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Navier-Stokes Flow Simulation of the Space Shuttle
Main Engine Hot Gas Manifold
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Incompressible viscous flow inside the turnaround duct, the fuel bowl, the transfer duct, and the racetrack of
the Space Shuttle main engine hot gas manifold has been computed using the method of pseudocompressibility
together with an implicit, approximate-factorization algorithm. A multiple-zone method is used to make solution
of flows in complex geometries easy. A model that estimates the pressure loading for the shield and the injector
post arrangement without solving the complex flowfield in the main injector region is proposed. The computed
results show good qualitative agreement with experimental data.
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Introduction

T HE complex nature of flows encountered in modern pro-
pulsion systems makes analytical solutions to the Navier-

Stokes equations impossible. Numerical solutions of the full
equations become an alternative to understanding flowfields
and provide insight necessary for components optimum de-
sign. For three-dimensional internal viscous flow simulation, a
large number of grid points and, thus, a large size of computer
storage is required. With the rapid evolution in supercomput-
ers and solution methodologies, it is now feasible to simulate
complex internal flows in arbitrary geometries by solving the
full Navier-Stokes equations.

An efficient implicit finite difference algorithm based on
Beam-Warming's approximate-factorization1 method or Bri-
ley-McDonald's ADI method2 has been developed for com-
pressible flows. Extensions of the scheme coupled with the
method of pseudocompressibility first proposed by Chorin3 to
incompressible viscous flows have been studied by Steger and
Kutler,4 Chang and Kwak,5 and Kwak et al.6 A computer code,
INS3D, using primitive variables, which is suitable for three-
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dimensional incompressible viscous flow simulations in gener-
alized curvilinear coordinates, was developed by Kwak et al.6
Applications of the code to the flow simulations for the hot gas
manifold (HGM) of the Space Shuttle main engine (SSME) has
been successfully made by Chang et al.7"9

Figure 1 illustrates the arrangement for the SSME power-
head components. Figure 2 demonstrates the cross-sectional
views of the computational grids for the newly proposed
SSME HGM. With the origin located at the center of the main
injector, the left-hand side is called the fuel side and the right-
hand side is the oxidizer side. Inside the HGM, the fuel side hot
gas discharged from the turbine enters the annular turnaround
duct (TAD) and experiences a 180-deg turn before it diffuses
into the fuel bowl. Then it flows into the racetrack of the main
injector through three circular transfer ducts. There are hun-
dreds of liquid oxygen (LOX) posts in the main injector re-
gion. The outer row of the posts are shielded, as shown in
Fig. 3. Because of high gas temperature, the Mach number is
less than 0.12. The flow is turbulent and is practically incom-
pressible. Solutions for the fuel side with a configuration in-
cluding TAD, bowl, and transfer duct had been obtained by
Chang et al.7'8 It is instructive to include the racetrack in the
flow simulation for better understanding of the flow phenom-
ena inside the HGM.

The present work presents the further development of the
INS3D code and its application to the flow simulation of the
HGM, including racetrack. To make the solution of flows in
complex geometries easy, a method of multiple computational
zones is further advanced. A simple model that estimates the
pressure loading for the shield and post arrangement without
solving the complex flowfield inside the main injector region is
proposed. Comparisons of the numerical solutions with the
experimental data are presented. The current flow simulation
represents an example of how the CFD can be applied to the
real-world problems and illustrates its capability to pinpoint
the area where design improvement is necessary.

Description of the Method
The present flow simulation uses INS3D as a base code. The

formulation and the algorithm used in developing the code are
discussed in detail by Kwak et al.6 The key features of the
methodologies adopted in the present study are outlined in the
following.

Method of Pseudocompressibility
To achieve an efficient computation in solving steady-state

incompressible flows, Chorin3 proposed the use of artificial
253



254 YANG, CHANG, AND KWAK: SHUTTLE MAIN ENGINE

run
PREBURNER

OXIDIZER
PREBURNER

HYDRoSlW / MAW COMBU$TION CHAMBER \
TURBOPUMP '

Fig. 1 SSME powerhead component arrangement.
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a) Horizontal view: cross section B-B

b) Vertical view: cross section A-A Fig. 2 Grid for the SSME powerhead.

Fig. 3 Shield and post arrangement.
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compressibility. This method was later studied by Steger and
Kutler.4 It was further developed into a method of pseudocom-
pressibility by Chang and Kwak5 and Kwak et al.6 By this
method, the incompressible Navier-Stokes equations in dimen-
sionless form are modified as follows:

dt

dp
(1)

dt dXj

where 1//3 is the pseudocompressibility parameter, p the pres-
sure, Uj the velocity components, T// the stress tensors, t the
time, and the indices ij refer to the space coordinates x, y,
and z. As the computation converges to a steady state, the
effect of pseudocompressibility vanishes, yielding an incom-
pressible solution.

