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Effect of Idealized Asymmetric Inhibitor Stubs on
Circumferential Flow in the Space Shuttle SRM
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Computational fluid dynamic analyses have been performed to calculate circumferential pressure and velocity
gradients in the vicinity of am asymmetric inhibitor stub in the port of the Space Shuttle solid rocket
motor. The three-dimensional Navier-Stokes equations were solved by an iterative finite volume algorithm,
SIMPLE, incorporated in a general purpose computer code, FLUENT. Turbulence was represented by way of
effective viscosity, which was calculated from local turbulence energy and its dissipation rate (X-¢ model). The
numerical predictions were compared with the measurements from a 7.5% scale, cold-flow model of the
redesigned solid rocket motor. The calculated circumferential pressure distribution upstream of the inhibitor

stub compares well with the measured data.

Introduction

HE purpose of this investigation was to determine the

nature of the three-dimensional port flowfield in the
vicinity of the aft field joint of the Space Shuttle redesigned
solid rocket motor (RSRM). Specific objectives included the
quantification of the circumferential pressure and velocity
gradients in the motor port in the immediate vicinity of asym-
metric inhibitor stubs at the aft field joint. Nonuniform ero-
sion of the rubber inhibitor, which protrudes from the wall
into the port flowfield, gives rise to circumferential flow gradi-
ents which increase the heat load on the joint and adjacent
insulation materials. Separate studies of the detailed flow and
heating in the crevices of the joint required, as boundary
conditions, a knowledge of the potential circumferential pres-
sure distribution in the port of the motor which could drive
flow into the joint crevices on one side of the motor and
circumferentially around the joint to exit on the opposite side.
Therefore, a major objective of this study! was to determine
the circumferential pressure gradients for a range of hypothet-
ical asymmetric inhibitor geometries.

The basic approach included the use of computational fluid
dynamics (CFD)?- and experimental cold flow testing of sub-
scale models.® A 7.5%-scale model of the RSRM was tested
with various nonuniform inhibitor geometries, and circumfer-
ential flow patterns were mapped with wall oil-flow tech-
niques. Circumferential pressure gradients were measured in
the vicinity of the simulated field joint. This testing was done
with unheated air in the NASA Marshall Space Flight Center’s
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airflow facility. The data from this experimental program were
used to validate the CFD methodology by comparing the data
with CFD predictions for the experimental geometry and flow
conditions. The designs for the experimental inhibitor configu-
rations were hypothetical and idealized for simplicity to expe-
dite the test program. In the actual RSRM, the rubber in-
hibitors would bend over in the downstream direction rather
than protrude perpendicularly into the stream as represented
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Fig. 1a Schematic sketch of the subscale model showing the calcula-
tion domain.
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Fig. 1b Schematic sketch of slotted inhibitor configuration.
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Fig. 2 The interface between Marshall Space Flight Center airflow
facility and subscale meodel.

Table 1 Inhibitor configurations analyzed

Inhibitor Slot Slot
height, A angle, o depth, s
(in.) (deg) (in.)
0.75 180 0.75
0.75 180 0.50
0.75 180 0.25
0.75 90 0.75
0.75 30 0.75
0.75 12 0.75
0.75 12 0.50
0.75 12 0.25
0.75 Offset?® Offset?
0.45 90 0.45

2Offset center of hole in circular orifice plate by 0.125 in. such that max
inhibitor height occurs at # = 180 deg and min inhibitor height occurs at § = 0
deg.

by the test configurations. Also there would be wall mass
addition from the burning propellant adjacent to the joint
which was not modeled in the experiment. Therefore, the ex-
perimental results are not directly representative of the actual
conditions in the RSRM. However, the test results did serve to
validate the basic CFD methodology. In separate analyses’?
not reported here, the CFD models were modified to include
the effects of curved inhibitor stubs, wall mass addition, and
changes in propellant geometry and port-flow conditions to
represent various RSRM burn times.

Flow Configuration

A schematic sketch of the subscale model with eroded in-
hibitor is shown in Figs. 1a and 1b. In the inhibitor configura-
tion shown, in Fig. 1b, part of the inhibitor is eroded. Inlet
velocity profiles are measured at station 1. Circumferential
pressure distributions are measured at station 2, which is im-
mediately upstream of the inhibitor. Circumferential pressure
distribution is caused by a variation in the inhibitor height
around the circumference. The static pressure is higher at § = 0
deg than at § = 180 deg, which generates a circumferential
flow. A three-dimensional flow analysis is therefore needed to
predict circumferential flow in this configuration.

