerate size. At
10% metal loading, the burning rate of the Al propellants in-
creased by 65% in going from 1.83 to 5.27 MPa, which is even
greater than the 53% increase exhibited by the Mg-Al propel-
lant. However, the volume mean agglomerate size for 10% Al
at 5.27 MPa dropped by 76% to 100 /mi (Tables 1 and 2). This
would suggest that either the ignition temperature of the ag-
glomerates decreased with decreasing agglomerate size or the
heat feedback from the agglomerates increased with decreas-
ing agglomerate size. This correlation between burning rate
and agglomerate size is illustrated in Table 2. There is no ob-
vious reason why the particular case of 10% Al at 5.27 MPa
should be so different from the other runs in terms of ag-
glomerate size and burning rate, and one might be inclined to
suspect the data except for the fact that anomalous values
were obtained for both burning rate and agglomerate size,
which represent independent measurements.

It should also be pointed out that these results give some in-
sight into the relative importance of the change in overall pro-
pellant stoichiometry and propellant thermal conductivity
associated with metal addition that have been mentioned as
possible factors for influencing burning rate. The differences
between the burn rates of the Al propellants and the Mg-Al
propellants at 5.27 MPa for 20 and 30% metal show that the
change in burning rate with addition of metal is probably not a
result of a change in propellant overall stoichiometry or ther-
mal conductivity since the stoichiometry and conductivity of
two metalized propellants (one containing 10% Mg-Al and the
other containing pure Al) with the same metal loading are
about the same, but the difference in burning rate is quite sub-
stantial. This indicates that the difference in burning rate must
be more related to a difference in agglomerate ignition temper-
ature (which may be a function of agglomerate size as well as
metal type) and/or a difference in heat transfer from the ag-
glomerates to the propellant.

Summary and Conclusions
The influence of aluminum and Mg-Al agglomeration on

propellant burn rate was studied by measuring agglomerate
size and burn rate in a series of AP/HTPB composite propel-
lants. The AP/HTPB ratio was held constant so that the
AP/binder flame structure would be similar for the various
propellants. A correlation between burn rate and the ag-
glomerate size was observed, indicating that smaller ag-
glomerates are more conducive to enhanced burn rate. This ef-
fect was attributed to more efficient heat transfer from smaller
agglomerates to the propellant and a smaller heat sink effect
imposed on the AP/binder flames due to lower ignition tem-
peratures for smaller agglomerates. Lower ignition tempera-

tures for Mg-Al alloy compared with pure Al were also found
to be more conducive to higher burning burn rates.

The conclusion drawn from this study is that metal heat
feedback and heat sink effects are important and need to be
better understood to make sense out of metalized composite
propellant burning rate data. The temperature of the metal at
the surface, the extent of agglomeration (i.e., percent metal
participating in agglomeration), and the size of the ag-
glomerates may be important parameters in the surface energy
balance and burning rate determination. Furthermore,
because the implications of these results are so significant, es-
pecially for understanding oscillatory pressure-coupled re-
sponse behavior, it is recommended that further studies be
conducted with more extensive variation of pressure and ox-
idizer size distribution.
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Introduction

S EVERAL models for predicting aluminum combustion
efficiency in solid rockets have been developed. The first

models were based on uncoupled particle trajectory analyses

Received Feb. 26, 1990; revision received Aug. 7, 1990; accepted for
publication Aug. 9, 1990. Copyright © 1990 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved.

*Graduate Research Assistant, Department of Mechanical and In-
dustrial Engineering. Associate Member AIAA.

tAssociate Professor of Mechanical Engineering, Department of
Mechanical and Industrial Engineering. Member AIAA.



