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Erosive Burning in Solid Propellant Motors

J. C. Godon,* J. Duterque,* and G. Lengellet
Office National d'Etudes et de Recherches Aerospatiales, BP72, F-92322 Chdtillon, France

The erosive burning of ammonium perchlorate (AP) inert binder propellents is considered both experimentally
and from the modeling viewpoint. The full modelization, developed earlier, is applied for various scales and
reveals a pronounced scale effect. From these numerical results and preceeding others, a correlation law is thus
extracted which gives an estimate of the wall shear stress with strong injection. This is the root of the concise
model, in which a local one-dimensional description of the wall zone (including the combustion flame) is fed
with the sole knowledge of the mean specific mass flow rate in the channel above the propellant. It shows that
the propellant normal burning rate is the main parameter which influences the erosive burning response.
Furthermore, this normal burning rate has a direct influence on the threshold for erosive burning. From this
simple concise model, the influence of the scale upon the threshold is included in a universal correlation with
appropriate nondimensional parameters, as found previously with complex turbulent flow computations.

Nomenclature
A = channel cross-sectional area
C = channel wetted perimeter
Cf = skin friction coefficient with injection
Cf0 = skin friction coefficient without injection
cpg = heat capacity
D = diameter
Dh = hydraulic diameter
/ = damping coefficient
h = specific enthalpy
h = stagnation enthalpy
Jh = diffusional flux of enthalpy
K = mixing length constant
k = proportionality constant in the flame height

criterion
L = grain length
Lm = mixing length
M = total mass flow rate
mp = pyrolysis specific mass flow rate
P = pressure
Pr = Prandtl number
Qf - energy release in the flame
Qp = heat of pyrolysis
rp = propellant burning rate
Sc = Schmidt number
T = temperature
u - velocity in the longitudinal direction
v = velocity normal to the surface
x = streamwise coordinate
v = coordinate normal to the surface
d = viscous layer thickness
JJL = dynamic viscosity
p = specific mass
r = shear stress

Subscripts
f = relating to the flame
fad = for the adiabatic flame temperature
lam = laminar component
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lim = at the end of the summation
p = relating to the propellant surface
tur = turbulent component

I. Introduction

T HE curve giving the burning rate of a solid propellant,
with respect to the pressure, is the main entry to compute

the operating of a motor. For AP-based propellants, the burn-
ing rate level and the pressure exponent are set by the oxidizer
particule size, total mass fraction, and additives to meet the
needs of a project. But in some motors, it can be observed
that the burning rate, connected with the choice of the pro-
pellant, escapes from its normal law. The so-called erosive
burning is generally characterized by a sometimes very im-
portant enhancement of the burning rate in parts of the grain
where the combustion surface is exposed to high specific mass
flow rates. The work presented here was carried out for sev-
eral years and aims at modeling the phenomenon to easily
predict, by taking into account the specific propellant and
grain geometry, its occurrence and impact.

II. Previous Erosive Burning Modeling
In recent years several works have dealt with the modeling

of erosive burning. Renie and Osborn1 associate an approx-
imate turbulent boundary-layer approach and a detailed de-
scription of composite propellant flames. King2'3 retains a
fairly approximate empirically-based turbulent flow descrip-
tion with a detailed modeling of diffusion flames for composite
propellants, as well as premixed flames for homogeneous pro-
pellants. Kuo4'5 performs a detailed numerical calculation of
a turbulent (with a kinetic energy-dissipation rate model) shear
flow, coupled to a premixed flame. Beddini6 stresses the shear
flow turbulent modeling, coupled to a premixed single-step
flame description.

The approach that was developed here is similar in spirit
to the above-mentioned works, retaining the idea proposed
earlier7 of erosive burning being due to the penetration of the
flow turbulence within the flame height. It keeps the same
degree of sophistication in both the flow and the propellant
flame modeling. A numerical turbulent flow description was
performed with the Spalding-Patankar method, and the zone
close to the surface (of the order of 100 //,), which contains
the propellant diffusion flame, was described with the Couette
approximations.8 The first results were favorably confronted
with experimental measurements.

