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Erosive Burning of Solid Rocket Propellants—A Revisit

Ellis M. Landsbaum*
The Aerospace Corporation, Los Angeles, California 90009-2957

A solid-propellant rocket motor test that exhibited unexpected erosive burning led to an extensive literature
review of the subject. A qualitative theory that explains why higher burning-rate propellants are less prone to
erosive burning, why propellants with similar burn rates have similar erosive behavior, and why erosive burning
decreases as motor size increases evolved. The decrease in erosive burning with increasing motor size is caused by
a decrease in the gas velocity that causes turbulence at the flame zone. This is predicted based on equations for the
developing laminar boundary-layer velocity profile on a flat plate in compressible flow. The erosive burning data in
the literature correlate well with the specific mass velocity, and useful equations for the ballistician are provided.

Nomenclature

n
I

heat capacity, cal/g K

diameter, cm

specific mass flow, kg/m?s

value of G that results in M =1 in a constant-area
channel, kg/m?s

= Rectangular channel half-height, cm
constants

gas conductivity, cal/cm-s-K

Mach number

pressure exponent in burn-rate equation
pressure, MPa

heat-release requirement, cal/cm?s, cal/g
radius, cm

Reynolds number

correlation coefficient

burn rate, cm/s

temperature, K

average channel velocity, m/s

axial gas velocity at edge of flame zone, m/s
friction velocity, m/s (see Ref. 17)

length of boundary layer, cm

distance away from burning propellant, cm
input constant

constant in Lenoir—Robillard equation
blowing parameter in Lenoir—Robillard equation
boundary-layer thickness where u = 0.99U
flame zone thickness, cm

kinematic viscosity, m>/s

density, kg/m?

shear stress at wall, kgf/m2
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Subscripts

= core
erosive burning rate
gas

hydraulic

nonerosive conditions
= pyrolysis
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s = solid

T = total

t = turbulent

th = threshold, r, =0 or indicates where r, starts to increase
A = atedge of flame zone

Introduction

N unexpected occurrence of erosive burning in a development

test of a solid-propellant rocket motor resulted in an exten-
sive review of the literature. Erosive burning is the increase in the
propellant burning rate in a motor as a result of the high veloc-
ity of combustion gases flowing over the surface. The Saderholm'
data were correlated and predicted the erosive behavior very well.
A review of the literature showed there was little other informa-
tion of practical use for the ballistician and little data that could be
correlated like the Saderholm data. During this extensive review, a
qualitative theory that shows why increasing propellant burn rate
reduces erosive burning and why erosive burning decreases with
increasing motor size was developed. A procedure for correlating
erosive burning data that yields useful equations for the ballistician
was also developed.

Unexpected Erosive Burning

An unexpected appearance of erosive burning occurred recently.
The predicted and actual pressure traces are shown in Fig. 1. The first
10 s are shown. The initial pressure was 20% above the contractors
pretest prediction using SPP™ (Ref. 2). The Saderholm' results
were correlated as shown in Fig. 2 for use in an Aerospace post-
test CFD analysis. The equations for Saderholm’s low burn rate
propellant are given in Table 1. The line for 8.27 MPa was used in
the computational-fluid-dynamics (CFD) analysis. There appears to
be a threshold (minimum value for erosive burning) Mach number.
The specific mass flow G, for that condition is also given, assuming
the propellant is 68% ammonium perchlorate (AP), 18% aluminum
(Al), and 14% hydroxyl-terminated polybutadiene (HTPB).

The analysis was extremely successful at reproducing the test
results. Details of the analysis are presented by Wang et al.> The
Aerospace CFD calculated peak pressure was within 1% of the ex-
perimental measurement. Although fortuitous, it can be explained.
The width of the aft slots was similar to the diameter of the tube
in Saderholm’s experiment; therefore, the gas velocity distribution
would be similar. The propellant burn rates were similar, and there
appears to be general agreement that propellants of similar burn
rates have similar erosive burning.*

The contractor’s pretest misprediction (Fig. 1) occurred because if
the SPP™ (Ref. 2) input file does not contain a value for 8 the erosive
burning module is bypassed even though B does not appear in the
Saderholm equations. There is another problem with the Saderholm
equation. The equation is given as

rr/ro = 1.037(M | Mgy)* (1.2 D,)%? (1)
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Table 1 Saderholm! data fit equations rr/r, = K1(M)K?

