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Aerothermochemical Analysis of Erosive Burning in a
Laboratory Solid-Rocket Motor

Robert A. Beddini*
Aeronautical Research Associates of Princeton, Inc., Princeton, N.J.

An analysis of steady-state combustion and flow phenomena in a two-dimensional, laboratory-type solid-
propellant motor is presented with emphasis on the condition of erosive burning. The problem is treated as a
confined, reacting turbulent shear-flow using a second-order turbulence closure model. Low Reynolds number
and propellant surface roughness effects are accounted for. Comparison of calculated results with cold flow
experimental data confirms that development of the mean velocity profile is initially well described by laminar,
4'inviscid" theory. However, due to the rapid development of turbulence within the simulated grain-port,
transition to a turbulent velocity profile is predicted to occur at center port Reynolds numbers greater than those
obtained in the considered experiments. Transition of the velocity profile is theoretically found to occur prior to
the onset of erosive burning in real motor environments. Comparisons of calculated results with measured static
pressure distributions have been made for a composite-propellant "slab" motor. Good agreement with static
pressure data is obtained for propellant roughness heights which are approximately 10 % of the larger AP crystal
diameters, with surface roughness significantly affecting erosive burning. Theoretical comparison with the
Lenoir-Robillard model also indicates that the present model predicts a much more rapid decrease in erosive
burning as the port hydraulic radius is increased.

Nomenclature
A = Arrhenius pre-exponential coefficient
a, b = turbulence modeling parameters (3.25,0.125)
Bg = effective reaction rate coefficient
cp = specific heat at constant pressure
CT = specific heat of propellant
D = overall diffusion coefficient
gtn = metric tensor, dx(/dxm
h = specific sensible enthalpy, cp T
h°a = heat of formation at 0 K
H = total enthalpy, H=h + uiui/2
k - thermal conductivity
ks = equivalent sand roughness height
L°s = heat of decomposition at 0 K
ms = surface mass flux
n = normal burning rate pressure exponent
/iy = surface normal vector
p = static pressure
p* = reference pressure, 6.9 x 107 dyne/cm2 (1000 psi)
q = rms intensity, (u'lu',) 1/2

r = regression (burning) rate, mslpr
rn = normal (nonerosive) regression rate
R = gas constant per unit mole
Rec = Reynolds number, pcucd/jic
Res = Reynolds number, ps vs d/ jns
t =time
T - static temperature
TA = activation temperature (energy/R)
Tt = interior propellant temperature
Uj = velocity vector [u,v,w]
Wa = molecular weight of species a
X: = coordinate vector {x,y, z}
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Ya = mass fraction
/? = temperature exponent of reaction pre-exponential

coefficient
d = half-height of port
Ahg = heat of reaction per unit mass
A = turbulent macrolength scale
\L = viscosity
o> = specific reaction source term
p = density
$ = concentration (pressure) exponent in reaction rate

Superscripts
O = time average of variable
( ) ' = turbulent fluctuating value of variable

Subscripts
c = centerline
e = reaction end state
g = gas phase
h = condition at port head end
s = condition at surface
a = index for chemical species
TT = denotes propellant solid phase
( , ) = differentiation
* = reaction initial state

Introduction

CONTEMPORARY solid-propellant rocket motors often
utilize a central port—the "grain port "—through which

the combustion gases flow. An assumption which is almost
universally used in analyses of motor performance is that the
flow properties within the grain port may be represented by
their bulk averages over a cross section. This assumption is
practical and adequate providing closure relationships are
available for describing inherently multidimensional
processes occurring near the port surface (e.g., combustion
and viscous friction). The closure process becomes more
formidable when propellant combustion locally interacts with
the fluid dynamics. One such interaction effect, which can
lead to a substantial increase in the mean propellant burning
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rate under high port velocity conditions, is termed erosive
burning.