CFD Methodology

A general purpose computer code, FLUENT,> was used to
solve the three-dimensional Navier-Stokes equation in con-
junction with the conservation equation for turbulence energy
and dissipation rate. This code uses the semi-implicit method
for pressure linked equations (SIMPLE) algorithm of
Patankar and Spalding,? a thorough description of which is
given in the book by Patankar.? Turbulence is represented by
way of effective viscosity expressed as a function of local
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Fig. 3 Finite-difference grid in radial-axial plane (0.75 in.-high in-
hibitor, 180-deg slot angle, and 0.75-in. slot depth).

Inhibitor

Fig. 4 Finite-difference grid in radial-circumferential plane (0.75 in.-
high inhibitor, 180-deg slot angle, and 0.75-in. slot depth).

turbulence energy K and its dissipation rate ¢*. The momentum
transport processes near the wall have been modeled through
wall functions. The use of wall functions with complex three-
dimensional recirculating flow is subject to question; however,
the primary objective of this study was the determination of
the circumferential pressure distribution, which is primarily
driven by inviscid effects of the asymmetric inhibitor protrud-
ing into the approaching port flowfield. Thus, any inaccura-
cies associated with resolving the velocity gradient at the wall
with wall functions in the three-dimensional recirculating
flowfield are not an issue for this study.

The conservation equations for mass and momentum in the
axial u, radial v, and circumferential w direction, turbulence
energy K and dissipation rate e solved by the code can be
expressed in the following general form.

Mass:
div (0 ¥V)=0 ¢9)
Momentum and scalar properties:
di;/ (o V¢ —Tygrade) = S, 2

where ¢ is general conserved property which stands for u, v,
w, K, and €; 'y is exchange coefficient for ¢; and S, is source
of ¢ per unit volume. A set of algebraic equations are obtained
by integrating Eqgs. (1) and (2) over finite volumes that are used
to discretize the calculation domain (Fig. 1a). This set of simul-
taneous algebraic equations is solved by an iterative scheme
which starts from arbitrary initial conditions and converges to
the correct solution after performing a number of iterations.

Experimental Setup
The cold-flow test setup is a 7.5%-scale model of the aft
section of the RSRM from the aft case field joint to the nozzle
throat.® An assembly sketch of the model is shown in Fig. 2.
A transition assembly was used as an interface between the



JAN.-FEB. 1990

16-in. facility pipe and the 10.469-in. internal diameter. The
nozzle throat diameters is 4.040 in., and the chamber has a
diameter of 10.469 in., which represents the diameter of the
insulation surface. The nitrile butadiene rubber (NBR) in-
hibitor stub geometries are simulated with steel ‘‘orifice’’ plate
inserts (see Fig. 1b) incorporating notches of various depths
and angles. The radial heights of the inhibitor stub simulators
were scaled from post-test inspection of flight solid rocket
motors. The tests were conducted at a reference pressure of
350 psia. Calculated Mach number, average velocity, and flow
rate are 0.0866, 98.60 ft/s, and 102.59 lbm/s, respectively.
Differential pressure transducers with operating ranges of
0-10 psi and 0-15 psi and absolute pressure transducers with
an operating range of 0-500 psia were utilized for pressure
measurements. The purpose of using differential pressure
transducers was to be able to measure accurately the small
circumferential pressure differentials.

Results and Discussion

The geometrical parameters defined in Fig. 1b for 10 test
configurations are listed in Table 1. Predicted circumferential
pressure distributions immediately upstream of the inhibitor
were compared with the measurements. Computer-generated
graphics were used to describe the finite-difference grid distri-
bution and the three-dimensional flowfield near the inhibitor.

A 40 (axial direction) X 15 (radial direction) X 25 (circum-
ferential direction) grid distribution of 15,000 nodes was cho-
sen to perform all the calculations presented in this paper. The
finite difference grid in the radial-axial plane is shown in
Fig. 3; the cross-sectional plane is shown in Fig. 4. A sensitivity
anlysis of the grid distribution on the circumferential pressure
difference was performed. The result of the sensitivity analysis
showed that, with the addition of 1500 grid nodes in the vicin-
ity of the edge of the inhibitor, the circumferential pressure
differential between 6 = 0 and 180 deg in the near-wall node
changed only by 3%. It may be mentioned here that a nonuni-
form grid distribution in the circumferential direction was em-
ployed for the lower slot angles. This was done in order to
locate more grids in the region of steep pressure gradient.