P, MPa K1 K2 My, G, kg/m’s
5.516 3.43 0.443 0.06236 365
6.895 3.88 0.481 0.05951 435
8.274 4.02 0.499 0.06147 538
10.343 4.06 0.504 0.06199 677
13.79 4.1 0.511 0.06346 924
o Tested
5 | R R N
1
L )
& Pre-test Prediction
|
Time

Fig. 1 Motor test showing unexpected erosive burning.
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Fig. 2 Correlation of Saderholm’s! data.

where Dy, is in inches. D, can become sufficiently large to reduce
the burn rate; this occurred with the motor of Fig. 1, and the constant
1.037 cannot be changed. Care should be used for predictions with
SPP (Ref. 2) with noncircular port designs if erosive burning is ex-
pected because it is a one-dimensional program and the Mach num-
ber varies with radial location in these designs. Therefore, a CFD
analysis is preferred for the ballistic analysis with erosive burning
of any propellant grain with a noncircular port. A casual perusal of
the erosive burning literature showed there was nothing very useful
to the ballistician. An extensive review of all of the literature since
Green’ led to the results presented here.

Theory

The theory to be presented is qualitative and based on the Lenoir
and Robillard® (L&R) evaluation that erosive burning is caused by
additional heat flux to the propellant. Essentially all subsequent
theoretical studies have been about the source of the additional heat
and how to calculate erosive burning. This study does not resolve
that question but does result in useful information for the ballistician.

One can write
dTr dr
=ko| — | — kool — 2
° g‘(dy), g<dY>o @

where Q, is the additional heat generated by turbulence or other
factors. Turbulence increases d7'/dy above the normal value. Razdan
and Kuo’ (R&K) explain that the turbulence increases the mixing
of fuel and oxidizer streams bringing them closer to the surface and
also increases the transport of heat to the propellant. The effect of
turbulence is to increase heat flow, which increases the burning rate.
Equation (2) leads to

Fe = Qt/lost 3)

Table 2 Heats of pyrolysis®

Ingredient Q). callg Ref. no.
AP 567 8
Polysulfide 140 9
Polyurethane 151 9
Polyester 151 —b
Polystyrene 346 10
CTPB 2084 9
PBAA 2024 9
PBAN 2024 —
HTPB 850 11

2The heat required to raise the ingredient from 25 to
300°C is included. C,, =0.395 cal/g-K was used for
all polymers.

b Assumed same as polyurethane.

¢Assumed same as PBAA.

0, of major propellant ingredients are given in Table 2. (Aluminum
poses a problem, as will be discussed.) The AP value is based on
58 kcal/gmol for the following reaction®:

NH4ClOy4(s) <> NH3(g) + HCIO4(g) 4)

The HTPB value includes the appropriate amount of dimeryl di-
isocyanate and is based on 43 kcal/gmol to break a single bond in
polybutadiene'® and assumes every fourth bond is broken.

Equation (3) explains simply why faster burning propellants ap-
pear less prone (the percentage that is erosive burning is less) to
erosive burning—a concept from early ballisticians. Consider two
similar propellants, A and B, where B burns twice as fast as A.
Under a given set of flow conditions, erosive burning of A is 20%
of the base value. Under those same conditions the erosive burn-
ing for propellant B will be about the same, but now only 10% of
the base value. Further, it will be more difficult to increase Q, for
the faster burning propellant because the reaction rate must already
be high to result in a higher burn rate, and in the analysis to follow the
turbulence will be less for the faster burning propellant because the
gas velocity will be less at the edge of the flame zone. Therefore,
the erosive burning for propellant B will be less than 10% of its base
value. This is also a partial explanation of why propellants with sim-
ilar burn rates have similar erosive behavior.* Q , and p, are similar
for most propellants. At all flow conditions Q; will be similar for
propellants of similar burn rates. The result is that the erosive be-
havior is also similar. Although there is a wide range of Q,, for the
different ingredients, AP dominates the calculation for a propellant,
and the value for different propellants is not that dissimilar.

