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Erosive Burning of Composite Solid Propellants:
Experimental and Modeling Studies
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An experimental apparatus designed for measurement of erosive burning rates at crossflow velocities up to
Mach 1 has been used to determine the erosive burning characteristics of seven propellant formulations with
systematically varied properties. A composite propellant erosive burning model based on the bending of
columnar diffusion flames gives reasonably good agreement with the measured erosive burning data over a wide
range of conditions, breaking down only in regions where the fuel-oxidizer gas stream mixing does not control
burning rate. Propellant base (no crossflow) burning rate is found to have a predominant effect on sensitivity to
crossflow (higher burning rate formulations being considerably less sensitive) whether the base burning rate
differences are produced by oxidizer particle size variation, oxidizer/fuel ratio variation, or use of catalysts.
Erosive burning predictions have been made with the model described herein using flow profiles expected to
prevail in the test apparatus and profiles believed to exist in cylindrically perforated motors. These calculations
indicate that erosive burning may be considerably less for a given mainstream crossflow velocity in such a motor
than in the typical erosive burning test apparatus. This result is quite important to consideration of extrapolation
of test aparatus data to actual motor conditions.
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= oxidizer particle diameter
= flow channel hydraulic diameter
= proportionality constants relating feedback

fluxes from two different flames to the flame
temperatures, surface temperature, and flame
offset distances (these constants include ther-
mal conductivities and surface area fractions
covered by the different flames)

= oxidizer monopropellant reaction kinetic
distance, Fig. 1

= oxidizer-fuel gas mixing distance, Fig. 1
= oxidizer-fuel reaction (kinetic) distance, Fig. 1
= crossflow mainstream Mach number
= mass flux, measured in direction of resultant

of crossflow and propellant transpiration flow
= propellant burning mass flux
=pressure
= heat feedback flux from gas to propellant

surface
= propellant burning rate
= propellant burning rate with no crossflow
= ammonium perchlorate monopropellant flame

temperature
= final flame temperature
= surface temperature
= friction velocity (shear velocity) of crossflow
= mean crossflow velocity
= dimensionless crossflow velocity = uv/u*
— crossflow velocity at distance^ from surface
= distance from the propellant surface
= dimensionless distance from propellant

surface pgasw*^/jLtgas
= flow angle, Figs. 1 and 2
= propellant density
= gas density
= gas viscosity
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Introduction

EROSIVE burning, the augmentation of solid propellant
burning rate by the flow of products across a burning

surface, is becoming increasingly important with use of lower
port-to-throat area ratio motors and nozzleless motors. The
response of various propellants to such crossflows must be
known by the motor designer in order for him to perform
adequate motor design. In addition, it is important that the
propellant formulator understand the effect of various
formulation parameters on the sensitivity of a propellant to
crossflows so that he may tailor his propellants to the desired
characteristics. For example, in a nozzleless rocket motor, the
decrease in pressure from the head end to the aft end of the
grain tends to result in slower burning at the aft end in the
absence of erosive effects. Depending upon the sensitivity of
the formulation to crossflow, the increasing Mach number
along the grain port may lead to undercompensation, exact
cancellation, or overcompensation of the pressure effect.

While considerable experimental study1 '10 of erosive
burning has been carried out, there is very little data available
for high crossflow velocities. In addition, there has been no
erosive burning study in which various propellant parameters
have been systematically varied one at a time. Such a study is
necessary for elucidation of erosive burning mechanisms and
proper modeling of the erosive burning phenomena. Much of
the past work has not resulted in instantaneous (as opposed to
averaged over a range of pressure and crossflow velocity)
measurements of erosive burning rates under well-
characterized local flow conditions.

Over the years, a large number of models of erosive burning
of composite (heterogeneous) and double-base
(homogeneous) propellants have been developed; most of
these models have been reviewed in Refs. 11-13. Of the
models, other than the one developed by this author,1 2 '1 3

those of Lengelle,14 Beddini et al.15 '17 Razdan and Kuo,1 8

and Osborn et al.19 appear to be the most advanced. Common
to all four of these models is the assumption that the increase
in propellant burning rate associated with crossflow results
from turbulence generated by this crossflow penetrating
between the propellant gas flame zone(s) and the surface,
causing increases in mass and energy transport rates.

An application of an energy balance at the surface of a
burning propellant, even allowing for considerable
exothermic surface/subsurface decomposition as in the
Beckstead-Derr-Price20 model, indicates that the burn-rate-
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controlling gas-phase heat release must occur within 5-20 JJL of
the propellant surface for typical burning rates of 1-4 cm/s.
(These "effective flame-height" numbers were calculated
from intermediate output of a fundamental composite
propellant combustion model being developed by this
author.21 Their validity is supported by the fact that this
model yields predicted burning rate vs pressure curves in good
agreement with data for unimodal oxidizer composite
propellants containing oxidizer ranging from 5-200 JJL in
diameter.)