III. Wall Zone Description
In most motors, the propellant surface delineates a channel

in which the combustion products are flowing. The flame zone
806
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(a few tens of microns above the solid surface) is very small
compared to the channel size, and is generally contained in
the laminar sublayer so that the propellant burns according
to its normal burning rate law. When the velocity gradients
become more important, the flow turbulence penetrates within
the flame height and creates an enhancement of the transport
coefficients and of the heat flux coming back to the surface,
with a consequent increase in the propellant burning rate.

A simple one-dimensional description of the wall zone,
which contains the propellant flame, suffices to evaluate the
burning rate under erosive regime. The Couette equations

= PPrp = f>(y)v(y)

dP
= r(y) - rp - y —

(1)

(2)

mph(y) = mphp - [Jh(y} - JHO] + u ( y ) r ( y ) (3)

taking into account that u is of the order of v, and that the
longitudinal gradients are negligible with respect to the trans-
verse ones, are solved from the surface with the Runge-Kutta-
Gill method. The velocity profile is obtained from the mo-
mentum conservation equation [Eq. (2)], knowing the wall
shear stress rp. The energy conservation equation [Eq. (3)]
determines the temperature profile between the surface and
downstream of the flame by iterations on mp. To evaluate
the viscous shear stress

= Ola
, du

Mtur) ~ (4)

the mixing length approach was adopted for the turbulent
viscosity:

(5)

In the internal zone of the viscous layer, the mixing length is
proportional to the height y above the surface

Lm(y) = Kf(y)y

with K = 0.4 and a damping coefficient

f ( y ) = 1 - exp[-(jV«)(T/Tp)«]

where

a =

(6)

(7)

(8)

and the value of n is adjusted to 0.7 in order to match ex-
perimental results for very strong injection rates (Fig. 7 of
Ref. 8). In the external zone, the mixing length is bounded
by a value proportional to 8 (i.e., often the half-height of the
channel):

Lm = 0.095 (9)

The temperature profile is obtained from Eq. (3) with the
specific enthalpy

h(y) =

and the diffusional flux of enthalpy

cPg[T(y) - Tp] (10)

MturOOl £^

*«* J *y (11)

which uses laminar and turbulent values of the Prandtl num-
ber. The term Jh0 in Eq. (3) is the wall heat flux

JHO = JHP = ~rhpQp

between the surface and flame, and becomes

(12)

(13)

beyond the flame. The flame height criterion allows one to
locate the point where the energy Qf is liberated by the com-
bustion. For a gaseous species diffusion process, it is obtained8

= 2k ?'
JO

(14)

with D0 associated to the AP particle size, and k a propor-
tionality coefficient related to the propellant. With the knowl-
edge of the propellant normal burning rate and its adiabatic
flame temperature Tfad, the summations of Eqs. (3) and (14),
under normal burning conditions (u = 0) and with laminar
transfer parameters, yields the value of k.

In the presence of a flow, the parallel summation of the
velocity and temperature profiles [Eqs. (2) and (3) coupled
with Eq. (14)] , is carried out, taking into account the turbulent
transfer parameters, and is stopped at a height ylim above the
surface (about 100 ju), large enough to contain the flame zone,
but sufficiently small to remain within the Couette hypothesis.
A proper value of rp gives a good description of the viscous
turbulent flow developed above the strongly injecting pro-
pellant surface, and the erosive mass flow rate mp allows
matching of the combustion products enthalpy. In order to
have a self-contained model, only the knowledge of the wall
shear stress value with strong blowing is required, but here
is the main difficulty of the modelization.

IV. Full Modelization and the Concise Model
The first step8 was to couple the one-dimensional wall zone

description with a full turbulent two-dimensional description
of the whole flow in which the Navier-Stokes equations, sim-
plified with the shear flow approximations, were solved with
the Patankar and Spalding method. In the wall zone, the
iteration on the values of TP and Jhp, directly related to mp
in Eq. (12), is carried until the velocity and temperature pro-
files match those of the full description (Fig. 1). The erosive
burning rate is then immediately obtained from Eq. (12).