The correlation procedure that follows started by assuming that
the turbulent intensity and the additional heat can be related by an
equation'? similar to the Lenoir-Robillard equation,®

0. = KG"® exp(—Brips/G) ®)

Razdan and Kuo,” King,'* and Beddini'* all note that in calculat-
ing Q, caused by turbulent intensity one must use the local flow
conditions. King'® and Beddini'* have presented the effect of larger
bore diameters on erosive burning, but the procedures are difficult
for a ballistician to use. The Beddini analysis was evaluated for use
in SPP (Ref. 2) and without an explanation resulted in a suggested
motor diameter effect, which will be presented later.

This analysis uses the gas velocity at the edge of the flame
zone. The flame zone thickness A, is calculated following an early
suggestion!”:

Ao = kg(Tf - Tx)/rops Qp (6)

Because erosive burning is being analyzed, one would expect rr to
be used in Eq. (6). However, rr frequently gave poorer correlations
as measured by the correlation coefficient R? than r, in the prelimi-
nary work of this paper. The range of flame zone thicknesses using r,
is about 10 to 30 w, much less than the frequently suggested value of
~100 w. A, should be considered as a representative thickness as op-
posed to an actual value. T and k,, are the values for the combustion
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products obtained from TEP™ (Ref. 16). The thermal conductivity
is lower in the flame zone than for the combustion products so that
this procedure underestimates the flame zone thickness. The poorer
correlations obtained using 77 are probably the result of calculating
a thinner flame zone. The surface temperature 7 is 300°C for all
propellants because the decomposition temperature for ammonium
perchlorate does not vary much from that value with burn rate.”
Equation (6) can be reformulated to account for the heat transfer
from radiation, but the effect on A, is small.

The gas velocity for the laboratory experiments is determined
from turbulent theory'8:

8/x = 0.16/ (Re,)? 7)

w, = 0.99U (A, /8)7 (8)

When motor tests were analyzed, the gas velocity was determined
from Culick’s'® analysis as rearranged by Dunlap et al.?° and with
U, replacing U -

u, = (/U cos [ (x/2)(1 = 1,/ R)*] ©)

This appears to explain the effect of motor size on erosive burn-
ing because as R increases u, decreases. A similar expression was
derived by Yamada et al.'? for rectangular channels,

u = (/2)U. cos[(/2)(1 — A,/ H)] (10)

This indicates the velocity will fall off more rapidly in ports designed
with slots or stars and the erosive burning will be less in these designs
than in circular ports such as used in all of the larger space launch
motors.

Correlation of Erosive Burning Data

The Razdan and Kuo* review listed 19 papers with experimental
data. A similar number have been published since their review. Most
of the papers were not useful for analysis purposes because there
is insufficient information about the propellant, the test conditions,
or erosive burning measurements. Pressure time traces from motors
that exhibited erosive burning are difficult to analyze even if all of
the information is available. The data analyzed were obtained by
digitizing the graphical presentations. There were very few tables
of data.

The analyses started with attempting to correlate King’s?' data
with the L&R® equation with G, = p,u;. Three different equations
were tried,

ta(re/G3®) = t(K) — Brrps/ G (11)
re = KG;"exp(—prrp,/ Gy) (12)

where B is varied to obtain the maximum R?, and one can also fit
both variables at the same time,

ln(re) = K1 + K> n(G)) — Brrps/ G (13)

Usually g was negative. A positive 8 could be obtained by elimi-
nating the higher velocity data, but this is not desirable. There were
some propellants that gave positive 8, but the standard errors were
greater than 100% of the value. All subsequent efforts correlated r,
with either G, or G. and used log,.

King’s review?! presented information on 11 different propel-
lants. All had HTPB binders. Three formulations were AP/73% at
three different burn rates as a result of using AP particle sizes of
5, 20, and 200 u, formulations 4685, 4525, and 5051, respectively.
The correlations are shown in Fig. 3. Formulation 5051 appears to
coincide with formulation 4525. However, because 5051 is a slower-
burning propellant, the erosive burning percent is much higher. Sim-
ilar results were found for the other formulations. The results are in
Table 3 except for the very fast-burning formulation 5555, which
had negligible erosive burning.