Numerical Algorithm
To accommodate arbitrary three-dimensional geometries,

the coordinates are transformed by using the following inde-
pendent variables:

T= t

(2)

In these generalized curvilinear coordinates, the governing
equations in conservation-law form are expressed as

. d(Ei-fi) (3a)

The pressure and velocity vector Q, the flux vector £, and the
viscous diffusion vector f are described by

**-;
(3b)

Reynolds stress terms

where /is the Jacobian of the transformation, and

Uf = L/o + LH u + L,-2v + L/3w

(3c)

are the contravariant velocities and the metrics of transforma-
tion, respectively.

An implicit finite dif fernce algorithm together with an ADI
or approximate-factorization scheme1'2 are used to advance
solution to Eq. (3a) in time. These procedures have been imple-
mented to develop a three-dimensional incompressible Navier-
Stokes flow solver (INS3D).6

Geometry and Grid
The configuration considered in the present study includes

the fuel side TAD, the bowl, the elliptical transfer duct, and
10% racetrack of the main injector as shown in Figs. 4. In the
flow environment, 70% of the total mass flow is delivered
through the fuel side transfer ducts and the other 30% from
the oxidizer side. Notice that flow enters the main injector
through the small gaps between the shield and the small hole

Fig. 4a Horizontal view: cross-section B-B.

Fig. 4b Vertical view: cross section A-A.

Fig. 5a Unwrapped surface grid of annular fuel bowl.

Fig. 5b Unwrapped surface grid of 70% racetrack.

Fig. 5c Cross-sectional grid of transfer duct.

in the shield (see Fig. 3). The effective flow area per unit length
is much smaller than the radial cross-sectional area of the
racetrack. Therefore, a uniform radial outflow may be used to
approximate the flow entering into the main injector region.
Based on this argument, it can be said that 70% of the main
injector flow area receives approximately 70% of the total
mass flow. This argument has been qualitatively confirmed by
an airflow test.10 Hence, only 70% racetrack of the main injec-
tor is used in the present formulation. Figure 4a shows the
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horizontal cross-sectional view of the HGM, whereas Fig. 4b
gives a vertical view at the surface of the cross section. Figures
5a and 5b illustrate the unwrapped surface grids of the annular
fuel bowl and the racetrack, respectively, and Fig. 5c shows the
cross-sectional grid of the elliptical transfer duct. The grid for
the entire HGM system is generated by using algebraic func-
tions. Dense grids are placed in the regions where rapid flow
changes are anticipated. Smoothness of the grid variation is
controlled by a power factor determined by the wall and the
core grid sizes and the assigned number of mesh points. The
number of mesh points in each zone are as follows:
103x52x21 for the fuel bowl, 23 x 23 x 45 for the transfer
duct, and 41 x 53 x 21 for the racetrack, respectively. The total
mesh points are 181,914. The minimum cell size in each zone
is 0.001 in.

Multiple-Zone Method
For geometrically complicated problems such as the current

HGM, a large number of grid points is required to resolve the
three-dimensional viscous flow. The restriction in the com-
puter in-core memory is still one of the main factors in today's
Navier-Stokes code development for solutions of many realis-
tic geometries. To make the solution of flows in complex ge-
ometries easy and to take advantage of the input-output solid-
state devices (SSD) of the CRAY-XMP computer, a zonal
method was developed by Chang et al.7"9 The method is ex-
tended in the current work. By this method, the domain of
interest is divided into several zones, as shown in Fig. 6; a
special treatment at the interface is necessary for smooth con-
tinuations of the solution between zones of abrupt change in
geometry. Note that in Fig. 6 the overlap regions are extended
from zone 2 into zone 1 and zone 3, respectively. This method
avoids extra computer storage and also makes the ADI sweep
simple.

Turbulence Model
The model used in the present paper is an extended Prandtl-

Karman mixing length theory.8 The length scale is based on the
vorticity thickness 6W, defined as the distance between the wall
and the location of minimum vorticity. The expression is given
as

and the eddy viscosity is given by

(4)

(5)

t'f&V 152 : over lap regions

A B

where | co| is the absolute value of the three-dimensional vortic-
ities. In the inner sublayer, the Van Driest damping function is
applied to make corrections for the viscous effects.