NOV.-DEC. 1991 TECHNICAL NOTES 1079

and Culick's inviscid, rotational solution for gas flowfields.1

The solutions to a large number of these runs have been used
to develop correlations based on key nondimensional parame-
ters in a rocket chamber. Hermsen2 presented a correlation
later employed by the Solid Performance Program (SPP)3 that
assumed a constant value of the oxidizer concentration factor
Ak. King4'5 developed a more realistic model that assumed
that Ak varied according to the depletion of oxidizing species
within a gas-particle "pocket" and hence termed his analysis
a pocket model. Larson6 included the effects of particle veloc-
ity slip and found that neglect of variations in the oxidizer
concentration leads to significant errors when the combustion
efficiency is substantially less than unity. One effect that
has not been investigated is that of mass, momentum, and
energy coupling between the aluminum droplets and the gas
phase. In this study, the effect of gas/particle coupling on
aluminum combustion efficiency was studied by incorporating
an aluminum droplet combustion model into the two-phase,
unsteady, implicit, viscous flow solver CELMINT (Combined
Eulerian Lagrangian Multidimensional Implicit Navier-Stokes
Time Dependent) that has been developed by Scientific Re-
search Associates.7'11 Appropriate modifications were made in
CELMINT to account for distributed aluminum combustion.

Combustion-Flow Model
Details of the combustion-flow model have been described

elsewhere.12 Only a brief description of key terms, equations,
and assumptions is given here. The propellant composition is
10% AP, 14% PBAN, and 16% Al(s) by mass. The gas phase
reaction between the binder (PBAN) and oxidizer (AP) prod-
ucts is assumed to reach equilibrium (2400 K) at the propellant
surface. Aluminum agglomerates formed at the propellant
surface burn in a distributed fashion throughout the circular-
cylindrical motor chamber. The equilibrium temperature as-
suming complete aluminum combustion is 3380 K. The rate of
aluminum combustion is taken from the diffusion-limited
droplet burning law13 that was incorporated into SPP:

1 - kt
0)

k = 2.17 x 10~5 RkA$'9 P(MPa)027 (cmL8/s), Rk = 2.7 (2)

Ak = 100 - i = H2O, CO2, O, OH, O2 (3)

The factor Ak is the relative percentage of oxidizer in the gas
phase. A global, single-step reaction between aluminum and
the restricted equilibrium products of the AP/binder flame is
assumed. With this assumption, the mass generation rate of
every species is proportional to the depletion rate of Al(1) and
may be expressed in terms of the composition of the restricted
equilibrium state and the hypothetical final equilibrium state.
The important effect of this assumption is that all of the
otherwise independent species equations collapse to a single
equation. For dilute particle loadings or negligible velocity
slip, this equation is equivalent to conservation of mass of the
particulate phase. The Lagrangian particulate (or discrete)
phase consists of the burning Al(i) droplets and is treated using
a Lagrangian description. The Eulerian continuum phase con-
sists of Al2O3(i) particles and gas species that are assumed to be
in thermodynamic and hydrodynamic equilibrium.

A circular-cylindrical chamber with a radius of 1.257 m and
a length of 16 chamber radii (20 m) was chosen as the geome-
try for computations. A 60 x 60 mesh was used. Along the
curved wall of the first half of the chamber wall, from the
head end down to a chamber length of 8 radii (10 m), mass was
injected at a constant flux as determined by the propellant
burning rate. The remainder of the flow from 10 to 20 m was
treated as pipe flow (no mass injection) to allow the flow to
reach a fully developed condition. It was found through pre-
liminary calculations that the added chamber with no injection

was necessary to achieve solution convergence. A comparison
was made between a simple flow using CELMINT without
particles and Culick's inviscid, rotational solution to verify
that the downstream section did not influence the flowfield
solution in the upstream section.14

The initial aluminum droplet size was assumed to be 400
/mi. This value is close to the upper limit of observed agglom-
erate sizes.3 Size distribution effects were not investigated. The
combustion efficiency was defined as the fraction of alumi-
num that burned in the chamber

E = 1 -: (4)

where mout is the mass flow rate of Al(1) droplets leaving the
chamber and min is the mass flow rate of aluminum into the
chamber.

Results
Figure 1 shows the particle trajectories until burnout occurs.

Particle burnout occurs at about 0.35 chamber radii from the
propellant surface in the radial direction. Figure 2 shows the
radial variation of the oxidizer concentration factor Ak. The
value of Ak is initially 46.6 at the propellant surface and
rapidly drops to 20 within the first 10th of a chamber radius
from the propellant surface. At a distance of 0.2 chamber
radii from the propellant surface, the value of Ak is within 6%
of the final value of 17.6.