Table 3 Correlation of King’s?! data

Log (re) = K R?

Formulation +K>1og(G;) Cocfficient
Designation % AP Other K K> correlation
5565 82 —_— —3.606 1.1452 0.937
7993 82 —_— —2.698 0.8585 0.782
7996 82 e —3.189 1.003 0.770
8019 82 —_— —3.888 1.2178 0.845
5542 77 —_— —3.736 1.1236 0911
4869 72 2% —2.259 0.7546 0.946
_— _— FCQO3 _— _— _—
6626 74 5% Al —2.831 0.8488 0.933

Log(re)

y=09776x-3.1692| |y=0.7218x-2.7312| |y=10531x-3.4119

4685 R? = 08076 5051 R?=0.7556

4525 R?=0.8575
T

24 26 28 3 32 34
Log(G1)

@ 4525 W 4685 @ 5051

Fig. 3 Correlation of King’s*! 73% AP/27% HTPB formulations.
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Fig. 4 Correlation of Marklund and Lake’s?? data.

The results of Marklund and Lake?? (M&L) have often been cited
as refuting the Lenoir—Robillard® analysis because the measured
erosive burning was the same even though the core gas tempera-
ture was different. However, those discussions never considered the
fact that a higher temperature gas will have a lower density and
therefore a lower G. The analysis of the M&L data is presented in
Fig. 4. Propellant A is a 65% AP polyester propellant. M&L gave
Ty =1690 K. TEP™ (Ref. 16) gave 1400 K assuming 1 of the binder
was polystyrene. The gas density was corrected to the higher tem-
perature. Propellant C is a 75% AP polysulfide-epoxy propellant.
M&L gave Ty =2550 K, and TEP (Ref. 16) gave 2540 K. There
were four tests, labeled C/A, in which the core gas was propellant
C and the test specimen was propellant A. Comparing those results
to the correlation of propellant A, the average increase in r, is 22%.
This is less than the 77% increase of AT = (T; — Ty). There were
three tests, labeled A/C, in which the core gas was propellant A
and the test specimen was propellant C. Comparing these results to
the correlation of propellant C, the average decrease in r, is 34%,
which is comparable to the 44% reduction in AT. Therefore, when
the effect of specific mass flow is considered it appears that some
of the erosive burning might be caused by heat flow from the core
gas as proposed by Lenoir and Robillard.® Laboratory tests with
N, as the core gas might help in determining how much of erosive
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burning is caused by heat flux from the core gas and how much is
caused by the increase in turbulence. This is mainly of interest to
the theoreticians because the correlations with G; or G include the
effect of heat transfer from the core gas.

Strand studied erosive burning with a variety of collaborators.
Experiments with a Jet Propulsion Laboratory (JPL) version of the
reusable solid rocket motor (RSRM) propellants were done with a
Bates motor?® and with a smaller motor called the 5 x 10 (Refs. 24
and 25). The Bates motor data were tabulated. The head-end pressure
and r, were given at 1-s intervals, and for the midpoint of each
segment the U and ry were given as well. This allowed an easy
determination of ., p,, and u, [from Eq. (9)]. The correlation is
presented in Fig. 5. There appears to be a threshold effect. The
analysis of the 5 x 10 four segment test was more difficult. There
were graphs of pressure vs time at four locations and rr/r, at the
midpoint of each segment. This required determination of burn areas
and port areas vs time and resulted in the correlation in Fig. 6. The
two tests are in reasonable agreement, which can be seen if the data
are plotted on the same graph. The RSRM aft-end static pressure at
ignition is about 5.17 MPa, M ~ 0.25, and G, ~ 1460 kg/mz-s. The
effect of motor diameter can be calculated using Eq. (9) (assuming
segmentation has no effect) and is shown in Fig. 7. The RSRM with
a port diameter of about 200 cm would have an r, between 0.005 and
0.056 cm/s. There was a NASA paper about erosive burning in the
first static test motor.? However, there was insufficient information
to allow a comparison to the value presented here.