On the other hand, use of the universal u + ,y + flow profile
correlation (transpiration effects neglected), with the edge of
the laminar sublayer being defined by y+ =5, indicates
laminar sublayer thicknesses of 32, 14, and 8 /* for crossflow
velocities of 60, 150, and 300 m/s (200, 500, and 1000 ft/s) at
a pressure of 5 MPa (50 atm). This thickness increases with
decreasing pressure. Moreover, data of Mickley and Davis22

indicate that this sublayer thickness is increased by tran-
spiration (in our case, evolution of oxidizer and binder
decomposition products from propellant surface). For
example, for a ratio of transpiration flow to crossflow of 0.01
(the upper limit of their study), their measurements indicate
that the laminar sublayer thicknesses for the three crossflow
velocities just listed will increase to 140, 60, and 30 /*,
respectively. These calculations indicate that it is quite
possible that crossflow-induced turbulence does not penetrate
into the region between the driving gas-phase heat release and
the surface.

In addition, even if the turbulent region does extend into
this zone, in order for the eddies to have significant effect on
mixing and thus on heat and mass transfer, they must be
considerably smaller than the flame offset distance; that is,
they must be on the order of 1 /x in diam or less. It is not clear
to this author that a significant amount of turbulence of this
scale will be induced in the zone between the propellant
surface and the gas-phase flame zone(s) by crossflow. Ac-
cordingly, an alternate possible mechanism for erosive
burning of composite propellents, not dependent on the
augmentation of transport properties in the combustion zone
by crossflow-induced turbulence, is postulated. This
mechanism, involving the bending over of columnar diffusion
flames by a crossflow (discussed briefly later) has been in-
corporated into a "first-generation" model described in detail
in Refs. 12 and 13, and is currently being incorporated into a
more fundamental "second-generation" model.21

It must be noted that such a mechanism can only be ap-
plicable to composite propellants where columnar diffusion
flames are important to the overall combustion process. With
homogeneous propellants, it is generally agreed that there is a
thick fizz zone between the propellant surface and the gas
flame region. Accordingly, it may well be that crossflow-
induced turbulence does penetrate between the gas flame and
surface in the case of homogeneous propellants, causing
higher burning rate through promotion of energy transport.
Another possiblity is that the crossflow somehow collapses
the fizz zone. At any rate, the model described herein is not
meant to be applicable to erosive burning of homogeneous
propellants.

Flame-Bending Erosive Burning Model Description
In the combustion of composite solid propellants, it is

generally accepted that parallel columns of oxidizer and
binder sublimation/decomposition product gases leave the
surface from the oxidizer crystals and binder, respectively. In
the most general case, some heat is fed back to the surface
from monopropellant reaction of oxidizer sublimation
products, while additional heat is supplied by the mixing and
reaction of the oxidizer and fuel product streams. Ac-
cordingly, an important factor in determining the rate of heat
feedback (which increases with decreased distance of the gas-
phase heat release zone(s) from the surface) is often the rate of
mixing of the oxidizer and binder gas product columns. In the

absence of a crossflow, these columns move perpendicular to
the propellant surface, while, with crossflow, they are tilted
over and travel at an angle to the surface. This angle is
determined by the ratio of crossflow velocity to transpiration
velocity at any given position above the surface. (Since, in
general, the crossflow and transpiration velocities will not
scale in the same manner with distance from the surface, the
flow vector will actually be curved; but in this model it is
approximated as a straight line with the angle being deter-
mined by the ratio of the velocities at a distance from the
surface corresponding to the end of the mixing region.)

A schematic depicting the first-generation composite
propellant erosive burning model is presented in Fig. 1. In the
first part of the figure, the flame processes occurring in the
absence of crossflow are depicted. There are two flames
considered: an ammonium perchlorate deflagration
monopropellant flame close to the surface and a columnar
diffusion flame resulting from mixing and combustion of the
AP deflagration products and fuel binder pyrolysis products
at an average distance somewhat further from the surface.
Three important distance parameters considered are the
distance from the propellant surface to the "average"
location of the kinetically controlled AP monopropellant heat
release (£/) , the distance associated with mixing of the
oxidizer and fuel for the diffusion flame (LD i f f), and the
distance associated with the fuel-oxidizer reaction time
subsequent to mixing (LKm). (An alternate way of thinking
about this last distance, which it is difficult to show in the
figure, is to picture two stacked cones in the figure, separated
by the distance LK i n . ) A heat balance13 between heat feedback
from these two flames and the energy requirements for
heating the propellant from its initial temperature to the
burning surface temperature and decomposing it yields
(assuming that the heat feedback required per unit mass of
propellant consumed is independent of burning rate):

feedback
M7>-r,)

