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Numerical Simulation of Flow
Through a Two-Strut Scramjet Inlet

Ajay Kumar*

NASA Langley Research Center, Hampton, Virginia

A three-dimensional, Reynolds-averaged Navier-Stokes code has been used to numerically analyze flow
through a two-strut, supersonic combustion ramjet (scramjet) inlet configuration. It solves the governing equa-
tions in full conservation form using either a fully explicit or explicit-implicit method. An algebraic, two-layer
eddy-viscosity model is used for turbulent flow calculations. The analysis allows inclusion of end effects that are
caused by the aft placement of the cowl on the underside of the inlet. A special grid has been developed to acco-
modate the struts embedded in the inlet flowfield. Detailed numerical results are presented here for the two-strut
configuration, and a comparison is made with the available experimental results.

Nomenclature
G =inlet throat gap
H =inlet height
M, =Mach number at inlet face
P = pressure
P, =pressure at inlet face
T, =temperature at inlet face

u, v, w =velocity components in X, y, z coordinates
direction, respectively

w =inlet width

X, ¥, z =Cartesian coordinates

A =sweep angle

6 =sidewall compression angle

M =strut leading-edge compression angle
Introduction

HE exponential growth of computer speed and storage

capacity as well as algorithm sophistication has allowed
the application of advanced numerical methods to practi-
cal design problems in many engineering disciplines such as
fluid dynamics. More and more use is being made of numeri-
cal methods in analyzing complex flowfields than has been
possible in the past. An important example is that of the inlet
design of supersonic combustion ramjets (scramjets), where
modern computational methods allow the direct numerical
solution of the inlet flowfield in a reasonably efficient man-
ner. The intelligent use of such capability can be very helpful
in eliminating the poorer designs and allowing promising
design configurations to be developed with less reliance on ex-
tensive wind-tunnel testing.

This paper discusses the application of a three-dimensional
Navier-Stokes code to the analysis of high-speed inlet
flowfields. NASA Langley Research Center has an ongoing
research program to define and develop a viable air-breathing
propulsion system for hypersonic flight application. In this
flight regime, a supersonic combustion ramjet engine becomes
attractive. The basic concept being developed uses a fixed-
geometry, modular approach that integrates with the vehi-
cle.!? Figure 1 shows an engine module with a sidewall
removed that served as an initial focus of research in scramjet
technology at NASA Langley. The inlet of this module com-
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presses the flow with swept, wedge-shaped sidewalls. The
sweep of these sidewalls in combination with aft placement of
the cowl on the underside of the engine allows for efficient
spillage and good inlet characteristics over a range of
operating Mach numbers with fixed geometry. The inlet com-
pression is completed by three wedge-shaped struts (see the
cross-sectional view in Fig. 1) that also provide locations for
the injection of gaseous fuel. Considerable aerodynamic test-
ing of this module has resulted in a baseline inlet design that
performs well over a wide range of Mach numbers. The basic
design features of this inlet are described in Ref. 3.

Because of possible diversified applications of scramjet en-
gines, inlet research is now moving into investigating several
new concepts that retain the basic features of the baseline de-
sign such as fixed geometry, sweep, struts, and cutback cowl.
Most of this research has necessarily been experimental in the
past due to the complex inlet geometries and the associated
complex three-dimensional nature of the flowfield that does
not lend itself to simple analytical estimates. However, with
the increasing availability of supercomputers and advanced
computing techniques, it is becoming more feasible to numeri-
cally calculate complex flowfields such as those associated
with the high-speed inlets.

The effort to provide an inlet analysis tool started with the
development of the two-dimensional Euler/Navier-Stokes
code described in Ref. 4; this was followed by the fully three-
dimensional Euler/Navier-Stokes code described in Ref. 5.
These codes have already been used in the analysis of a variety
of inlet configurations. The objective of the present paper is to
further apply the three-dimensional Navier-Stokes code in
simulating the flow through a new two-strut scramjet inlet
design and to compare the numerical results with the available
experimental data.

Outline of the Inlet Code

The code models the inlet flowfield using the three-
dimensional Euler or Reynolds-averaged Navier-Stokes equa-
tions in conservation form. Those equations are transformed
from the physical domain to a regular computational domain
by using an algebraic numerical coordinate transformation
that generates a set of boundary-fitted curvilinear coor-
dinates.® The transformed equations are solved by either the
explicit or explicit-implicit method developed by MacCor-
mack.”-® In the case of turbulent flow calculations, an algebra-
ic, two-layer, eddy viscosity model due to Baldwin and
Lomax® is used.