0
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Fig. 5 Correlation of Strand et al.’s?> Bates data.
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Fig. 6 Correlation of Strand and Cohen’s?* 5 x 10 data.
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Fig. 7 Prediction of erosive burning as a function of port diameter.
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Fig. 8 Comparison of Razdan and Kuo’s?® and King’s?*! results for
formulation 4525.
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Fig. 9 Comparison of Razdan and Kuo’s?® and King’s*! results for

formulation 5051.

One of the problems in analyzing the RSRM propellant was the
effect of aluminum on the calculation of Q. Although the surface
temperature used in this paper is far below the melting point of
aluminum, it is known that aluminum will melt and coalesce on the
surface.”” The heat of melting should be incorporated into Q,, but
it was not clear how this fits into Egs. (3) and (6). Therefore, the
melting heat was ignored, and only the heat necessary to raise the
aluminum to the surface temperature, 59 cal/g, was used to calculate
0,.

El“here are data on a number of propellants where insufficient
information is given to allow the calculation of G,, but one can
show a good correlation with G.. A reasonable assumption is that
if one can estimate u; a good correlation would be obtained with
G,.. Razdan and Kuo?® tested two of the same propellants that King
did. The results are given in Figs. 8 and 9. G, was used because it
was difficult to calculate G, for Razdan and Kuo’s tests. The results
are generally comparable. The nonerosive burn rate was determined
from King’s data and not the one quoted by R&K. This illustrates
that the different experimental techniques give similar results.

One of the earliest erosive burning tests was conducted by Green.’
The results were presented as rr vs the average G.. This was eas-
ily converted to log(r,) vs log(G.), as shown in Fig. 10. The burn
rate at the head-end of the motor was used as r,. The slope of the line
should be steeper because the actual r, down the grain toward the
nozzle should decrease because the static pressure decreases. The
bore was tapered toward the nozzle to try and obtain a relatively con-
stant average port area with length during the burn. A polyurethane
propellant with 74% AP matched the given T';. The propellant com-
bustion data from TEP (Ref. 16) was used to calculate G;, but the
results did not show an improvement over Fig. 9. The plot shows
evidence of a threshold at G. =176 kg/mzs and r, =0.020 cm/s.
The threshold might be caused by the melt layer on the surface of
polyurethane propellants. Thresholds will be discussed later. Green’
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Fig. 12 Correlation of JPL 131 (Ref. 29).

presents the following equation (nomenclature of this paper):
rr/ro=1+kG.[G; (14)
This is easily rearranged to
re =kr,G. /G (15)

and Green’s data shows that kr, is relatively constant so that r, is
primarily a function of G.

Lenoir and Robillard did not provide any useful experimental
data in their public report® but did in a JPL report.”’ They tested
30 interrupted burning motors and gave seven results similar to the
one in the paper. Two were star grains with insufficient geometric
information. The others were tubular grains, and the data given
were analyzed using Green’s® procedure. The results are shown
in Figs. 11-13. The JPL polyurethane, JPL 527, does not show a
threshold effect but does not go to as low a mass flow as Green’s
tests.

The French’*~3? adopted Green’s method of analysis to some
extent and plotted the erosive constant rr / r, against G.. The average
exponent from the correlations presented here is near one so that it
is not surprising a linear plot is satisfactory. Reviewing the plots in
their papers, the XLDB and NEPE propellants appear to correlate
with G, like the composite propellants.
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Fig. 13 Correlation of JPL 527 (Ref. 29).
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Fig. 15 Correlation of Saderholm’s! data.

G, is proportional to Mach number times chamber pressure, and
plots of log(r,) vs log(MP) are useful when the propellant informa-
tion is not available because the slope is obtained. Kamath et al.3
measured erosive burning of a double-base propellant (Fig. 14). The
Saderholm! data are also correlated with MP (Fig. 15) and better
illustrates an apparent threshold effect than the equations of Table 1.