(1)

The rationale leading to this type of summing of fluxes
from two different flames has been discussed in detail in Ref.
13. Basically, it is assumed that each flame covers a different
fraction of the overall surface with no overlap. It is
recognized that this is not the best possible description of the
actual flame structure; this representation is being modified in
the more fundamental second-generation model currently
under development. In addition, it is assumed in the first
simplified model that the temperature profile between each
flame position and the surface is a linear one, both for
crossflow and noncrossflow cases. Again, it is recognized that
the profiles are not actually linear and, in fact, differ from the
noncrossflow to crossflow cases. It is felt, however, that these
simplifications should not produce gross errors and that the
errors which are produced are absorbed in constants which
are obtained by fitting of noncrossflow burning rate data.
(This first-generatiorr model is not aimed at a priori prediction
of noncrossflow burning rates but only at prediction of the
effects of crossflow on burning rate.) Relaxation of these
assumptions with detailed calculations of temperature profiles
for superimposed flames would destroy the desired simplicity
of this model.

The situation, pictured as prevailing with a crossflow, is
shown in the second part of Fig. 1. Since Ll and LK i n are both
kinetically controlled and are thus simply proportional to a
characteristic reaction time (which is assumed to be unaf-
fected by the crossflow) multiplied by the propellant gas
velocity normal to the surface (which for a given formulation
is fixed by burning rate and pressure alone), these distances
are fixed for a given formulation at a given burning rate and
pressure, independent of the crossflow velocity. In the case of
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(FUEL-LEAN CASE PICTURED: THEREFORE DIFFUSION FLAME CLOSES OVER BINDER)
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Fig. 1 Schematic of geometrical model of erosive burning (two-flame model).
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Fig. 2 Procedure for calculation of dependency of diffusion distance
(LDm) on flow angle.

crossflow, the relationship between gas velocity normal to the
surface and propellant burning rate is altered by the
crossflow; however, in the region of interest (within 50 /* of
the propellant surface), this alteration may be shown to be
negligible. Of course, since crossflow velocity affects burning
rate at a given pressure through its influence on the diffusion
process as discussed later, L{ and LKin are influenced through
the change in burning rate at a given pressure in that model.
The important point is that they can be expressed as functions
of these two parameters alone for a given propellant.

However, the distance of the mixing zone from the
propellant surface is directly affected by the crossflow. In
Refs. 12 and 13, it is simply stated that it could be shown
through geometrical arguments coupled with the columnar
diffusion flame height analysis presented by Schultz, Penner,
and Green,5 that LD i f f , measured along a vector coincident
with the resultant of the crossflow and transpiration
velocities, should be approximately the same as L D i t f normal
to the surface in the absence of a crossflow at the same
burning rate and pressure. Personal communications have
indicated that it is not obvious to all how this conclusion was
reached without recourse to use of augmented transport
properties. Accordingly, a simplified version of the analysis
used in reaching this conclusion is presented in Fig. 2, which is
essentially self-explanatory. Basically what appears to have
worried those questioning the conclusion that the magnitude
of LD i r t measured in the direction of the flow is independent
of that direction is that the time required for a parcel leaving
the surface to travel the distance LD i f t in the flow direction 0 at
constant burning rate, is inversely proportional to the sine of
the flow angle. This is indeed true. However, the charac-
teristic mixing time is also decreased since the average con-
centration gradient is increased by the circular cross-section
(in the absence of crossflow) being converted to an elliptical
cross-section with major axis dp and minor axis dp sin#.
Obviously, doing an exact calculation of the effect on
characteristic mixing time is somewhat diff icul t ; however,
replacement of the ̂ jrcle diameter dp by the geometric mean
ellipse diameter \Tdpdps'mO in calculating concentration
gradients does not seem unreasonable. When this is done, the
magnitude of 'LDlff, measured in the flow direction, is
calculated to be independent of flow angle 6, as shown in Fig.
2. A somewhat more rigorous (and immensely more complex)
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analysis has been performed, indicating that the preceding
approximation is quite good for 0>20 deg, but that for
smaller angles (columns further pushed over) the magnitude
of LDiff actually begins to decrease relative to the no-crossflow
value.