Reviews of erosive burning theoretical treatments and
experimental investigations may be found in Williams et al.,l

Kuo and Razdan,2 and in the analysis of Mukunda,3 King,4

Beddini,5 and Razdan and Kuo.6 These analyses all assume
that the flow within the grain port of a solid-rocket motor is
of classical boundary-layer type. Specifically, velocity profile
solutions for a turbulent boundary layer are developed (with
various levels of analytic and empirical approximation)
subject to matching to a uniform "core" flow which is
assumed to exist within the central region of the port. The
gradient of the velocity profile enters into the specification of
turbulent diffusivity in the propellant flame zone, which in
turn governs the magnitude and scaling of erosive burning.

To experimentally simulate the flowfield in the grain port
of actual rocket motors, Dunlap et al.7 and Yamada et al.8

have investigated the flow in a porous tube and channel,
respectively, with transpiration through the side wall. The
Reynolds numbers (based on transpiration velocity and
characteristic diameter) of these experiments were within the
range associated with typical rocket motors. Based on the
experimental results, both of these investigations concluded
that the mean velocity profiles in actual rocket motors
corresponded with self-similar solutions to the laminar
Navier-Stokes equations in the inviscid limit. No evidence of a
uniform core flow region was found, since the mean velocity
profiles were similar in some respects to those in laminar pipe
or channel flow. In addition, appreciable levels of turbulence
were found, and Yamada et al. showed that the turbulence
intensity profile behaved in a substantially different manner
from typical turbulent channel flow. These experimental
investigations have therefore posed some serious questions
concerning the nature of the flowfield in actual motors, and
for the assumptions used in erosive burning analyses. The
mean flow behavior has also been shown by Culick9 to affect
the aeroacoustics of the solid rocket motor.

The principal objective of the present investigation is to
analyze the flowfield in the solid-rocket motor and its effects
on erosive burning. It will be shown that the conflicting cold
flow experimental results and prior analytical assumptions
concerning the turbulent velocity profile can be substantially
reconciled. In addition, the effects of propellant surface
roughness and motor size on erosive burning will also be
investigated. The problem is approached by extending the
reacting turbulent boundary-layer analysis developed in Ref.
5. This approach utilizes a semiempirical, second-order
closure description of turbulence and is sufficiently com-
prehensive to account for several aerothermochemical
features of interest. The general model developed herein will
be referred to as the solid-propellant erosive combustion
(SPEC) model in the text.

Table 1 Major assumptions

1) Single-step, homogeneous, and stoichiometric gas phase
reaction.

2) Specific heats of species are equal and independent of tem-
perature.

3) k/cp=pD = p ( T ) (Prandtl and Lewis numbers of unity).
4) Surface decomposition of a homogeneous propellant is

governed by Arrhenius kinetics.
5) Turbulent correlations involving the temporal pressure

derivative and nongradient mechanical heat production terms
in the energy equation [Eq. (13) of Ref. 5] are negligible (i.e.,
nonhypersonic flow).

6) The flow is quasisteady (d/dt = Q), and two-dimensional
(cf/dz = 0= w) in the plane of Fig. 1. The port half-height 6 is
taken to be constant.

7) The flow is of thin shear-layer type, viz., d/dy>d/dx with
dp/dy = 0, and is symmetric about y = 6 in the mean.

Analysis
The analysis closely follows that of Ref. 5, with the ex-

ception that boundary conditions appropriate for flow in a
two-dimensional (i.e., planar) grain port and a surface
roughness model will be implemented. The two-dimensional
geometry (Fig. 1) approximates the configurations ex-
perimentally investigated by Yamada et al. for cold flow
simulations, and by Stokes et al.10 for erosive burning. The
port half-height 6 (distance from surface to centerline) will be
assumed constant in the present investigation.

Enthalpy and Mass Fraction Similarity
Major assumptions are summarized in Table 1. Upon

invoking assumptions 1-3, and as a consequence of assump-
tion 5, it has been shown5 that the general unsteady gas phase
equations for species mass fraction (Ya, ot=l...N) and total
(sensible plus kinetic) enthalpy H may be reduced to a single
equation for a variable/, i.e.,

where

(H-He

and w is the normalized chemical production term. In the
above equations, Ahg is the heat of reaction per unit mass,
and the subscripts * and e refer to conditions at the initial and
end (equilibrium) states of reaction, respectively. The
parameter <t> appearing in the earlier analysis has here been
absorbed into the definition of co. It may be noted that the
reaction is not required to be completed within the considered
flow region, as might occur for an extremely small "motor"
or a very slow reaction.