As an example of the performed applications, the full
modelization was used to study the motor scale effect on
erosive burning and at the same time to produce shear stress
values for a large domain of flow Reynolds numbers. The
computation takes into account three motor scales: 1) Sl/1,
2) SI/10, and 3) SI/100 in a simple geometry, i.e., an axisym-
metric grain with L and a port D (Fig. 2). In a first approx-

Values of U and T atylim
from the two-dimensional
turbulent description

Simultaneous
iterations on:

TEMPERATURE'

Fig. 1 Full modelization: coupling of the wall zone description with
a two-dimensional viscous flow description.
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2.0
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AP/CTPB/A1 Propellant: P = 5.7MPa
—————————————*—————— • _ 1 A n i_L

.
mp= 14.7 kg/m2-s

p = 9.3x10-5kg/m-s

3 Scales taken into account:
- Motor Sl/1 : L = 31.5 m ReD(L) = 2xl07

D= 1.40m
-MotorSI/10 : L = 3.15m ReD(L) = 2xl06

D = 0.14m
-Motor SI/100: L = 0.315m ReD(L) = 2xlO-

D = 0.014m

for the 3 scales: pu(L) = 1300kg/m2-s

Fig. 2 Data for scale effect computations in axisymmetrical motors.
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T profiles

Fig. 3 Scale effect on the flame zone.

imation, the pressure gradient can be neglected and, for a
given normal burning rate, mp remains constant on the whole
combustion surface. At the end of the grain, the mean specific
mass flow rate

= [7rDLmp/(irD2/4)] = (4Lmp/D) (15)

is independent of the motor scale, whereas the flow Reynolds
number at L

o.o

SI/100

0 500 1000 1500
SPECIFIC MASS FLOW RATE (kg/m2-s)

Fig. 4 Computed scale effect on the erosive behavior in axisym-
metrical motors.
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Frictional resistance in a smooth pipe v

Curve (1) after Hagen-Poiseuille for laminar flow
Curve (2) after Blasius for turbulent flow
Curve (3) after Prandtl for turbulent flow

Fig. 5 Experimental skin friction coefficients in a pipe without in-
jection and empirical laws.

kg/m2-s. In the small geometry, the erosive threshold is close
to 700 kg/m2-s; at the motor exit, the burning rate increase is
about 50% for a slightly higher mass flow rate (1450 kg/m2-s).

Experimental results for frictional resistance in smooth pipes
are numerous and give empirical formulas valid in a large
Reynolds number domain.9 The values for C/0, obtained for
a flow computed without blowing in our three scales, are in
accordance with these data for the two smaller geometries
(Fig. 5) and for the large scale in the continuation of the
Prandtl's universal law

= 4 (17)

which will be used in the concise model with a flow Reynolds
number ReD at the considered axial location, and referred to
the hydraulic diameter

ReD(L) = (16) Dh = 4(A/C) (18)

is proportional to the grain size. The three detailed profiles
(Fig. 3) predict that, for the Sl/1 scale (solid booster), the
velocity profile is blown away from the flame zone by the
injection and there is no modification of the temperature
profile. Then the propellant normal burning rate is preserved.
On the contrary, for the SI/100 scale (slab motor), the velocity
profile strongly penetrates the flame zone. The high turbu-
lence level between surface and flame creates erosive burning
conditions. It is then seen here that the same propellant has
a different erosive behavior according to the motor scale (Fig.
4). The pressure, and therefore, the normal burning rate,
are quite the same along the three grain geometries (P =
5.9-5.4 MPa). The computed results show that the propel-
lant keeps a normal burning rate up to the end of the large
grain where the mean specific mass flow rate is about 1300

The full modelization was used in many configurations to
describe the viscous turbulent flow developed above an in-
jecting propellant surface and to determine the wall shear
stress

(19)

in various geometries, in a large range of flow Reynolds num-
bers, injection rates, and pressure gradients. The computed
values of Cf are presented in Fig. 6 as a function of "CfQ and
of the injection ratio, defined as

B = (*ipl\Cfpu) (20)



GODON, DUTERQUE, AND LENGELLE: EROSIVE BURNING IN SOLID PROPELLANT MOTORS 809

- Correlation law
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log10B

Fig. 6 Correlation of the full modelization for the wall shear stress
results in a pipe with injection.

Value of Tatylim
from Eq. 23

TEMPERATURE

Fig. 7 Concise model: coupling of the wall zone description with a
one-dimensional nonviscous flow description.