The code is operational on the Control Data VPS 32 (a spe-
cially modified CYBER-200 series computer with a 16 million
64-bit word primary memory) vector processing computer
system. It has been optimized to take maximum advantage of
the vector processing capability of the computer system. To
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Fig. 1 A scramjet engine module and its cross section.

increase the number of grid points available for flowfield dis-
cretization, the code uses 32-bit word arithmetic. Working
with 32- instead of 64-bit word arithmetic doubles the primary
computer memory to 32 million words and reduces the execu-
tion time by a factor of little over 2 without adversely affecting
the accuracy of the calculations. The maximum grid size that
can be computed without going out of the primary memory of
the computer is approximately 1.4 million points. The com-
puting rate is about 0.7 x 10~3 s per grid point for one com-
plete explicit time-step for the viscous flow calculations. More
details about the code development and its organization are
given in Ref. 5.

Boundary and Initial Conditions

The flow variables at the inflow boundary are held fixed at
given freestream values, whereas extrapolation from the inte-
rior grid points is used to obtain the flow variables at the out-
flow boundary. No-slip and adiabatic-wall or known
temperature conditions are used on the solid boundaries. The
wall pressure is determined from the boundary condition that
the normal derivative of pressure vanishes. On the open
boundaries, extrapolation from interior grid points is used. If
the flow is symmetric about a plane, only half of the flowfield
is calculated and symmetry boundary conditions are imposed.

The boundary conditions are applied in both the predictor
and corrector steps. Initial conditions are normally prescribed
for each set of calculations by assuming that freestream condi-
tions exist at all the grid points except at the boundaries where
proper boundary conditions are applied.

Discussion of Results

The two-strut inlet configuration analyzed in this paper is
shown in Fig. 2 with the cowl plate removed. A line diagram
of the inlet is shown in Fig. 3. It has a rectangular cross section
with swept wedge-shaped sidewalls and two swept compres-
sion struts located in the center passage. The sweep of all com-
pression surfaces ends along line EF and cowl closure
starts at F. The inlet model is parametric and allows adjust-
ments in the overall geometric contraction ratio by moving the
sidewalls and struts in and out. The cowl location can also be
adjusted, and it is possible to add top surface compression, if
desired.

In order to compare the numerical results with the ex-
perimental data, flow calculations for the preceding two-strut
configuration are made at the following experimental condi-
tions:

Fig. 2 Two-strut scramjet inlet configuration.
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Fig. 3 Line diagram of the two-strut scramjet inlet configuration.

M, =4.03
P, =85,724 N/m?
T,=70 K

The inlet has a geometric contraction ratio W/G of 4.01 and
zero top-surface compression. The cowl closure begins at the
throat.

Before results of this calculation are presented, it is neces-
sary to discuss how the present analysis includes the end ef-
fects in the inlet that arise from the interaction between the
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internal and external flows. This interaction occurs because of
the aft placement of the cowl that exposes the high-pressure
internal flow to the low-pressure external flow in the region
ahead of the cowl. The pressure differential causes an expan-
sion wave to run into the inlet flow and a compression wave
into the external flow, thus creating an induced flow in the
downward direction ahead of the cowl. These end effects can
significantly affect the inlet flowfield for certain flow condi-
tions, and the induced flow set up by the end effects can result
in substantial additional flow spillage other than that from the
sweep of the compression surfaces. In order to account for the
end effects in the analysis, a portion of the external flow under
the plane of the cowl must be included. Ideally, one should go
down and around the sidewalls far enough so that the free-
stream conditions can be applied on the free boundaries, but
this would greatly increase the computational requirements. In
the present analysis, the region is extended as shown in Fig. 4
by the dashed line (only half of the inlet flow is calculated due
to symmetry). This limited extension of the computational do-
main is found adequate so far as the inlet flowfield is con-
cerned. Extrapolation from interior grid points is used all
along the dashed-line boundaries except at the inflow bounda-
ry where the flow conditions are prescribed.