For complete similarity to exit, the boundary conditions for
mass fractions and enthalpy must be identical when expressed
in terms of the variable /. If the motor head end is assumed
nonreactive and adiabatic, then equilibrium exists so that/= 1
there. Assumption 7 precludes the influence of an arbitrary
downstream boundary condition on/. Hence, the behavior of
thermodynamic variables (excluding pressure) within the port
will be affected primarily by boundary conditions at the
propellant surface. The surface boundary conditions for Ya
and H can be written for a port of rather general cross-
sectional shape as 5

where ms is the surface mass transfer and nj is the con-
travariant unit surface normal vector. As the unsteady dif-
ferential equation and boundary conditions involve / alone,
similarity is obtained between both mean and unsteady
(turbulent) parts of Ya and H is the gas phase.

Fig. 1 Schematic representation of grain port velocity and tur-
bulence intensity development.
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The instantaneous reaction source term appearing in the /
equation may be written as

An effort has been made to improve the turbulent combustion
modeling used in Ref. 5 (i.e., modeling the time average, a),
and correlations involving co ') . Specifically, a second-order
Taylor expansion of co has been used to provide co in terms of
f and T'2t and co' in terms of 7". The resulting correlations
are determined in the final equation system without the ad-
ditional empiricism often associated with turbulent com-
bustion models. The proposed model is therefore similar to
models developed by Borghi11 and others. An analytically
based combustion model is favored for this problem since
temperature fluctuations in the combustion region are ex-
pected to be relatively small. In preliminary calculations,
however, the proposed combustion model proved to be un-
stable. The instability is believed due to the strict numerical
coupling required by the solid-propellant problem. Con-
sequently, the results to be presented assume co = co( T ) and do
not indicate the possibly important effects of turbulence on
reaction r ate. t

Final Equations
With Ya expressed in terms of H=h + uiui/2 and h = cpT,

use of the second-order turbulence modeling procedure of
Sullivan13 provides differential equations which, after time
averaging and in boundary-layer form, are identical to those
used in Ref. 5. The empirical turbulence modeling parameters
(listed in the Appendix) are also identical to the values used in
Ref. 5 and in the evaluation of Sullivan's procedure by
Rubesin et al.14 Overall, the complete system consists of the
equations of state and continuity, and parabolic differential
equations for u,h,u 'u' ', u' v' y v'v', w'w' , p'u' , p'v' ,h' u' ,
hfv'9andh'h' . The second-order correlation equations are
quite lengthy and are not listed here. They correspond with
the correlation equations of Sullivan, but with the terms
A/i^X /co/ (where x' represents u' , v' , 2h') appearing on the
right-hand sides oftheh'u',h'v', and h ' h ' equations . The
mean equations for conservation of mass, momentum, en-
thalpy, and the equation of state are

(pu)tX+ 'v')ty =

puhr

(1)

(2)

= upi

(3)

fA reviewer has justifyably questioned the realism of results ob-
tained without accounting for the effects of turbulence on reaction
rate (combustion-turbulence interaction). Further research on this
topic has been performed since the original manuscript was submitted,
and will be presented in detail in a subsequent paper. Insofar as the
present results are concerned, it has been found that combustion-
turbulence interaction can affect the mean reaction rate and turbulent
diffusivity profiles. However, the collective effects on the mean
temperature profile and on erosive burning are, surprisingly, quite
small. These results qualitatively agree with the recent findings of
Borghi and Dutoya,12 who used an empirically specified PDF to
model interaction effects for an entirely gas phase problem.

where Ga = Ya/Wa, a and b are turbulence modeling
parameters, and A is the turbulent macrolength scale.