At any rate, to a reasonably good approximation, the
magnitude of LDiff is independent of the crossflow velocity (at
fixed pressure and burning rate) although its orientation is
not. Thus, the distance from the surface to the "average"
mixed region is decreased to LD i t f sin0 (see Fig. 1). The heat
balance at the propellant surface now yields

PRESSURE (MPa)

rOC<? feedback
MTV-r,)

(2)

This picture was used as the basis of development of a first-
generation flame bending model for prediction of burning
rate vs pressure curves at various crossflow velocities, given
only a curve of burning rate vs pressure in the absence of
crossflow. Details of the model development can be found in
Refs. 12 and 13. Currently, this same flame-bending
mechanism is being built into a more fundamental composite
propellant burning rate model for prediction of burning rate
vs pressure characteristics with or without crossflow, given
only composition and ingredient sizes.21

During the course of this effort, the author became aware
of complaints that data on erosive burning taken in test
devices where driver grain product gases were passed over
small specimens (strips or tablets) of the test propellant did
not extrapolate well to motor conditions, the erosive effects
being considerably less in actual motors than anticipated from
the laboratory results. One possible explanation for this is
that the boundary-layer flow profiles may be considerably
different in the test device flow channel than in a motor. In
most test devices, including the one used in this program, the
ratio of blowing velocity (gas velocity normal to the
propellant surface, generated by the combustion) to crossflow
velocity is usually quite small (less than 0.02), lying in a range
where the data of Mickley and Davis,22 used in the model
described in Refs. 12 and 13, are applicable. Recent work by
Yamada et al.23 and Dunlap et al.,24 however, indicates that
in cylindrically perforated motors where the ratio of blowing
velocity to crossflow velocity tends to be much higher (except
at the aft end of very long grains), the flow profiles are
considerably different, approximating those of an inviscid
flow with a no-slip wall boundary condition. In this case, the
axial velocity flow profile is given by a cosine law:

uir
uv = — cosii D/2 (3)

The model just described was modified to use this profile in
place of the one based on Mickley-Davis data as described in
Refs. 12 and 13. A set of calculations was then run for a
motor with a port diameter of 3 cm (1.2 in.) using both types
of profiles for comparison. Formulation 4525 (73/27
AP/HTPB, 20 /x diam AP) was used for these predictions
since, as will be shown, good agreement was found between
the first generation model using the Mickley-Davis profiles
and data taken in our test apparatus with this propellant.
Results of these calculations are shown in Fig. 3. As may be
seen, replacement of the Mickley-Davis profiles with the
inviscid no-slip profiles results in a considerable reduction in
the predicted degree of erosive burning. This is a particularly
important result, pointing out the necessity of correct
definition of flow profiles in a given motor configuration for
accurate prediction of erosive burning. Thus, it appears that
further attention need be paid to accurate definition of
profiles, not only in cylindrically perforated motors, but in
wagon-wheel perforations, star configurations, and any other
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Fig. 3 Comparison of erosive burning predictions using Mickley-
Davis profiles and inviscid no-slip profiles.
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configurations where it is felt that erosive burning may be
important.

Experimental
The experimental test apparatus and procedures employed

in this study of erosive burning are described in detail in Ref.
12. A schematic of the basic test apparatus is presented as Fig.
4. A cylindrically perforated 6C4 driver grain (15.2 cm
outside diameter, 10.2 cm inside diameter), whose length is
chosen to give the desired operating pressure for a given test,
produces a high-velocity gas flow through a transition section
into a rectangular test section which contains the test grain
(generally the same formulation as the driver grain). The
contoured transition section is approximately 10 cm (4 in.)
long. The test grain extends from the test section back through
the transition section to butt against the driver grain in order
to eliminate leading edge effects which would be associated
with a test grain standing alone. The test grain is ap-
proximately 30 cm (12 in.) long (plus the 10 cm extending
through the transition section) by 1.90x2.50 cm (3/4 x 1 in.)
web and burns only on the 1.90 cm face. The flow channel of
the test section is initially 1.90 x 1.90 cm (3/4 x 3/4 in.), opening
up to 1.90 x 4.45 cm (3/4 x 13/4 in.) as the test propellant burns
back through its 2.54 cm (1 in.) web. For high Mach number
tests, the apparatus is operated in a nozzleless mode with the
gases choking at or near the end of the test grain. For lower
Mach number tests, a two-dimensional nozzle is installed at
the end of the test channel.
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During each test, pressure and crossflow velocity varies
with time and location along the test grain. These variations
permitted design of tests to yield considerable burning rate-
pressure-crossflow velocity data in relatively few tests,
provided that these parameters could be measured con-
tinuously at several locations along the test grain. These
parameters were measured in the following manner.

