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Introduction

HE aerodynamic performance of the air-induction

system is an important factor in establishing the viability
of a hypersonic vehicle design. Since the inlet performance is
primarily a function of the internal contour geometry, the
development and assessment of analytical techniques for the
design of internal contours are items of primary concern.
The inlet design technology must have a detailed and ac-
curate flowfield calculation procedure that includes the ef-
fect' of the boundary layer. Although a full Navier-Stokes
procedure provides the necessary generality to predict the
flow in an inlet, the required computer time and storage in-
dicate that such a procedure should be used only if no
suitable alternative exists.! An optimum analysis possesses
the general viscous nature of the Navier-Stokes equations,
but takes advantage of realistic physical approximations to
limit the computer running time and storage requirements
associated with the solution of the complete Navier-Stokes
equations. One approach is to use a spatial-marching pro-
cedure, which reduces the complete Navier-Stokes equations
to a form that can be treated as an initial boundary value
problem and solved by forward marching in space. The
assumption made is that a primary flow direction exists and
that diffusion in this direction can be neglected. In this man-
ner, a set of steady-state equations is produced for entirely
supersonic flows that can be solved by an efficient spatial-
marching procedure. In any embedded subsonic regions,
such as at no-slip walls, further approximations are required
to allow solution by spatial marching.

Description of Problem
Hypersonic Inlet

The problem considered is the numerical simulation of the
flowfield in a two-dimensional, high-speed inlet. The
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geometry of the inlet is shown in Fig. 1. The model exhibits
the significant characteristics of hypersonic inlets, for which
extensive experimental data have been documented.? The
model, denoted as P8, represents inlet configurations typical
of cruise condition of a hypersonic airbreathing vehicle. It
was designed to provide an internal compression ratio of 8.
The forebody wedge is a nominal 6.5 deg, intended to match
a design Mach number of 6 at the inlet entrance under the
test conditions of a freestream Mach number of 7.4, allow-
ing for boundary-layer displacement effects. The wedge was
cooled, providing a relatively uniform surface temperature
of 0.375 T,., where the freestream total temperature 7, is
811 K. The freestream Reynolds number is 8.86x 10° m~!.
The boundary-layer transition point was found experi-
mentally to be at approximately 40% of the distance between
the wedge leading edge and the inlet entrance.

The cowl was designed with a leading-edge diameter of
0.114 cm and the cowl was kept at constant temperature of
0.375 T,.,. For the P8 inlet, the cowl boundary-layer transi-
tions are located approximately halfway between the cowl
leading edge and the throat station.

The inlet configuration, with realistic geometry, important
viscous-inviscid interactions, and extensive experimental
data, provides an excellent opportunity to verify the efficacy
of the numerical method and to understand the complex
phenomena of high-speed inlets.

Real-Gas Effects

At hypersonic speed, temperature changes across the
shock wave can be so high that the imperfect-gas effects
become important. The gas can be considered to be ther-
mally perfect (i.e., Pv=RT), but calorically imperfect (i.e.,
specific ‘heats are not constant, but a function of
temperature). The effect of variable specific heats can be il-
lustrated in Fig. 2, in which the total pressure ratio across a
normal shock wave is plotted against the Mach number for
three different values of the ratio of specific heats, cor-
responding to upstream static temperature of 500, 1000, and
1500 R. It can be seen that if the normal shock occurs at a
Mach number of 5, the difference in total pressure loss
across the shock is more than 20% for y=1.4 (500 R) and
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Fig. 2 Effect of caloric imperfections on the total pressure across a
normal shock wave.
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Fig. 3 Comparison of pitot pressure.

v=1.35 (1500 R). Figure 2 demonstrates the significance of
the real-gas effects in a hypersonic flowfield.

Performance Calculation

Investigations were performed to assess the real-gas effects
on a realistic hypersonic inlet geometry. The parabolized
Navier-Stokes solver was used to simulate the flowfield for
the P8 inlet. The code used is a viscous marching analysis
(PEPSIS). The solution methodology, or calculational pro-
tocol, is documented in detail in Ref. 3. Sensitivity studies in
areas such as the initial conditions, wall functions, and tur-
bulence model on the calculated results will be reported in a
subsequent paper. Two cases were investigated in the current
effort: constant ratio of specific heats y=1.40 and 1.38, cor-
responding to a freestream static temperature of 500 and
1000 R, respectively. It is to be emphasized that the calula-
tion was done by assuming a constant ratio of the specific
heats in the entire flowfield. The objective is to perform a
sensitivity study that will bracket the real-gas effects on
calculations of the hypersonic inlet performance. A further
effort is underway to make the code capable of accounting
for changes in the specific heats in the flowfield caused by
the temperature change across the shock wave.

The results are summarized in Fig. 3, in which the com-
parison between experiment and analysis is presented in
terms of the pitot pressure ratio vs the normal distance from
the centerbody. Comparisons are made at four different ax-
ial locations from x=1.07 to 1.12 m (see Fig. 1). The signifi-
cant effect due to the change in y can be seen easily.
- Although the change in the ratio of specific heats is less than
1.5% (which is realistic considering the change in the
temperature across the first shock from the cowl lid), the
resultant change in the calculated pitot pressure ratio is more
than 15%. : .

The close agreement between experiment and analysis (for
v=1.38) demonstrated the capability of a simplified Navier-

transverse direction grid points on the performance predic-
tion was performed. Cases were run at 100, 200, and 300
radial grid points. Not much difference is observed between
200 and 300 grid points. However, significant suppression of
the postshock oscillation between 300 (or 200) and 100 grid
points can be seen in Fig. 4. The calculations had signifi-
cantly more grid points within the boundary layers, leaving
marginally enough points in the freestream for the case with
100 grid points. The result presented in Fig. 3 was computed
with 300 points.

The present study was performed on a Cray-1S computer
using 0.4 x 10¢ bytes of memory and 15 min of CPU time for
a 200% 3000 mesh. This is relatively inexpensive to run,
especially when compared to a full Navier-Stokes solver with
similar grid points.

Conclusions

The feasibility of using a simplified Navier-Stokes solver
(parabolized) to accurately simulate the flowfield in a hyper-
sonic inlet has been demonstrated. Good agreement is ob-
tained between the numerical analysis and experiment for a
Mach 7.4 inlet under cruise condition with an internal com-
pression ratio of 8. The studies also reveal the significance of
real-gas effects on the performance calculation of hypersonic
inlet. A small change in the ratio of specific heats can result
in a significant change in the calculated pitot pressure ratio.
This suggests that future efforts in the numerical simulation
of hypersonic flowfield must account for the real-gas effects
in the computation code.
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