10 being a complete review of this author's work). However,
the skin friction coefficient correlation [Eq. (21)] is believed
to be of better quality, after being obtained from full nu-
merical computations which match the experimental results
for strong injection rates.8

V. Experimental and Concise Model Results for
Erosive Burning Phenomenon

A part of the propellant erosive behavior (the relative en-
hancement of its burning rate with the specific mass flow rate)
is experimentally obtained in the separated generator/sample
device.8 The more numerous tests are related to 80% AP—
20% carboxyterminated polybutadiene (CTPB) propellants.
Changes in pressure level, AP particle size, or additives use
allow modulation of the burning rate from 9.9 to 30 mm/s.
These experimental results (Fig. 8) clearly show the gradual
influence of the normal burning rate on the erosive behavior;
the faster the propellant, the lower the slope and level of
erosion, and the higher the threshold.

The application of the concise model to an 80% AP—20%
CTPB propellant uses the parameter values of Table 1. The
pressure, which by itself has no true impact,, is set at 7 MPa;
the channel size, which has only small variations during the
test, is set at 5 mm to eliminate the time dependence. The
normal burning rate is the only parameter that was varied in
the computations to obtain the erosive behaviors (Figs. 9 and
10) which are in overall proper agreement with the above-
mentioned experimental results.

The same curves are presented in Fig. 11 for a larger range
of theoretical normal burning rate values (2-30 mm/s). This
plot combines the effect of the two most important parameters

in accordance with the usual form.7 To correlate these nu-
merical results, the curve

(Cf/Cf0) = - exp(-0.05B)]}

B)IB] (21)

is adjusted with a = 0.5. Thus obtained from the full
modelization (which is too cumbersome for use in predicting
a motor performance), this correlation law is the root of the
concise model, which avoids the turbulent description of the
whole flow.

Only the mean characteristic values of the main flow (as
obtained from a one-dimensional computation) are now needed
to evaluate the erosive burning. The pressure gradient in Eq.
(2) is then

dP
dx

Mu
A

——} — — 1
CPT)M&C\

1 + Mu
AP

(22)

with M denoting the total mass flow rate in the channel. The
initial value of mp determines the wall values Jhp [Eq. (12)]
and rp [Eqs. (16-21)]. The simultaneous summation of the u
and Tprofiles [Eqs. (2) and (3)] is carried out from the surface
to a distance vlim containing the propellant flame. The itera-
tion on the mp value is repeated as many times as necessary
to verify for y = yum:

= cpTfad - u(ylim)2/2 (23)

This simplified process (Fig. 7) constitutes the fastest tool to
locally evaluate the propellant burning rate from a nonviscous
flow description inside a complex grain geometry. It should
be noted that this approach is similar to that of King3'10 (Ref.

2.0

1.0

0.5
1000 2000 3000 4000

SPECIFIC MASS FLOW RATE (kg/m2-s)
5000

1: S.OMPa, 9.9mm/s
2: 6.0MPa, 10.6mm/s
3: ll.OMPa, 14.8ram/s
4: 14.5MPa, 16.3mm/s

5: 6.5MPa, 17.2mra/s
6: 6.0MPa, 26.3mm/s
7: 13.5MPa, 30.0mm/s

Fig. 8 Set of experimental results on the separated generator-sample
device for AP/CTPB(/AI) propellants.

Table 1 Parameter's values for an 80% AP—20%
CTPB propellant

~pp = 1590 kg/m3

Tfad - 2313 K
Tp - 1200 K (average temperature between binder surface and

AP premixed flame)
Qf = -2.8 x 106J/kg
Qp = 0.69 x 106 J/kg
cpg = 1900J/kg-K
Wmoi = 28.8 to 21.9 kg/kmole (from combustion surface to flame

and main flow)
ju,lam = 3.13 x 10-7T07 kg/m-s
^iam = 0.74-0.50 (from combustion surface to flame and main flow)
Sclam = 0.98
Prtur = 0.9
Sctur = 0.8
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0 1000 2000 3000 4000 5000
SPECIFIC MASS FLOW RATE (kg/m2-s)

—————— Computed curves
CD S.OMPa, 9.9mm/s (D 6.5MPa, 17.2mm/s

6.0MPa, 10.6mm/s
) ll.OMPa, 14.8mm/s

6.0MPa, 26.3mm/s

Fig. 9 Computed erosive behaviors and experimental results for
AP/CTPB propellants.
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0.5
0 1000 2000 3000 4000 5000

SPECIFIC MASS FLOW RATE (kg/m2-s)

——————- Computed curves
@ 14.5MPa, 163mm/s.
(2) 13.5MPa, 30.0mm/s.