Initial and Boundary Conditions
The parabolic form of the differential equations requires

initial conditions for the dependent variables to be established
downstream of the head end. Experimental and analytical
results7'8 suggest that an assumed initial station of x0^5d is
more than adequately far downstream to satisfy the thin
shear-layer assumption. The head-end pressure ph is
specified, and the mean static pressure at x0 is obtained from
inviscid theory. The analytical velocity profile8

u . TT y— =sm--ur 2 d (5)

is used at x0 for both cold flow and erosive burning
calculations. Velocity-scaled experimental profiles of tur-
bulence intensity are used to satisfy initial conditions for the
Reynolds stress variables, u-Uj. For reacting flows, the mean
temperature profile is obtained from numerical solution of
the energy equation for normal deflagration, and all thermal
correlations are assumed null at x0. Some sensitivity to the
initial conditions is obtained in the downstream calculations
for particular configurations. This sensitivity is discussed in
the next section.

Boundary conditions at the propellant surface (y = 0) are:
« = 0, pv = ms = fpr, with all correlations assumed null. A
linear pyrolysis relation,

is used in conjunction with the interface condition

to determine ms and fs. For cold flow calculations, the
parameter vs is specified.

The geometric symmetry of the problem is utilized at y = d.
The condition of symmetry implies that there must be no
mean fluxes (convective, diffusive, or turbulent) through
y = d. Hence, aty = 5: v = u'v' =h'v'=p'v' = 0, with the
normal gradients of all other dependent variables being null.

Pressure Gradient
As opposed to unconfined flows, wherein the pressure p

and pressure gradient, dp/dx, are imposed on the boundary
layer, the pressure gradient for confined boundary-layer flows
evolves as part of the solution. The value of dp/dx must be
consistent with the condition of conservation of mass (vc = 0)
in the port. Utilizing this condition and the condition
dp/dy = 0, the momentum equation (2) may be integrated to
yield

dp _ -1 r du
dy + —

The first term within the brackets represents the decrease in
static pressure due to surface shear, and the second term
contains the effects of mass addition and change of
momentum profile shape on static pressure. The latter effect
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is excluded from typical one-dimensional grain port flow
calculations.

Surface Roughness Model
In Ref. 15, a preliminary model for small surface roughness

has been developed which is compatible with the second-order
closure technique and allows direct integration to the mean
surface. The model is based on the concept of Rotta (in Ref.
16) that the turbulent macrolength scale at the surface, A5,
tends to a nonzero value which is characteristic of the physical
roughness height. It has been shown in Ref. 15 that the em-
pirical relation As = ks/6.5 (where ks is the equivalent sand
roughness height) satisfactorily correlates flat-plate ex-
perimental data for buffer and logarithmic region velocity
profiles, and for surface friction. For "fully rough" sur-
faces 16 the model becomes invalid, but this condition was not
exceeded in the present calculations.

It will be shown that the calculations for erosive burning are
quite sensitive to the value of surface roughness assumed.
However, there are difficulties in implementing this—or any
roughness model—for propellant surfaces. One problem is
that the standard measure of surface roughness (equivalent
sand roughness) is difficult to estimate for "typical"
propellant surfaces undergoing combustion. Another aspect
to consider is that the actual peak-to-valley roughness height
can depend upon pressure. Caveny17 indicates that for
composite propellants, for example, the roughness height may
scale as a function of the absolute difference between oxidizer
and average propellant burning rate, and hence would change
from head to nozzle end along the grain. In the present work,
these additional complexities are neglected by utilizing
constant values of ks equal to estimated peak-to-valley
propellant roughness heights.

Results and Discussion
Grain Port Cold Flow Simulations

The cold flow simulations of Dunlap and Yamada have
shown that, based on values of surface transpiration Reynolds
number (Res^psvsd/fis) which are typical of real motors
(order 103), the mean longitudinal velocity profile in the port
corresponds with self-similar solutions for inviscid, laminar
flow. Yet, both experiments have also indicated that tur-
bulence intensity profiles increase in magnitude, and that the
height of maximum intensity moves closer to the port surface
with increasing distance from the head end. This nonsimilar
behavior of turbulence and velocity provides a critical test of
grain port hydrodynamic modeling.