Boundary Conditions
For the current HGM configuration, the vertical plane

through the center of the fuel bowl and the main injector is
taken to be a plane of symmetry; hence, only half of the HGM
is used in the formulation of the problem. Symmetric bound-
ary conditions are applied at this plane. It is known in the
literature that specification of a total pressure for the inflow
and a static pressure for the outflow is a very good physical
boundary condition for subsonic internal flow simulations.
However, for the current complex flow in the HGM, the static
pressure is not known a priori at the outlet. Therefore, the
following boundary conditions are proposed. On the solid
surfaces, no-slip boundary conditions and zero normal pres-
sure gradients are specified. A static pressure and a velocity
profile are given at the inlet of the TAD. As explained earlier,
uniform radial outflow may be used to approximate the flow
entering into the main injector region. Thus, a uniform radial
outflow satisfying conservation of mass is specified at the
outlet surface. The velocity components other than the radial
one and the pressure at this plane are obtained by second-order
extrapolations. At the radial end plane of the 70% racetrack,
it is assumed that there is no outflow in the circumferential
direction.

Zonal Boundary Values and Overlapped Interior Regions
In utilizing the multiple zones, boundary conditions are

needed at the interfaces. The pressure and the velocities Q are
updated at each iteration. Let n + l/i denote the state of condi-
tions to be used to advance the computation to n +1. The
values of Qn+1/2 for zone m at the exit plane are obtained from
the values of the corresponding plane of zone m + 1 at h, i.e.,

Z BC
l/2lJ z ^interior zone m 4 (6)

and values of Qn+l/2 for zone m + 1 at the zonal interfaces are
taken from the latest computed result of zone m as

—zone m + 1 — £ interior zone m (7)

To provide a smooth continuation of solution, the latest infor-
mation, not only at the boundary but also including the inte-
rior of this mutually occupied region, must be properly trans-
mitted to the next zone. The current approach is to take an
average of the two values computed in the neighboring zone,
i.e.,

,zonem+l (8)

Fig. 6 Multiple computational zones.

Computed Results
Steady-state laminar and turbulent flow solutions for the

HGM configuration including the fuel side TAD, the annular
fuel bowl, the elliptical transfer duct, and 10% racetrack of the
main injector are obtained, respectively. The Reynolds num-
ber, based on the width of the TAD entrance and the inlet
velocity, is 103 for the laminar flow and 1.9x 106 for the
turbulent flow. The same boundary conditions are used in
both flow simulations.

Figure 7 shows the velocity vectors of the turbulent flow
solution at two cross-sectional planes. Laminar flow solution
reveals similar flow characters at these planes and, hence, is
not shown here. There is no stream wise flow separation along
the transfer duct shown in Fig. 7. In contrast to the three-duct
design, the current two-duct configuration effectively elimi-
nates the large separation bubble formed just downstream of
the entrance to the transfer ducts.7 Figure 8 shows the velocity
profiles for both laminar and turbulent flows at three TAD
cross-sectional planes. The figure shows that a large separated
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a) Horizontal view: cross-section B-B

b) Vertical view: cross-section A-A
Fig. 7 Computed velocity vectors.

larger separation zone creates a larger blockage effect. The
resulting flow, therefore, must have a higher upward velocity
to satisfy conservation of mass.

Figure 9 illustrates the swirling flow patterns at the three
cross-sectional planes indicated in Fig. 6 along the transfer
duct. The intensity of the swirling flow depends on the upward
velocity of the fluid coming from below the transfer duct.
Since laminar flow has a larger blockage effect, resulting in a
higher upward velocity, the magnitude of the swirling flow is
expected to be higher than the turbulent case. The computed
maximum magnitude of the swirling velocity near the duct
entrance for the laminar flow is 0.44 relative to the inlet veloc-
ity; it is 0.33 for the turbulent case. The swirling flows are
gradually dissipated along the duct. The secondary flow pat-
terns are different from those obtained by Chang et al.7'9 The
different flow phenomena are due to the different downstream
boundary condition and the different geometry used in the
present calculation.