The burning rate was directly measured by photographing
the ablating grain with a high-speed motion picture camera
through a series of four quartz windows located along the
length of the test section. Frame-by-frame analysis of the
films allowed determination of instantaneous burning rate as
a function of time at each of the four window locations. A
question has been raised about whether the test grains might
burn faster at the center of the channel than at the walls due to
flow effects. In several tests, the test grains were ejected and
extinguished part way through the test due to bond failures.
Examination of the recovered pieces indicated that the grains
were burning flat, as desired.

For nozzled cases, the measured location of the burning
propellant surface at each window as a function of time,
together with the known constant throat area, permitted
straightforward calculation of the crossflow velocity as a
function of time. However, the very sensitive dependence of
Mach number on area ratio for M>0.5 made calculation of
crossflow velocity from area ratio measurement quite poor
for nozzleless cases. Accordingly, for these tests, stagnation
pressure was determined at the aft end of the test section and
used in combination with the driver chamber pressure for
calculation of the stagnation pressure in the test section as a
function of time and position. (Static pressure wall taps at
each window location were used for measurement of static
pressure as a function of time for both nozzled and nozzleless
cases.) From the static and stagnation pressure values
determined as a function of time and position down the test
section, crossflow Mach number and velocity were calculated
as a function of time at each window location in the test
section for the nozzleless cases.

The rationale of the experimental part of this program was
to measure the erosive burning characteristics, over a wide
range of pressure and crossflow velocity, of a series of
propellants in which various formulation parameters were
systematically varied. To date, seven formulations, listed in
Table 1, have been studied. A total of 45 tests have been
carried out with these formulations. The first three tests were
designed to yield erosive burning data for formulation 1 over
a range of crossflow velocities of 180-350 m/s (600-1200 ft/s)
and a range of pressures of 1.4-8.2 MPa (200-1200 psia). The
next three tests were chosen to examine the same formulation
over a crossflow velocity range of approximately 600-850 m/s
(2000-2800 ft/s) and a pressure range of 1-5 MPa (150-750
psia). Tests 7 and 8 differed from Tests 1 and 3 only in having
no test grain in the transition section. These tests were aimed
at determining the sensitivity of erosive burning to major
upstream geometry changes. Test 9 and 10 differed from Tests
1 and 3 only in their use of a hotter (2400 K) driver for-
mulation with the baseline test formulation (1667 K flame
temperature). The purpose of these tests was to determine
whether the "core" crossflow gas temperature affected the
erosive burning of a given formulation. Tests 11-15, 16-20,
21-25, 26-30, 31-35, and 36-40 were designed to be analogous
to tests 1-5 with replacement of formulation 1 (4525) by
formulations 2, 3, 4, 5, 7, and 8 (5051, 4685, 4869, 5542T,
5565T, and 5555T). Tests 41-45 were added to fill in data gaps
revealed by earlier tests.

Results of the tests made for studying the effect of up-
stream flow conditions (two tests conducted at essentially
identical conditions to tests in the main test series, except for
the absence of test grain in the transition section) are
presented in Figs. 5 and 6. As may be seen, the effects of the
upstream flow change were quite small, the differences in
burning rate augmentation ratio between corresponding tests
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Fig. 5 Comparison of erosive burning with and without grain in the
transition section—low pressure.
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Fig. 7 Comparison of erosive burning of formulation 1 (4525) with
1667 K driver grain and 2425 K driver grain—low pressure.

varying essentially only to the degree predicted by the slight
difference in pressure-crossflow velocity time history in the
matched tests. Accordingly, it is concluded that the erosive
burning measured at the viewing ports is not particularly
sensitive to the driver grain transition section contours in the
test apparatus. This result is consistent with an observation
that the augmentation rates do not vary significantly with
window location for the nozzled tests (where pressure and
crossfloXv velocity are nearly the same at each window
location at any given time).

As discussed in Refs. 11-13, erosive burning models based
on increased heat transfer from a "core" gas flow (notably
the widely used model of Lenoir and Robillard25), predict
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Fig. 8 Comparison of erosive burning of formulation 1 (4525) with
1667 K driver grain and 2425 K driver grain—high pressure.