Mean Velocity Profiles
A comparison of present (SPEC) model predictions with

the velocity profile data of Yamada is shown in Fig. 2 for
x=25 cm. The agreement between prediction, experimental
data, and the in viscid theoretical description given by Eq. (5)
is quite good. Similar agreement is also obtained at the x= 15,
20, and 29 cm experimental stations (not shown). If allowance
is made at the initial station for the fact that the calculations
assume vs = 1.2 m/s, whereas vs changes somewhat along the
experimental surface (its bulk average is 1.2 m/s), then good
agreement is also obtained with the unnormalized velocity
profiles shown in Fig. 2 of Ref. 8. Agreement between
calculations and inviscid theory is expected when both viscous
and Reynolds stresses are negligible in Eq. (2). In this case Eq.
(5) is an approximate solution for incompressible flow.

In a computational experiment, it is a simple matter to
"lengthen" the port. This has been done to investigate
whether the inviscid profile persists at higher center port
Reynolds numbers, Rec = pcucd/jjic, than those obtained in
the 29 cm length channel of Yamada, et al. Contrary to the
conclusions of Yamada et al., the present model predicts (Fig.
2) a transition from a laminar to a turbulent velocity profile,

I-Or

0 .2 .4 .6 .8 1.0

Normalized height above surface, y/8

Fig. 2 Velocity profiles in cold flow simulation of two-dimensional
grain port.

Calculation, I = q/3.0

Measurement, Yamada et al

E
a:

0 .5 1.0 1.5 0 5 1.0 1.5

y, cm y, cm
Fig. 3 Development of turbulence in cold flow simulation.

beginning at about 50 cm. The profiles continue to develop in
steepness of surface gradient, such that by x = 200 (Mach
number «0.6), the velocity profile is nearly represented by a
1/7 power law. The mechanism of transition will be discussed
subsequently.

Behavior of Turbulence Intensity
A comparison between the intensity profile data of Yamada

et al. and the model calculations is shown in Fig. 3 for two
values of vs. For these calculations x0 = 15 cm has been chosen
to correspond with the first downstream profile, and ks - 65
jrni is assumed to characterize the surface roughness.
Qualitatively, the calculations show behavior similar to data
in that turbulence increases in magnitude, with the height at
which maximum intensity occurs (ym) decreasing as x in-
creases. Quantitatively, however, it was found necessary to
multiply the intensity data (denoted by the symbol /) by a
factor of 3.0 at the initial station to achieve downstream
growth rates in calculated turbulence intensity (q) similar to
the experimental values shown. This would appear to imply a
quantitative deficiency in the modeling of turbulence
development for the specific configuration. However, the
calculated maximum intensities (here denoted by qm) ob-
tained from Fig. 3 are in the range of 12-15% of wc. These
values are consistent with the relative intensities found in the
Dunlap investigation and also in Fig. 5 of Ref. 8.
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In addition to the sensitivity of the calculations to the
magnitude of the turbulence initial conditions, some sen-
sitivity to the assumed value of ks is also observed. This
sensitivity is reflected in the growth rates of the turbulent
fluctuations, and in the initiation of the mean velocity profile
transition process. It has also been found that the
laminarization effect of the large, favorable pressure gradient
exerts a strong influence on turbulence in the initial region of
the flow. This leads to the question of how initial (pretur-
bulent) disturbances are generated in the head-end region of
the port. Possible mechanisms include the direct generation of
vortical disturbances by the porous surface or air supply
system, and the presence of acoustic disturbances which have
propagated upstream in the flow. Neither of these effects has
been included in the present analysis.