Inhibitor

Fig. 5 Velocity vector in radial-axial plane (0.75-in.-high inhibitor,
180-deg slot angle, and 0.75-in. slot depth).
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Fig. 6 Relative pressure distribution (P — Piyjee) in radial-axial plane
(0.75-in. inhibitor, 180-deg slot angle, and 0.73-in. slot depth).

EFFECT OF INHIBITOR STUBS ON CIRCUMFERENTIAL FLOW

The numerical solution was regarded converged when the
normalized integrated imbalance of all conserved variables
(i.e., mass, u, v, w, K, and ¢) in the calculation domain was
less than 0.1%. It took approximately 350 iterations to obtain
a converged solution from an arbitrary initial guess. Fewer
number of iterations, however, were needed when the initial
guess was the converged solution of a case not largely different
fromi the case being considered. The built-in convergence crité-
rion in FLUENT was based on checking conservation error
and not on percentage variation of variables in successive iter-
ations. A converged solution was then restarted, and 200 more
iterations were performed. The change in circumferential pres-
sure difference over 180 deg was found to be only 0.25%.

The calculated flowfield for the 0.75-in.-high inhibitor, 180-
deg slot angle, and 0.75-in. slot depth is shown in Figs. 5-8.
The velocity field in the axial plane at # = 0 deg is shown in
Fig. 5, and this figure shows a strong recirculation in the
downstream portion of the inhibitor. The pressure distribution
(Fig. 6) supports this observation. It also shows a region of
high-pressure gradient near the top edge of the inhibitor. The
pressure distribution in the radial circumferential plane imme-
diately upstream of the inhibitor is shown in Fig. 7. A strong
circumferential gradient of pressure is observed near the slot
edge, and a strong radial gradient is observed near the in-
hibitor edge. The circumferential velocity distribution in the
radial circumferential plane is shown in Fig. 8. The largest
circumferential velocity is found to occur near the slot edge.

The calculations were performed for three 180-deg slot angle
inhibitors having slot depths of 0.75, 0.50, and 0.25 in., re-
spectively. The comparison between the predicted and the
measured circumferential pressure distribution 0.1 in. up-
stream of the inhibitor appears in Figs. 9-11. There is good
agreement between theory and data on the general shape and
trend of the circumferential pressure gradient. The observed
discrepancy in the maximum value of the circumferential pres-
sure difference is possibly due to difficulties in resolving, both
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Fig. 7 Relative pressure distribution (P — Pinler) in radial-circumfer-
ential plane (0.75-in.-high inhibitor, 180-deg slot angle, and 0.75-in.
slot depth).
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Fig. 8 Circumferential velocity distribution in radial-circamferential
plane (0.75-in.-high inhibitor, 180-deg slot angle, and 0.75-in. slot
depth).
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Fig. 9 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (# = 0.75in., a = 180 deg, s = 0.75
in.).
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Fig. 10 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (4 = 0.75in., o = 180 deg, s = 0.50
in.).
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Fig. 11 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (7 = 0.75 in., o = 180 deg, s = 0.25
in.).
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Fig. 12 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (# = 0.75 in., « = 90 deg, s = 0.75
in.).
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Fig. 13 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (2 = 0.75 in., a = 30 deg, s = 0.75
in.).

experimentally and analytically, the steep pressure gradient
near the slot edge. The measurements may not have picked up
the minimum pressure with the existing instrumentation and/
or the prediction may be off at the minimum point due to the
extremely steep pressure gradient.

Figures 9-11 show a trend with slot depth. When the slot
depth was equal to the stub height (see Fig. 9), the circumfer-
ential pressure distribution did not change until the neighbor-
hood of the slot edge was reached. When the slot depth was
less than the stub height, the circumferential pressure in-
creased initially with azimuth angle then decreased as before
when the slot edge was reached. When a shallower slot was
used, the effect was more pronounced. This effect was due to
an asymmetric inlet velocity profile at station 1 (see Fig. 1a).
With lower slot depths, the circumferential pressure difference
was relatively small, and therefore effects of asymmetry in the
measured velocity profile® were reflectéd more clearly in the
smaller scale plots of circumferential distribution of relative
pressure.