Table 1 Formulations tested to date

Number Composition Rationale

(4525) 73/27 AP/HTPB, 20 ̂  AP

(5051) 73/27 AP/HTPB, 200 ̂ A P

(4685) 73/27 AP/HTPB, 5 /x AP

(4869) 72/26/2 AP/HTPB/Fe2O3,
20/^AP

(5542T) 77/23 AP/HTPB, 20 /x AP

(5565T) 82/18 AP/HTPB, bimodal
AP (68.35% 200 p, 13.65%

(5555T) 82/18 AP/HTPB, bimodal
AP(41% 1

Baseline formulation,
T=1667K
Compare with 1 for
AP size effect
Compare with 1 and 2
for AP size effect
Compare with 1 for
BR effect at constant
AP size
Compare with 1 for
mix ratio (tempera-
ture) effect at con-
s t a n t A P s i z e ,
T-2065K
Medium temperature
HTPB formulation.
AP sizes chosen to
match BR of no. 1,
compare with 1 for
temperature effect ,
r=2575K
Compare with 7 for
BR effect, 7-2575
K

that with a given test section propellant, variation of the flame
temperature of the driver propellant should lead to variation
in the erosive burning augmentation ratio at fixed crossflow
velocity and pressure. Two pairs of tests (1 and 9, 3 and 10) in
which the driver grain flame temperature was varied from
1667-2425 K, while the test section propellant was held
constant and crossflow velocity and pressure vs time histories
were held as nearly constant as possible, were carried out in
this study. Results are presented in Figs. 7 and 8. In each
figure, measured burning rate augmentation ratio and the
ratio predicted using the first-generation model described
earlier are plotted against time for each of the paired tests.
(The predicted values are presented to permit a zeroing out of
the slight differences in pressure and crossflow velocity vs
time histories of the paired tests.) The different "core" gas
temperatures in the paired tests are seen to have negligible
effect on the erosive burning characteristics of the test
propellant.

A rather complete set of data, covering a pressure range of
1-5 MPa (10-50 atm) and a crossflow velocity range of ISO-
670 m/s (600-2200 ft/s), has been obtained for formulation
4525, the baseline formulation. Experimental results and

———- THEORETICAL PREDICTIONS
DATA (DASHED LINES AND POINTS)

670 m/sec (2200 ft/sec)
850 m/sec (2800 ft/sec)
455 m/sec (1500 ft/sec)

50 60 70 80 90 100
PRESSURE (atmosphere)

Fig. 9 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for formulation 4525.

CROSSFLOW VELOCITY (meters/second)
244' 366 488 610

800 1200 1600 2000
CROSSFLOW VELOCITY (ft/second)

Fig. 10 Burning rate vs crossflow velocity data and predictions for
formulation 4525.

theoretical predictions, based on the model described earlier,
are presented in Figs. 9 and 10. As may be seen, agreement
between predictions and data is reasonably good. The
predicted curves for burning rate vs pressure at various
crossflow velocities (Fig. 9) do seem to group more t ight ly
than the data. That is, as shown more clearly in Fig. 10, the
model tends to slightly overpredict the burning rate at low
crossflow velocities and slightly underpredict it at high
velocities.

Theoretical predictions and experimental measurements of
erosive burning rates for formulations 5051, 4685, 4869,
5542T, 5565T, and 5555T are presented in Figs. 11-16.
Formulation 5051, which differs from the baseline for-
mulation through use of 200 p AP oxidizer in place of 20 /*
oxidizer, is predicted to be somewhat more sensitive to
crossflow than the baseline formulation. Except at low
pressure and very high crossflow velocities, agreement be-
tween predicted and measured augmentation ratio is fair ly
good. At low pressure and high crossflow velocity, however,
the measured burning rates considerably exceed the predicted
values. As shown in Fig. 12, formulation 4685, which differs
from the baseline formulation by replacement of a 20 /x
oxidizer with a 5 /x oxidizer, exhibits considerably less sen-
sitivity to erosion than that baseline formulation, as
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PRESSURE (MPa)
2.0

PRESSURE (MPa)

——— THEORETICAL PREDICTIONS

DATA (DOTTED LINES AND POINTS) -

X V = 244 m/sec
O V = 213m/se
A V = 183 m/sec

168 m/sec
V = 550 m/sec

Q V = 670 m/sec
Q V = 730 m/sec

810 m/sec

20
PRESSURE (atm)

Fig. 11 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for formulation 5051.