To test the assumption of constant oxidizer concentration, a
reacting flow case was run using a fixed value of the oxidizer
concentration factor Ak. The oxidizer concentration factor
was obtained from the approximate expression used in SPP,3
Eq.(5):

Ak = 100 (5)

Equation (5) is based on an average between initial and final
compositions for representative propellant compositions and
gives a value of Ak = 28 in this case. (This value is reasonably

Injection Surface

Fig. 1 Particle trajectories in combustion chamber for variable
(not to scale).
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1-r/R

Fig. 2 Radial profile of oxidizer concentration factor Ak\s distance
from propellant surface (r = radial location, R = chamber radius).
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close to the actual arithmetic averaje value for the propellant
used of ,4* = 31.)

The results for aluminum combustion efficiency are com-
pared in Table 1. The combustion efficiency predicted by SPP
with Ak = 28 (98.7%) is approximately 2% larger than the
CELMINT value with A.k = 28 (96.8%). Since the only signif-
icant difference between the two analyses is the inclusion of
interphase mass, momentum, and energy coupling, the over-
predicted SPP value of combustion efficiency could be at-
tributed to the effects of particle/gas coupling. For example,
energy released from the aluminum combustion would raise
the continuum temperature while also decreasing the con-
tinuum density. Since the continuum density would be lower
than that of an equivalent uncoupled flow, fluid velocities in
the coupled analysis would be higher to conserve mass. Hence
aluminum combustion efficiency would be lower in the cou-
pled analysis due to reduced droplet residence time. In the
uncoupled analysis of SPP, however, velocity increases due to
the heat release effect would not be incorporated so that
overpredictions in combustiop efficiency would result.

To illustrate the effects of tyeat release on gas velocity, the
axial velocity component at the exit of the injection domain
for the case with variable Ak was compared with Culick's
in viscid, rotational solution with initial velocities based on a
gas density corresponding to the initial gas temperature (2400
K). Figure 3 shows that Culick's uncoupled flow analysis
underpredicts the exit fluid velocity, as would be expected.
However, if a correction is made on Culick's solution by
scaling the velocity profile by the ratio of the surface fluid
density to the average fluid density at the exit, then Culick's
adjusted analysis agrees much more favorably with
CELMINT calculations. This, would indicate that the flow-
field used in SPP is not accurate in accounting for energy
coupling between the particle and continuum phases unless the
temperature of the gas is adjusted in some manner.

Another interesting result comes from comparing the vari-
able Ak CELMINT prediction of combustion efficiency with
the constant Ak CELMINT prediction, as shown in Table 1.
The variable Ak result of 92.8% is lower than the constant Ak
result of 96.8% by 4%. This difference is attributable to the
variation of oxidizer concentratiqn near the propellant sur-
face. It was shown previously in Fig. 2 that Ak rapidly drops
from its initial value of 44.6 to 18 within a 10th of a chamber

Table 1 Comparison of aluminum combustion efficiency
from SPP and CELMINT for 400-^m particles

Ak =28
,4* = 17
Ak variable

SPP
0.9871
0.9325

CELMINT

0.9681

0.9280

——— 0 ——

X
A

. CELMINT
CULICK
CULICKADJ.

Reference Quantities:
U = 50m/sec
R = 1.257m

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1-r/R

Fig. 3 Comparison of radial profiles of axial velocity w at the exit of
the injection domain for CELMINT, Culick's uncoupled analysis,
and Culick's analysis with adjustment for density change.

radius, suggesting that the average value of 28 estimated by
Eq. (5) is too high. The combustion efficiency of 93.3% that
results from using Hermsen's correlation with a value of
Ak = \l (Table 1) is more in agreement with the CELMINT
value of 92.8%.

Summary
Two important conclusions may be drawn from this study.

First, mass, momentum, and energy coupling between gas and
particle phases is potentially important in predicting alumi-
num combustion efficiency in solid rocket motors, particu-
larly with very large agglomerates (400 /mi). Further study is
needed to determine the impact with smaller agglomerates.
Second, the use of a constant value of Ak based on an arith-
metic average of initial and final equilibrium compositions
results in significant overprediction of combustion efficiency.
If an average value were to be used (to simplify computa-
tions), then a value weighted more towards the final value
should be used.
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