Notwithstanding the laminarizing effects due to large
favorable pressure gradients (which diminish with axial
distance in the port), an argument is now presented on why
transition within a port is possible and often probable.
Consider the scaling of terms in the momentum equation (2)
for incompressible flow. The convective and pressure gradient
terms may be scaled to within multiplicative constants as7'8

Dw — dp/p
Dt dx

As an approximation, the Reynolds stress term, du' v' /dy,
will scale as I2

m/ym( ~q2
m/ym)- Both calculations and data

indicate that in most cases, I2
m/ym grows faster than x. For

example, if the data correlations of Ref. 8 are used,
pm/ym~u!

c'6exp('-l/uc)\ which for large uc~xL6. Hence,
given a port of sufficient length, transition should occur
unless a sonic condition occurs first. Accurate prediction of
the transition region will depend on the adequacy of tur-
bulence modeling and knowledge of initial conditions.
Confirmation of the transitional behavior of the velocity
profile may be found in the porous tube measurements of
Olson.18 These results were, however, obtained at surface
transpiration Reynolds numbers lower than those associated
with typical solid-propellant motors.

Reacting Flow and Erosive Burning
In the experiment of Stokes et al.,10 a "slab" motor (ap-

proximating the two-dimensional conditions of Fig. 1) was
used to generate appreciable erosive burning. Assuming that
the mean flow and turbulence can attain quasisteady con-
ditions within the 0.06 s test times, and neglecting the «15%
variation of 6, a simulation of two-dimensional flow within
the port can be obtained with the SPEC model. Greater
reservations exist concerning simulation of the composite
propellants used in Ref. 10 with the present homogeneous
combustion model. However, the explicit appearance of a

Table 2 Thermochemical parameters

Te = 2976 K (adiabatic flame temperature)
c/, = 1.92xlO-3J/kg-K

jra=jrav = 25.8g/g-mole
TA =2.0xl04K
Bg = 1.59xl010g1-*cm*-1s-1K-^
$=1.10

ft, = 0
4.42 X 10 -*T°'65 poise

= 300K
= 8.37xlO-2J/kg
= 1.70g/cm3

= 1.46xlO-3 J/kg-K
= 0
= 2.50xl06g/cm2-s

M =

combustion model does not occur in many erosion theories.
Additionally, it has been well established that a key parameter
affecting erosive burning is the normal burning rate fn. The
SPEC model is able to represent aerochemically (over a
limited range of interest) the normal burning rate pressure
dependence of the EBT propellant used in Ref. 10, viz.,
rn =0.92 (p/p*)0-55 cm/s. The parameters used to obtain this
correlation are listed in Table 2, and have been estimated
from Ref s. 5 and 10.

Erosive Burning and Effect of Surface Roughness
Using the formulated initial and boundary conditions, and

the physical parameters of Table 2, a comparison of SPEC
model results with the experimental data of Stokes et al. is
shown in Fig. 4. Comparison is made for two values of head-
end pressure ph. Both the data and the one-dimensional,
frictionless, nonerosive pressure calculations adapted from
Ref. 10 have been corrected (by «3%) at the head end to
correspond with the tabulated values,10 viz., ph=19.5 and
60.0 x 107 dyne/cm2 for tests EBT-3 and EBT-4, respectively.
The corresponding values of 6 (0.415, 0.404 cm) used in the
calculations are obtained from the initial value plus the
distance burned measurements at the head end. Initial con-
ditions are specified at x0 » 96.

Considering the lower pressure EBT-4 results first, in-
creasing the surface roughness height ks produces increased

'in and hence decreased pressure along the port. For
ks = u, slight erosion is obtained, such that the regression ratio
f/fn is only 1.07 at x«50. Prior results5 of the SPEC model
for smooth surfaces and unconfined boundary layers yielded
underprediction of typical data by factors of two or three for
lower burning rate propellants. Although this was attributed
to the assumed combustion mechanism in Ref. 5, it is possible
that the effects of surface roughness and combustion model
are of equal importance for the quantitative prediction of
erosion. One effect of surface roughness is to decrease the
viscous sublayer height, thus increasing ambient turbulence
levels in the flame zone. This effect can, in principle, com-
pensate for some inadequacies of the combustion model (e.g.,
a lower than actual flame height). However, the value of ks
which produces the best agreement with the EBT-4 data is 46

no erosion

SPEC ca l cu la t i ons

20
Roughness

height,
x|Q6m

46

0 20 40 60

Distance along sur face, x (cm)
Fig. 4 Effect of surface roughness height ks on port static pressure
development with erosive burning.