Boundary-Layer Velocities

While correlating Strand’s Bates data, it was noticed that the
velocities from Eq. (9) were much lower than those from Eq. (8),
yet the erosive behavior of the propellants was similar. A comparison
of Strand’s Bates data and King’s 4525 data using the core gas flow
shows they give similar erosive burning at these conditions, as shown
in Fig. 16. Because King used a strip of propellant, it was thought
this might behave more like a motor. However, M&L propellant A
gives a similar comparison, as shown in Fig. 16. All of the laboratory
experimental results correlated well with G.. However, this is not
useful for investigating scaling. Because the erosion rates are similar
under similar core environments, the local velocities, actually G;,
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Fig. 16 Comparison of Strand’s Bates, King’s 4525, and M&L’s pro-
pellant A data at core flow conditions.
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Fig. 17 Velocity profiles.

must also be similar. Further, because there is general agreement that
erosive burning is caused by increased turbulence near the flame
zone, and large motors have less erosive burning, the turbulence
at the flame zone must be less in large motors. Thus, the criteria
for the boundary-layer velocity profile are that it must give similar
results for the laboratory experiments and comparable motors and
the velocity must decrease significantly between small and large
motors. This led to an examination of the various velocity profile
“laws” that might apply.

Gas velocity vs distance from the wall is shown for different laws
in Fig. 17. The conditions shown can apply to either the labora-
tory experiments or to a motor. The upper curve is from turbulent
boundary-layer growth [Eq. (8)]. The bottom curve is from Culick’s
analysis [Eq. (9)]. Equation (9) is probably only accurate outside
the turbulent zone.

The major problem with the use of Eq. (9) is that it gives very
low velocities in the combustion zone that are much lower than the
ones calculated for the laboratory experiments using Eq. (8). Each of
the velocity profile equations can be evaluated for its application to
scaling. Using King’s 4525 as an example, one calculates A, =7.4 i1
from Eq. (6) and u; = 118 m/s from Eq. (8). If the dimensions are
increased by a factor of 100, approximately shuttle size, A, is the
same, but u; only decreases to 67 m/s, and the erosion rate would
still be substantial. Assuming fully developed turbulent flow as in a
pipe, the effect of motor diameter on the velocity distribution was
calculated. The distribution is the same with blowing as without.*
There is one problem with this concept. The equations have a term
Ty, the shear stress at the wall. Because this should be near zero
for blowing, it is not clear how the same equation can apply to
blowing and nonblowing boundary layers. Neglecting this problem,
the velocity profile calculated for the laboratory tests with a pipe
flow analysis of fully developed turbulent flow, u* = 9.66 m/s, agrees
with that from a developing turbulent boundary layer. Increasing the
motor diameter from 2 to 200 cm will decrease u; by about 50%.
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Fig. 18 Correlation of Strand’s Bates data using Van Driest’s velocity.

This will only decrease r, by about 50%. A decrease of about 90%
is needed to agree with large motor observations.*> One can also
apply the velocity defect®® law and obtain similar results.

It appears that the difficulty in explaining the low erosive burning
rates in large motors is caused by concentrating on the turbulent
layer although the combustion zone lies entirely within the lami-
nar sublayer. The analysis of Van Driest*”-3® resolves the problem.
Velocity profiles were calculated for the developing laminar layer
along a flat plate in compressible flow. The following equation at
low Mach numbers is appropriate for the linear portion of the curve,
which applies to the current problem:

u;, = 0.3U,/(U/v/x) (16)

This is identical to the Blasius analysis for incompressible flow.?” If
one applies Eq. (16) to Strand’s Bates data and assumes the bound-
ary layer starts at the front of the fourth segment, u; =43.6 m/s
(A, =24 ). This analysis applied to the shuttle aft segment gives
u; =8.4 m/s. Comparable numbers from Eq. (9) are 1.2 and
0.07 m/s. The large reduction in velocity explains the lower ero-
sive burning of the shuttle and other large motors. Using Eq. (16)
instead of Eq. (8) in correlating Strand’s data improved the transition
from threshold to turbulent values (Fig. 18). The correlation coef-
ficient increased slightly for the Bates data and decreased slightly
for the 5 x 10 data. It was assumed the boundary layer started at
the front of a segment for both cases. Starting the boundary layer at
the front of the motor resulted in poorer correlations for both sets
of data. Some of the laboratory data did not correlate well using the
Van Driest velocity profile. This might be the result of the curved en-
trance section in the apparatus. It is clear that a better understanding
of the boundary-layer velocity profile is necessary to better under-
stand erosive burning and a scaling method. The important result
of the correlations presented is to show that r, correlates with G;.
Correlations of r, with G, were quite good and indicate that a corre-
lation with Gj is highly likely but are not useful for scaling or grain
design.