PRESSURE (MPa)

2.0

Fig. 12 Theoretical and experimental burn rate—pressure
relationships for various crossflow velocities for formulation 4685.

predicted. Agreement between predicted and observed
burning rates appears to be good, except, again, in the low-
pressure high-crossflow-velocity region. Breakdown of the
model presented herein in this pressure-crossflow velocity
region is not unexpected since, in this region, the composite
propellant begins to behave more like a homogeneous
propellant than a heterogeneous propellant, and the model
'only considers effects of crossflow on the diffusional mixing
processes of oxidizer and fuel streams. In order for the model
to be useful in low-pressure high-crossflow-velocity regions, it
appears that an additional mechanism beyond that of flame
bending must be invoked. With formulation 4869 (Fig. 13),
which differs from the baseline formulation through addition
of 2% iron oxide catalyst, data and theoretical predictions
agree farily well at high crossflow velocities, but not nearly as
well at low crossflow velocities where the predictions of
erosive burning rate augmentation are somewhat higher than
observed in the experiments. An explanation of this
discrepancy has not yet been developed. ,

With formulation 5542T (analogous to the baseline for-
mulation but with higher oxidizer/fuel ratio and, con-
sequently, higher temperature and base burning rate, oxidizer
size being held constant), the sensitivity to crossflow appears
to be somewhat lower than predicted (Fig. 14), though the
degree of disagreement between data and theory is not large.
The data obtained for formulation 5565T (with ap-
proximately the same zero crossflow burning rate-pressure
behavior as the baseline formulation, but a considerably
higher oxidizer/fuel ratio and flame temperature) are

20

PRESSURE (atm)

Fig. 13 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for formulation 4869.

(PRESSURE (MPa)

PRESSURE (atm)

Fig. 14 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for formulation 5542T.

presented in Fig. 15. They are somewhat limited but indicate
reasonable agreement with theory, the formulation being
quite sensitive to crossflows. Formulation 5555T (Fig. 16), a
high burning rate formulation, is predicted to be rather in-
sensitive to crossflows; data corroborate this prediction.

Next, let us compare results for the various formulations to
identify parameters which influence the sensitivity of com-
posite propellants to crossflows. Between formulations 4525,
5051, and 4685, the only independent variable changed is the
oxidizer particle size, composition being held constant. The
change of oxidizer size, of course, leads to a change in base
(no crossflow) burning rate pressure characteristics. For-
mulation 5051, containing 200 IJL diam AP, is the slowest
burning of the three formulations, with formulation 4685 (5 \i
AP) being the fastest and formulation 4525 (20 /* AP) being
intermediate. For instance, at 5 MPa (50 atm) the base burn-
ing rate of 5051 is 0.47 cm/s, that of 4525 is 0.68 cm/s and
that of 4685 is 1.15 cm/s. Examination of Figs. 9 , 1 1 , and 12
indicates that the sensitivity of burning rate to crossflow
increases with increasing particle size (decreasing base burn-
ing rate). For example, at a crossflow velocity of 200 m/s (650
ft/s) and a pressure of 5 MPa (50 atm), the augmentation
ratio for 4685 is about 1.10, that for 4525 is 1.65, and that for
5051 is 2.0.

Comparison of data for 4525 and 4869, two formulations
of essentially the same oxidizer/fuel ratio, flame temperature,
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PRESSURE (MPa)

———— THEORETICAL PREDICTIONS
DATA (DASHED LINES AND POINTS)

. X 244 m/sec _
O 305 m/sec _
A 365 m/sec

' V 700 m/sec —
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6.0 8.0 10.0

\ y 490 m/sec
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Fig. 15 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for fomulation 5565T.
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Fig. 16 Theoretical and experimental burn rate—pressure relation-
ships for various crossflow velocities for formulation 5555T.

and oxidizer particle size, with the base burning rate being
varied through use of catalyst in 4869, again shows an in-
crease in sensitivity of burning rate to crossflow with a
decrease in burning rate. At 5 MPa (50 atm), the base burning
rates for 4869 and 4525 are 1.40 cm/s and 0.68 cm/s,
respectively. At this pressure, with a crossflow velocity of 200
m/s (650 ft/s), their r/r0 values are 1.10 and 1.65, respec-
tively, while at 600 m/s (1950 ft/s), the r/r0 values are 1.75
and 2.3. Thus, base burning rate is seen to affect the erosion
sensitivity of composite propellants even at constant oxidizer
particle size, erosive effects increasing with decreasing base
burning rate.

Formulations 4685 and 4869 have approximately the same
base burning rate at 8 MPa (80 atm) with catalyst and oxidizer
particle size efffects on base burning rate roughly canceling.
Thus, comparison of erosion sensitivity of these formulations
at this pressure is of interest in that oxidizer particle size is
varied (5/x diameter for 4685, 20 //, diameter for 4869), while
base burning rate is held constant. Comparison of data from
Figs. 12 and 13 indicates that these formulations have roughly

the same sensitivity to the lower crossflow velocities tested at 8
MPa (80 atm), with the catalyzed propellant being slightly
more sensitive at the higher crossflow velocities tested. Thus,
it appears that it is the base burning rate rather than the
oxidizer particle size per se which dominates the sensitivity of
composite propellants to erosive burning, though oxidizer size
does have some further residual effect, erosion sensitivity
decreasing with decreasing particle size at constant base
burning rate.