NOVEMBER 1980 AEROTHERMOCHEMICAL ANALYSIS OF EROSIVE BURNING 1351

/mi. This value is approximately 10% of the large (400 /mi)
ammonium perchlorate crystal size used in the EBT for-
mulation, and is not believed inordinate. Values of surface
roughness in the 30-100 /xm range (for both composite and
homogeneous propellants) have been used in the erosive
burning analysis of Mukunda.3

Maintaining all other conditions constant, the head-end
pressure is increased from the EBT-4 to the EBT-3 test value
in the top of Fig. 4. In this case a value of ks - 39 /mi provides
the best agreement with data, a slight decrease from the EBT-

3.0

2.5

II-

x, cm =

( a )

20

-4

x, cm =

Fig. 5 Profile development in two-dimensional grain port: a) mean
temperature; b) turbulent heat transfer correlation; c) normalized
mean velocity; d) turbulent shear stress correlation, EBT-4 conditions,

4 results. The decrease is probably within the range of ex-
perimental error, although the possible effect of pressure on
surface roughness noted previously in the paper may be
present. (The burning rates of EBT and pure AP are more
equivalent at this pressure.)

Profile Development in Grain Port
Figure 5 shows the predicted development of key dependent

variables within the slab-motor port. Computational con-
ditions correspond to the EBT-4 run in Fig. 4 with ks = 46 /mi.
Elements of the basic interaction mechanisms between mean
and turbulent variables have been discussed in Ref. 5.
Qualitative differences between the present and prior results
will be discussed herein.

The temperature profile at x- 5 cm in Fig. 5a is identical to
the normal (strand) burning profile. It persists (being scaled in
height by change in pressure) until the start of erosive burning
at x = 20. By A: = 35, the propellant regression ratio f/fn has
reached 1.9, which is reflected by the change in temperature
gradient near the surface. Considering the rapidly changing
pressure, the temperature profile at x = 50 (f/fn «3.5) reflects
severe diffusive broadening due to turbulence. The tem-
perature profile in the main portion of the port is decreased
somewhat due to adiabatic acceleration (Mach number = 0.69
at x= 50), but this does not perceptibly affect the flame zone.

The turbulent contribution to heat flux may be written as
ph ' v ' to second order. Figure 5b shows that h ' v ' is correlated
with flame position and temperature gradient. This suggests
that a diffusive approximation of turbulent heat flux may be
valid for alternative erosive burning analyses .

Normalized velocity profiles are shown in Fig. 5c. Utilizing
Eq. (5) as an initial condition at x0 = 3.5, the velocity profile
shows signs of a transitional "bulge" in the lower portion of
the boundary layer at x=5. By x=35, transition has been
completed and erosion is severe. In this and other calculations
to be presented for this propellant, erosive burning con-
sistently occurs subsequent to transition. Apparently, it is the
large increase in surface velocity gradient which enables the
production of sufficient turbulence (Fig. 5d) to enter the
flame zone (Fig. 5a).

It is also noted that the calculations shown in Fig. 5 are
much less sensitive to the initial conditions placed on the
Reynolds stresses than are the cold flow calculations
previously discussed. The precise reason for this has not been
determined, but may well be related to the gas -phase density
change induced by combustion.

Effect of Port Size on Erosive Burning
Mihlfeith19 has observed that the widely used Lenoir-

Robillard (L-R) theory,20 as well as some other theories, are
deficient in their ability to scale erosive burning as a function
of port size. Specifically, it was noted that the L-R theory
overpredicts erosive burning in full-scale motors when
initially correlated with subscale data. A comparison of the
present theory with that of Lenoir and Robillard is therefore
warranted, with particular interest in the geometric scaling of
erosive burning. Stokes et al. have correlated the L-R theory
to the experimental static pressure results shown in Fig. 4. In
the present notation, the L-R expression for regression rate
may be written as 10

The parameters «L= 0.0245 and 0L=42 were evaluated10

using a least-squares procedure. Theoretical comparisons
have been made by utilizing SPEC-calculated values of pc and
iic along the port.