The comparison between predicted and measured circumfer-
ential pressure distribution for full depth slots with slot angles
of 90 and 30 deg are shown in Figs. 12 and 13, respectively.
The comparisons appear satisfactory except very near the slot
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Inhibitor
Edge

Fig. 14 Magnified view of velocity field near the slot edge (0.75-in.
inhibitor, 12-deg slot angle, and 0.50-in. slot depth).

inhibitor
Edge

Fig. 15 Magnified view of pressure distribution near the slot edge
(0.75-in. inhibitor, 12-deg slot angle, and 0.50-in. slot depth).

Inhibitor
Edge

Fig. 16 Magnified view of circumferential velocity distribution near
the slot edge (0.75-in.-high inhibitor, 12-deg slot angle, and 0.50-in.
slot depth).
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Fig. 17 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (4 = 0.75 in., & = 12 deg, s = 0.75
in.). '
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Fig. 18 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (# = 0.75 in., & = 12 deg, s = 0.25
in.). ‘
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Fig. 19 Predicted and measured circumferential pressure distribution
immediately upstream of inhibitor (4 = 0.75 in., « = 12 deg, s = 0.25
in.).
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Fig. 20 Predicted and measured circumferential pressure distribution
immediately upstream of offset inhibitor.



10 MAJUMDAR, WHITESIDES, JENKINS, AND BACCHUS

Inhibitor Height = 0.75 inch

2 | —- Prediction R
B - Measurement

90° Siot Angle
aeneee Prediction
1| A - Measurement

0

| ---- Prediction
X - Measurement

od oo g

© - Prediction
| LA Bt i e e e e e ey e

& - Measurement
g0 01 02 03 04 05 06 07 08 09 10
Dimensionless Slot Depth

)psi

( goo “s480°

-1

Fig. 21 Predicted and measured circumferential pressure differences
for different slot configurations.

edge. Analysis predicted a stronger gradient than that ob-
served in the experiment.

Magnified views of the velocity field, pressure, and circum-
ferential velocity distribution for the 12-deg slot angle appear
in Figs. 14-16, respectively. Strong radial and circumferential
velocity components were observed near the slot edge. Com-
parisons between measurements and predictions appear in
Figs. 17-19 for slot depths of 0.75, 0.50, and 0.25 in., respec-
tively. Figure 17 shows the comparison between two predicted
circumferential pressure distributions. In one case, the mea-
sured velocity profile has been used at the inlet plane and in the
other case, a power law fit of the measured velocity profile has
been used. No significant difference was observed between the
two predictions.

This series of tests were designed to determine the effect of
various unsymmetrical inhibitor configurations on the flow
characteristics at the aft case field joint. One of the configura-
tions was called the ‘‘offset” inhibitor. The assumption was
made that the inhibitor was eroded in an asymmetric but con-
tinuous manner. There was a larger erosion at § = 180 deg than
at 6 =0 deg; however, the rate of erosion was continuous
between 6 = 0 and 180 deg. The offset was 0.125 in. such that
the maximum inhibitor height of 0.875 in. occurred at 0 deg,
and the minimum inhibitor height of 0.625 in. occurred at 180
deg.

A comparison between predicted and measured circumfer-
ential pressure distribution immediately upstream of the offset
inhibitor is shown in Fig. 20.

A summary comparison of the predicted and measured cir-
cumferential pressure differences between 0 and 180 deg for
various slot configurations appears in Fig. 21. Circumferential
pressure difference is plotted vs the dimensionless slot depth.
The dimensionless slot depth was defined as the ratio of slot
depth to inhibitor height.
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Conclusions

Circumferential pressure drop for the slotted inhibitors is a
strong function of slot depth and relatively weak function of
slot angle. The height of the inhibitor is also an important
parameter affecting circumferential pressure drop. Compari-
sons with measured data are satisfactory—particulalry for
higher slot angles and higher slot depths.

The observed discrepancy between measurements and pre-
dictions can be mainly attributed to 1) for a low slot angle, the
pressure gradient is very steep near 6 = 180 deg; 2) for low slot
depth, pressure differences are very small and are close to the
accuracy level of pressure gauges used in the measurement.
The overall comparison between measurements and predic-
tions provided a validation of the CFD methodology used in
this study. Therefore the results of this program were success-
ful in supporting the credibility of the CFD analyses per-
formed for the full scale RSRM to determine circumferential
pressure gradients in the vicinity of the field joints using real
motor geometry and flow boundary conditions.
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