The calculations presented here are made with a grid of
about 271,000 points (77 points in the x direction, 69 points in
the y direction between the symmetry plane and sidewall, and
51 points in the z direction). Out of the 51 planes in the z direc-
tion, 14 planes are located under the cowl plane to account for
the end effects. Discretization of this inlet is further compli-
cated by the struts embedded in the flowfield. In order to ac-
commodate the strut, the present analysis makes the strut
surfaces coincident with two grid planes in the y direction and
further allows 12 or more grid planes to go through the strut.
This results in the slight blunting of the strut leading edge, but
this blunting is relatively small due to grid refinement in the
neighborhood of the strut surfaces. A typical grid in the sym-
metry plane and one of the cross planes is shown in Fig. 5. If a
particular cross plane lies above the cowl plane, the grid
points lying within the strut are neglected and proper bounda-
ry conditions are applied on the strut surfaces, but if the cross
plane lies below the cowl plane, all grid points in the plane are
used in the calculations. The preceding simplified approach in
discretizing the inlet configuration, although it resulted in the
waste of some grid points, avoided the need of using more in-
volved grid-generation procedures.

Results of the present calculations are shown in Figs. 6-10.
Figure 6 shows the velocity vector field and static pressure
contours in a plane located at mid-inlet height. Although the
calculations were performed only for half of the inlet, results
are shown here for the full inlet by reflecting to the other half.
The slight blunting of strut leading edges and associated small
distortions in pressure contours in the immediate neighbor-
hood of the strut leading edges are obvious from this figure.
However, the impact of bluntness appears to be local. The
velocity vector plot shows several regions of separated flow on
the inlet surfaces caused by the shock/boundary-layer interac-
tions and the pressure contour plot clearly illustrates the com-
plex shock and expansion wave structure present in the inlet.

Figure 7 shows the velocity vector field and static-pressure
contours in the symmetry plane of the inlet. The swept shock
wave structure caused by the swept compression surfaces is
obvious from this figure. The velocity vector plot shows sig-
nificant flow separation near the top surface of the inlet
caused by the shock/boundary-layer interaction. The velocity
vector plot further shows a downturn in flow direction ahead
of the cowl, resulting in some flow spillage from the inlet. This
downturn is caused by the swept compression surfaces and the
interaction in the cowl plane between the internal and external
flow (the so-called end effects). Once the inlet flow passes be-
hind the cowl leading edge, it is turned back parallel to the
cowl plane; this turning results in a cowl shock that can be
seen clearly in the pressure contour plot of Fig. 7.
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Fig. 4 Physical domain of computation.
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Fig. 5 Computational grid.

Figure 8 shows the sidewall pressure distributions at two in-
let height locations. Experimental results from Ref. 10 are also
shown. It is seen that the present results compare very well
with the experiment at both height locations. Figure 9 shows
the pressure distribution on the strut inner surface (i.e., the
surface facing the symmetry plane) at the mid-inlet height lo-
cation. Here again, a comparison with the experimental results
of Ref. 10 shows very good agreement. The preceding good
agreement with the experimental results is significant, consid-
ering the fact that the flow in the throat region of the inlet is
highly complex due to the interactions of sidewall and strut
shock and expansion waves, cowl shock, expansion waves due
to the end effects, and induced shocks caused by the flow sep-
aration, all of which are taking place in relatively small gaps
between the sidewalls and struts.

As mentioned earleir, not all the flow approaching the inlet
face is captured by the inlet. Some of it is spilled out because
of the swept compression surfaces and end effects. The
amount of flow captured by the inlet is an important measure
of inlet performance. Figure 10 shows a comparision of the
predicted inlet capture with the experiment as a function of the
axial distance from the inlet leading edge. It is seen that the
predicted capture distribution agrees very well with the experi-
ment.

Preceding good agreement with the experimental results
shows that the inlet code has very well simulated the complex
flowfield of the two-strut inlet configuration. The results also
substantiate the adequacy of the procedure used in the analysis
to include the end effects and to accommodate the embedded
struts in the flowfield.

Concluding Remarks

A three-dimensional Navier-Stokes code has been used to
analyze the complex flowfield through a two-strut scramjet in-
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Fig. 7 Velocity vector field and pressure contours in the symmetry plane.
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Fig. 8 Pressure distribution on the inlet sidewall.
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Fig. 9 Pressure distribution on the strut inner surface.

let configuration. The analysis allows inclusion of end effects
that arise due to the aft placement of the cowl, resulting in in-
teraction between the high-pressure internal flow and the low
pressure external flow in the region ahead of the cowl. A spe-
cial grid has been developed to accomodate the embedded
struts in the inlet flowfield. The calculations are made using
approximately 271,000 grid points in order to be able to prop-
erly resolve the viscous effects as well as the flow in the throat
region of the inlet. The very good agreement of the present
results with the available experimental results shows that the
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Fig. 10 Axial distribution of inlet capture.

inlet code has well simulated the complex flowfield of the two-
strut inlet configuration.
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