Threshold Effect

Strand presented several papers on a threshold Reynolds number,
the latest being Ref. 25. Beddini* also considered the subject. There
are only three examples of a threshold effect in the data discussed
here: the results of Green (Fig. 10); Strand (Fig. 5); and Saderholm
(Table 1 and Fig. 15). The Green and Strand results are comparable
with Gy, (core) & 176 and 141 kg/m?s, respectively. The respective
re are 0.02 and 0.04 cm/s. The Saderholm G’s are all much higher.
The only other specific mass flows comparable to the Green and
Strand data are a few of Marklund and Lake’s tests. These do not
show any threshold effect. There does not appear to be a gas density
influence in the data suggesting a threshold effect; note Green’s data
(Fig. 10), and the relatively constant M, of Saderholm (Table 1).
The likely cause is that the boundary-layer axial velocities are very
low at the front of a motor (see the correlation in Fig. 18), even
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Table 4 Motor size effect on r, using different
scaling methods

Port e, CI/S
diam., cm Dh_o'2 f(Dp) G,
1.27 0.498 0.498 0.498
2.54 0.450 0.465 0.249
12.7 0.335 0.330 0.051
254 0.312 0.178 0.025
50.8 0.279 0.071 0.013
127 0.239 0.013 0.005
1.5
y=-0.2478x + 0.9216
*
1 *
0.5 s ¢ 3
L =20cm, P =6.895MPa, M =03 ¢
0 T T
0 0.5 1 1.5
70 @6.895 MPa

Fig. 19 Correlation of erosive behavior of different propellants.

though the Reynolds number far exceeds the transition value. The
cause of the apparent threshold in the Saderholm data is not presently
explainable. From an engineering viewpoint a threshold effect has
a negligible influence on pressure prediction because it only affects
a small fraction of the burning area.

Scaling

The L&R analysis is of interest because there have been a num-
ber of papers that correlated data based on using the L-R equation,®
and it has the only theoretical scaling parameter. Also, one of the
few highly aluminized propellant erosive burning data is that of
Lawrence et al.,*® who correlated his results using that equation.
Unfortunately, Lawrence only presents the final equation and not
the original data, but he does give the nonerosive propellant proper-
ties. One of the propellants appears to be the Titan IIIC SRM pro-
pellant. At ignition the aft-end static pressure of that motor is about
5.17 MPa and M = 0.3. Lawrence gives the following information:
r,=1.02 cm/s at 6.895 MPa, n=0.30, @ =6.13 cm*%k,*¥s702,
and g =70, with initial bore diameter = 1.27 cm.

Lawrence modified the original L&R equation by replacing length
with diameter. The equation is

re = aG D, "% exp(—prip,/Go) (17

Assuming Lawrence used rr in correlating the data, one can deter-
mine that at Titan IIIC SRM aft-end conditions Lawrence obtained
r. =0.498 cm/s. One can now calculate the effect of motor size on
r. using three different methods, as shown in Table 4.