Fig. 10 Computed erosive behaviors and experimental results for
AP/CTPB/A1 propellants.

(specific mass crossflow rate and normal burning rate), and
displays the main characteristics of the erosive phenomenon.
The higher the burning rate, the closer to the surface is the
flame and the lower the sensitivity is to the flow turbulence.
The higher the specific mass flow rate, the more intense is
the turbulence and the more pronounced is the erosive effect.
King10 has found the same tendencies both experimentally
and from computation.

The erosive threshold concept which governs the phenom-
enon occurrence is a major concern to motor designers. In
the model, a zone comprised between the 1-5% erosion level
is defined to represent an erosive burning threshold experi-
mentally detectable (Fig. 12). For low channel widths, nu-
merous experimental setups or laboratory motors have been
investigated under erosive conditions, particularly in this work
(slab motors, axisymmetrical nozzleless motor, generator/
sample setup). Although they are obtained under various ge-
ometry configurations (but with close channel sizes) and for
different AP composite propellants (and even specific mix-
tures for extingiiishable motor studies), the results display a
clear correlation between erosive mass flow rate threshold
and propellant normal burning rate (Fig. 13). The erosive
threshold zone determined from the concise model is in good
agreement with the above experimental observations.

The model is then applied to axisymmetric motors with
theoretical radii of 5, 50, and 500 mm. The erosive domain
determined by the normal burning rate, as on Fig. 13, is

1000 2000 3000 4000 5000

SPECIFIC MASS FLOW RATE (kg/m2-s)

—————— Computed curves
(Pressure = 7MPa, Channel Height = 5mm)

Fig. 11 Computed erosive behavior as a function of normal burning
rate for AP/CTPB propellants.

1000

SPECIFIC MASS FLOW RATE (kg/m2-s)

2000

————— Computed curves
(Pressure = 7MPa, Channel Height = 5mm)

Fig. 12 Erosive mass flow rate threshold for AP/CTPB propellants
as defined in the model.
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•B Marklund-Lake Generator/sample set-up

—— Erosive threshold from model

Fig. 13 Erosive mass flow rate threshold as from the concise model
and various small scale experiments.
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®R=500mm @R=50mm ®R=5mm
Fig. 14 Scale effect on the erosive mass flow rate threshold for
AP/CTPB propellants.
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in axisymmetrical motors.

Fig. 15 Erosive threshold (2% erosion level) from the concise model,
including scale effect for AP/CTPB propellants.

strongly modified by the channel size, thus revealing an im-
portant scale effect (Fig. 14). However, with a proper choice
of nondimensional parameters,6 i.e., flow Reynolds number
and injection Reynolds number defined in the model as [it
should be noted that in the present work these numbers are
defined with mean pw, as opposed to pu centerline in Ref. 6,
and with p(Tp) at Tp = 1200 K]

Re ~R€ ~

Rei =

this scale effect collapses into a single curve (Fig. 15).

It should be observed that the concise model contains the
idea that the viscous layers have evolved into fully developed
flow in that part of the motor where erosive burning might
occur. In particular, the reference (without injection) skin
friction coefficient is that obtained for turbulent pipe flow
(Fig. 5). The fact that the correlation based on diameter (and
not on streamwise coordinate) reduces the results to a single
curve on Fig. 15, as well as in the case of Beddini's results,6
strengthens this viewpoint.

VI. Conclusion
The concise model, based on a correlation of the wall shear

stress with strong blowing effects, uses average values for the
flow and gives a possibility for a rapid local estimate of erosive
burning levels within the scope of a nonviscous computation
for a complex geometry grain.

In agreement with experimental observations, the model
shows that the propellant erosive behavior depends mainly
upon its normal burning rate. A direct influence of this normal
burning rate upon the mass flow rate threshold for erosive
burning is found. Furthermore, a strong influence of the mo-
tor scale is predicted, which however, can be incorporated
into proper nondimensional parameters.
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