Figure 10 shows mass-weighted average total pressure distri-
butions along the center line of the TAD, the fuel bowl, the
transfer duct, and the racetrack for both flows. From this
figure, it is clear that most of the pressure loss occurs in the
TAD where flow experiences a 180-deg turn. Significant losses
are also observed in the fuel bowl due to flow separations, the

(1) At cross-sectional plane : A

e » i8o*
a) Laminar flow

T/D entrance
mid-plane (2) At cross-sectional plane : B

0 = 180'
b) Turbulent flow

Fig. 8

T/D entrance
mid-plane

TAD cross-sectional velocities.

flow region exists in the TAD for the case of laminar flow,
whereas only a small separation is indicated in the correspond-
ing location for the turbulent case. In turbulent boundary-
layer flows, the fmid particle near the wall, except in the very
thin viscous sublayer, has much higher kinetic energy than the
corresponding laminar flows. Consequently, the turbulent
flow is more able to sustain the adverse pressure gradient in the
sharp turn, resulting in a smaller separation bubble. In the
laminar case, the less full velocity profile together with the

(3) At cross-sectional plane : C

a) Laminar flow b) Turbulent flow
Fig. 9 Secondary velocities in transfer duct.
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Fig. 10 Coefficient of total pressure distribution.

transfer duct entrance region because of the strong swirling
flow, and the racetrack outlet region caused by the flow im-
pingement on the shield and post arrangement. As expected,
the turbulent flow yields a lower total pressure loss. Figure 11
illustrates the computed and the measured transverse pressure
coefficients at the fuel bowl outer surface immediately down-
stream of the 180-deg bend. Overall, the agreement with the
experiment10 is satisfactory. The small difference shown is due
to the fact that at the inlet the pressure is assumed to be
uniform in the calculation, whereas it is not uniform in the
experiment. Furthermore, there are struts fixed inside the fuel
bowl in the test environment and no struts are assumed in the
current calculation. The calculation results, as confirmed by
the experiment, clearly demonstrate a great reduction in the
transverse pressure gradient for the two-duct configuration
over the three-duct ones. Reducing the transverse pressure
gradient can greatly enhance the engine performance.

It is interesting to calculate the pressure loading across
the shield and post arrangement for the structure design pur-
pose. A simple model is proposed to derive from the current
solution to obtain the loading without solving the complex
flowfield behind the shield. Recall that at the outlet surface
the radial outflow was assumed to be uniform. In reality, the
flow has to pass through the small gaps and holes to enter
into the LOX post region (see Fig. 3). By assuming that
the total pressure loss across the gaps is negligible and the

2.0-.
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0.0-
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x = REVISED EXP. DATA
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Fig. 12 Shield pressure loading.

static pressure at the back of the shield is equal to the one
at the gap exit, the pressure loading on the shield can then
be easily obtained from conservation of mass and energy.
In mathematical form, the conservation of mass yields Ve = V{
xAj/Ae, and the conservation of energy gives P/+0.5
x ( uf + v? + w?) = Pe + 0.5 x V?9 where Vf is the specified
uniform radial outflow, Ve the estimated velocity entering the
gaps, Af and Ae the corresponding flow areas ahead of the
shield surface and at the gap exit, uit v/, w/ the Gartesian
velocity components at the shield surface, and P/ and Pe the
pressure at the shield surface and at the gap exit, respectively.
The pressure loading on the shield can be obtained from the
difference between P/ and Pe . Figure 12 compares the result of
the calculation and the experimental data.10 The data were
obtained by the measurements of shield pitot probes. The
probes were intruded into the flowfield. Analogous to a cylin-
der in crossflow, the intrusion of the probes resulted in provid-
ing lower than true pressure measurements. In the neighbor-
hood of the 60-deg region, the test data is not yet conclusive.
Comparing with a revised data point shown at the 60-deg
location, the overall computed result is encouraging.

Concluding Remarks
This paper presents a further development of the INS3D

code and its application to the real-world complex problems.

LEGEND
D = TURBULENT SOL (PHASE 11+)
0= LAMINAR SOL (PHASE 11+)
A = PHASE 11+ BASELINE (EXP.)
+ = PHASE II 3-DUCT (EXP.)

-160 -135 -00 -45 0 45 90
CIRCUMFERENTIAL ANGLE

135 160

Fig. 11 Coefficient of transverse pressure after 180-deg bend.
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Three-dimensional incompressible laminar and turbulent
flows in the fuel side hot gas manifold of the Space Shuttle
main engine have been computed. Computed results are in
good qualitative agreement with available experimental data.
The present work has provided an in-depth understanding of
the dynamics of the flow in the HGM configuration. The
results were obtained through assumptions of a symmetry
plane and a no outflow boundary at 70% racetrack location.
It should be noted that the turbopump would introduce a
swirling velocity at the inflow boundary of the annular
turnaround duct, which is precluded by the symmetry
boundary. This might change the nature of separation in the
duct. Also, there is fluid mixing of fuel and oxidizer in the
racetrack and a nonradial interface, which are precluded by
the current racetrack outflow boundary conditions. For a
quantitative comparison, exact flow environments, for in-
stance, the struts sitting inside the fuel bowl as well as the
informations at inlet and outlet boundaries, should be imple-
mented into the simulation.
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