Comparison of test results for formulations 4525, 5542T,
and 5565T permits a study of the effect of oxidizer/fuel ratio
(and thus flame temperature) on erosion sensitivity, both at
constant oxidizer particle size (5542T and 4525) and at
constant base burning rate (5565T and 4525). Formulation
5542T differed from 4525 in oxidizer/fuel ratio (77/23 vs
73/27) and, consequently, flame temperature (2065 K vs 1667
K). Since the oxidizer particle size was the same for both
propellants, the higher oxidizer/fuel ratio for 5542T led to
high base burning rate (1.14 cm/s vs 0.68 cm/s at 5 MPa).
Study of Figs. 9 and 14 reveals that the erosion sensitivity of
5542T is considerably less than that of 4525 over the entire
range of crossflow velocities examined (e.g., r/r0 = 1.10 for
5542T and 1.65 for 4525 at 200 m/s, 5 MPa; and r/r0 = 1.7 for
5542T and 2.9 for 4525 at 800 m/s, 5 MPa). Thus, it is seen
that changing oxidizer/fuel ratio from very fuel-rich to less
fuel-rich, with accompanying increase in flame temperature
and burning rate leads to decreased sensitivity to erosive
burning. Comparison of results for 5565T and 4525, which
differ in oxidizer/fuel ratio but not in base burning rate
(oxidizer particle size having been adjusted to compensate for
the burning rate change with changing oxidizer/fuel) permits
separation of the effects of varying oxidizer/fuel (and thus
flame temperature) from the effects of base burning rate. As
may be seen by studying Figs. 9 and 15, the sensitivity of
formulations 5565T and 4525 to crossflow are nearly the
same. For instance, at 200 m/s (650 ft/s) crossflow velocity
and 5 MPa (50 atm), the augmentation ratios for 5565T and
4525 are 1.50 and 1.65, respectively, while at 800 m/s (2600
ft/s) and 3 MPa (30 atm), they are 2.65 and 2.50. Ac-
cordingly, we may conclude that oxidizer/fuel ratio (and,
consequently, flame temperature) does not directly affect the
erosion sensitivity of the compositions studied to date, but
only affects it through its effect on base burning rate.

Formulations 5555T and 5565T had the same composition,
differing only in oxidizer particle size, which was adjusted in
5555T to give a very high burning rate. Again, the effect on
erosion sensitivity of increased base burning rate can be seen
in the comparison of Figs. 15 and 16. At 5 MPa (50 atm), the
base burning rates of 5555T and 5565T are 2.94 and 0.70
cm/s, respectively. At 200 m/s (650 ft/s) crossflow velocities,
the respective values of r/r0 are 1.0 and 1.5, while at 700 m/s
(2300 ft/s), they are 1.2 and 2.4. Once again, therefore,
erosion sensitivity is seen to decrease with increasing base
burning rate.

Summary
An experimental apparatus for measurement of erosive

burning rates over a wide range of crossflow velocities, up to
Mach 1 has been designed, constructed, and checked out.
Erosive burning characteristics of seven formulations, with
systematically varied properties, have been measured in this
test device and checked against predictions of a first-
generation composite propellant erosive burning model based
upon the bending of columnar diffusion flames. In general,
the model appears to give reasonably good agreement with
measured erosive burning data, except under conditions
where the heterogeneity of the composite propellant is
unimportant (low pressure, high crossflow velocity). Here, it
appears that an additional mechanism(s) of erosive burning
will have to be considered. The data indicate that the base (no
crossflow) burning rate vs pressure characteristics of the
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propellant have a predominant effect on its sensitivity to
erosive burning, high burning rate propellants being con-
siderably less sensitive to crossflow than low burning rate
formulations, whether the burning rate alterations are
produced by oxidizer particle size variation, oxidizer/fuel
ratio variations, or use of catalysts. Oxidizer particle size
appears to have some effect (but not a great one) beyond its
effect on base burning rate, augmentation ratio increasing
with increasing particle size. Oxidizer/fuel ratio (and thus
flame temperature) appears to affect erosion sensitivity only
through its effect on base burning rate.

A review of the literature indicates that the boundary-layer
profiles in rocket motors may differ significantly from those
in typical erosive burning test devices. Comparison of erosive
burning calculations using the first-generation erosive burning
model described in this paper with profiles expected to prevail
in the test apparatus vs those estimated to exist in cylindrically
perforated motor grains indicate that erosive burning may be
considerably less for a given mainstream crossflow velocity in
the motor.
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