The first column uses Eq. (17) as written. The second column
substitutes f (D) as a suggested equation? to correct for motor size
effect because the use of Dh_o'2 overestimates erosive burning as mo-
tor size increases. The correct equation, which should be substituted
for D, 0‘2, is

f(Dy) = 0.57°2{0.90 4 0.189D,[1 4 0.043D, (1 + 0.023D;)]} "
(18)

The third column calculates G; using Eq. (9) and assumes r, varies
linearly with G, because the average slope of all of the corre-
lations (excluding the high value in Fig. 14) is 0.999. Although
Eq. (9) underestimates u;,, it appears to give satisfactory scaling al-
though perhaps somewhat optimistic. Applying Van Driest’s equa-
tion, Eq. (16), is difficult because scaling a Titan segment to a

1.27-cm bore diameter results in a grain length of about 4 cm, and the
grain length was not given. The third column shows a faster decrease
with port diameter than f(D),). The static pressure decrease in the
SRM is about 12%, and so an erosion rate of 0.035 cm/s is necessary
for the front and aft ends to have the same burning rate. It would
be relatively simple to test these predictions using Bates motors and
varying the initial port diameter because tests with port diameters
from 1.27 to 25.4 cm would be sufficient. These results would also
be useful in evaluating the flame zone thickness calculation.

Motor Design Application

Solid-propellant motor manufacturers have proprietary grain de-
sign and ballistic programs and can easily adapt the equations pre-
sented here to accommodate erosive burning. Equations such as
those that produced Fig. 17 are easily developed, and algorithms
to determine constants as a function of pressure and channel di-
mensions can be obtained simply. Even though Eq. (9) results in an
incorrect velocity, the technique appears to give approximately the
correct scaling for r, as a function of port diameter.

SPP (Ref. 2) has another erosive burning equation (z and Uy, are
input values):

re=ro[(Ue/Un)* — 1] (19)
This is easily rewritten:
rr/ro = (Ue/Un)® (20)
Using a correlation for formulation 4525,
rr/ro =0.527G” 1)
Select the expected pressure to determine the gas density, and u; / U..,
rr/ro = 0.527p%% (u, ) U) P U (22)
At Uy, rr/r,=1, and
I/U&’f(’g _ 0.527,02,309(”1/[]()0.309 (23)

Equation (23) can be solved for Uy, for use in Eq. (19).

Using the same data that were used in the CFD analysis,
Uy, =2691 in./s (68.35 m/s), z = 0.499 overpredicted the peak pres-
sure of Fig. 1 by 7%. Increasing Uy, to 3000 in./s (76.20 m/s) gave
an almost perfect fit. This is useful to evaluate design options.

The laboratory correlations presented in this paper were used
to calculate r, at constant conditions (P =6.985 MPa, L =20 cm,
M =0.3) and plotted against the base burn rate (see Fig. 19). This
plot supports the original suggestion that r, should decrease as r,
increases. It also supports the generalization that at similar flow
conditions 7, will be similar for many propellants. This correlation
should be useful for estimating the erosive burning of new formu-
lations.

Conclusions

A qualitative theory has been introduced, which explains the fol-
lowing: 1) that faster burning rate propellants appear less prone to
erosive burning because the erosive burning is the same but the base
burn rate has increased; 2) that the erosive burning rate decreases
as the base burn rate increases because the turbulence will be less
at the flame zone and it is more difficult to increase the heat flux of
a faster burning propellant; 3) that propellants with similar burning
rates have similar erosive behavior because the erosive burning rate
is primarily dependent upon the flow conditions; and 4) that erosive
burning is lower in larger motors because the gas velocities causing
turbulence are lower at the flame zone. The last statement is sup-
ported by Van Driest’s>® prediction of the gas velocities in a laminar
boundary developing on a flat plate with compressible flow. The gas
velocities determined from Culick’s' analysis and used for scaling
are shown to be too low, but the procedure is still applicable for
scaling. It is shown that the published erosive burning data can be
correlated in the form r, = K;GX2. This provides useful equations
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for the ballistician. Because the average value of K2=1, it is not
surprising that linear plots of r,, or rr/r,, vs G. are found in the
literature. The threshold effect is examined, and it is suggested that
it occurs because the velocities in the boundary layer are still very
low at the head-end of the motor even though the calculated Re, far
exceeds the usual transition value. A procedure for using the infor-
mation presented is suggested for solid-propellant manufacturers
and for those with less sophisticated programs like SPP (Ref. 2).
To better understand erosive burning and to develop a viable scal-
ing methodology, a better understanding of the velocity profile in
the boundary layer in motors and in the laboratory experiments is
necessary.
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