Results of the comparison are shown in Fig. 6. The
regression ratios for increasing values of d have been plotted
as a function of centerline mass flux, pcuc. Considering the
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o 3

Theoret ical predict ions:

————— SPEC
— — — Lenoir - Robillard

Port half-height,

8, cm =

0 100 200 300
Mass f l u x , jocuc, g/cm 2 /sec

Fig. 6 Effect of port size on erosive burning as function of centerline
mass flux, ks=46 /un.

5 = 0.404 case, both theories show similar regression ratios at
higher values of mass flux, this being required to produce the
experimental static pressure results of Fig. 4. At lower values
of mass flux, the L-R theory predicts greater erosion. This is
partly due to the use of centerline rather than bulk average
velocities in the expression for r'LR. The centerline velocities
become within 20% of bulk velocities subsequent to tran-
sition, i.e., at mass velocities where the SPEC model shows
erosion.

As the port half-height 6 is increased, SPEC calculations
(denoted by solid lines) show a continuous decrease in
regression ratio at constant mass flux. For the given motor,
most of the decrease in regression ratio is attributed to a
translational increase in threshold mass flux. Although there
is a slight decrease in slope for large 6, SPEC-calculated
regression ratios appear to scale with the shift in threshold
mass velocity. By comparing the L-R and SPEC calculations
for 6 = 5 cm, the SPEC model is shown to predict less erosion
with geometric scale-up. Qualitatively, this behavior in the L-
R model is largely due to the lack of threshold velocity
dependence upon scale. Similar results are obtained for other
values of 6.

Conclusions
The major conclusions of this research may be summarized

as follows.
1) The SPEC model has been compared with experimental

data in cold flow simulations of a two-dimensional grain port.
These comparisons show good agreement with laminar
theoretical description for mean velocity profile in the
Reynolds number range of data.

2) At higher center port Reynolds numbers, transition to a
turbulent velocity profile is predicted to occur. This
prediction contradicts the conclusions of recent experimental
investigations, i.e., the inviscid velocity profile does not
necessarily persist throughout laboratory or full-scale motors.
The plausibility of transitional behavior is justified with an
argument based on the development of turbulence within the
port.

3) The completion of transition is followed by the start of
erosive burning in theoretical comparisons with laboratory
motor data. The intimate connection between transition and
erosive burning warrants further experimental investigation
with cold flow apparatus.

4) The effects of surface roughness on erosive burning are
indicated to be quite important. Although possibly com-
pensating for some inadequacies in combustion modeling,
realistic values of roughness have provided good agreement
with experimental static pressure data under severe erosion
conditions.

5) The effect of geometric scaling on erosive burning has
been theoretically investigated for a two-dimensional motor.
As port half -height (hydraulic radius) is increased, the SPEC
model is shown to produce less erosion than the Lenoir-
Robillard model for a specific mass velocity. This observation
qualitatively agrees with recent criticisms concerning
geometric scaling deficiencies in the Lenoir-Robillard model.

Appendix: Turbulence Modeling Parameters
Listed below are the non-null parameters used for the

second-order closure modeling of Sullivan. 13 Note that some
of the parameters appear only as collective products in the
final equations. The uppercase notation is consistent with the
computer generated format of the equations.

A = 3.25
B = 0.125

CLAMB = 0.17
DIN = 0.65

AHH = 5.85
= 3.25

BHH = 0.225

VRU = VRH = VRR = 0.1
PMU2 = PMH2 = PMR2 = 1 .0
PTHM = PTUM = 0.15
PGH2 = PGR2 = 0.8

PGU = PGU2=1.0
WWU1 = WWR1 = WWH1 = -0.1

WWGU= -0.5
WWGR = WWGH =-1.0
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