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A computational performance enhancement study was performed employing systematic modifications to a planar-
sidewall compression scramjet inlet operating at an entrance Mach number of 4 and at a dynamic pressure of 2040
psf. The variations included modifying the planar-sidewall compression angle as a function of height, utilizing
sidewall curvature, and employing, simultaneously, both forward-swept and reverse-swept compression surfaces.
Turbulent flowfield solutions were generated by solving the Reynolds-averaged Navier-Stokes equations to obtain
inlet performance parameters such as total-pressure recovery, mass capture, and flowfield pressure distortion (the
ratio of maximum static pressure to minimum static pressure generated at the inlet exit plane). Additionally, an
inviscid parametric study was performed by employing solutions to the Euler equations to optimize a cubic polynomial
that defined the longitudinal sidewall geometry. A final viscous flowfield solution of the optimized inviscid inlet
geometry yielded inlet performance improvements; however, inlet top-wall surface boundary-layer shock wave
separation interactions persisted. Hence, this numerical study demonstrated that enhanced performance is obtainable
via curved-wall geometric modifications to the standard planar-sidewall inlet design, although future work should

employ constraints to mitigate detrimental flow separation effects.
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= cross-sectional area
geometric contraction ratio
distortion indicator

= inlet throat width
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= average quantity
= stagnation condition
= freestream condition
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Introduction

OR over two decades, researchers have investigated, both

experimentally and numerically, a number of highly in-
tegrated scramjet inlet concepts.'~> The majority of these inlet
configurations were modular and designed with a fixed geo-
metric, rectangular cross section. The flowfield compression
is achieved by employing swept-planar sidewalls. The sweep
of the sidewalls, in combination with the aft placement of the
cowl on the underside of the inlet, allows for an efficient
capture process to be maintained over a wide range of op-
erating Mach numbers and for control of inlet starting char-
acteristics. Although this approach has resulted in successful
inlet configurations, there are numerous inlet design issues
requiring further investigation such as top-wall separation
problems, side-wall separation phenomena attributed to shock
wave/boundary-layer interactions, corner flowfield control,
reduction in flowfield nonuniformities, mitigation of blockage
within the throat region due to viscous effects, excessive pres-
sure rise near the cowl leading edge, and shock wave coa-
lescence. Some improvements in the overall flowfield quality
and performance have been obtained by using a combination
of backward and forward sweep on the sidewalls*>; however,
the general improvement of this scramjet inlet design class
has been hampered by the lack of an efficient and general
three-dimensional design methodology.

Experimental investigations of alternate design concepts
are expensive and time consuming due to the cost and effort
associated with both building the test model and operating a
hypersonic test facility. While numerical investigations are
typically less expensive than experimental studies, the com-
putational requirements are not trivial for solving the three-
dimensional Navier-Stokes equations relevant to a flight-type
integrated scramjet inlet. For example, expended CPU time
for a numerical solution pertinent to the scramjet inlet ge-
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ometry considered in this study is approximately 15 h on a
Cray Y-MP. Therefore, not only a three-dimensional design
methodology is needed, but also a more efficient method of
evaluating design modifications.

In order to further address the problem areas previously
discussed, the present study first analyzes three candidate
design modifications to the baseline swept-planar sidewall
compression inlet. This study focuses on a Mach number of
4 to enhance previously conducted computational and exper-
imental efforts and is compatible with experimental facilities
available to verify the improved inlet designs. Turbulent flow-
field solutions are computed by solving the Reynolds-aver-
aged Navier-Stokes equations in order to obtain the perfor-
mance of the inlet. To assess the effect of viscous losses,
solutions to the Euler equations are also generated for each
inlet configuration. The three-dimensional Euler algorithms
are very computationally efficient, with Cray Y-MP CPU time
expenditures of less than 3 min typically being required to
generate a solution. For the freestream conditions considered,
the results of the inviscid performance predictions demon-
strated the same trends as the Navier-Stokes predictions. In
order to more systematically assess designing optimal sidewall
compression inlets, Euler flowfield solutions are used to nu-
merically explore the multidimensional parameter design space.
To demonstrate the utility of this simplified technique, a two-
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parameter swept-curved sidewall inlet employing the inviscid
flowfield equations is designed and optimized for both max-
imum total-pressure recovery and minimum flowfield pressure
distortion. However, upon a comprehensive Navier-Stokes
verification analysis to confirm enhanced inlet performance,
top-wall surface flowfield separation is detected in the invis-
cidly derived optimal configuration. This separation indicates
the requirement to implement a constrained Euler optimi-
zation procedure in order to adequately address this class of
inlet geometries and flowfield physics.

Inlet Geometries

A salient feature of a swept-sidewall inlet geometry is that
the shock/boundary-layer interactions do not occur in a plane
perpendicular to the flow. This reduces the magnitude of the
flowfield separation zones, if present, but increases the inlet,
sensitivity to oblique boundary-layer separation effects. Yet
overall, this three-dimensional methodology has proven to be
useful for designing inlets compatibie with multiple flight-
regime requirements. Specifically, integrated high-speed inlet
designs must provide efficient high Mach number flowfield
compression, as well as be functional in the low-speed flight
regimes, i.e., exhibit reasonable starting characteristics and
possess the ability to support a large back pressure during
subsonic and dual-mode combustor operation. Inlet starting,
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Fig. 1 Scramjet inlet configuration geometries: a) configuration A, b) configuration B, ¢) configuration C, d) configuration D, and e) configura-

tion E.
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mainly a low-speed flowfield spillage issue, is typically con-
trolled for this class of modest contraction ratio” fixed-ge-
ometry inlets by implementing swept-sidewall compression
along with judicious aft cowl placement. Unfortunately, the
solution to the low-speed starting problem typically hinders
the high-speed performance characteristics of the inlet since
the flowfield down turning required for inlet starting manifests
as undesirable high-speed flowfield distortion. Also, this ef-
fect generally limits the back pressure capability of the inlet
in the low-speed regimes via increased top-wall boundary-
layer separation sensitivity. Thus, to partially assess these
integrated inlet design considerations a numerical parametric
study of three-dimensional inlet geometries was performed.
The various scramjet inlet geometries considered in this
study are shown in Fig. 1. Figure 1a shows the baseline planar-
compression surface inlet (configuration A). The sidewalls
are swept at an angle of 30.0 deg and have a compression
angle of 6.0 deg. Note that the sidewall sweep terminates
along the line denoted as BC. This compression region is
followed downstream by a constant area rectangular throat
section. In this investigation the cowl, a potentially variable
geometry inlet feature, is geometrically positioned at the lo-
cation marked B. The inlet is designed with a geometric con-
traction ratio (CR = W/G) of 4.0, a width W of 6.4 in., and
a height H of 7.2 in. Other dimensions are shown in the figure
along with the inlet coordinate system. :
Figure 1b shows configuration B, a curved surface inlet
‘considered in this analysis. This inlet design is geometrically
similar to configuration A, differing in that, in the streamwise
direction, the sidewalls are parabolic in shape and are initiated
with a 3.0-deg compression angle that increases linearly to 9.0
deg along the sweep line, denoted as BC. The second variation
of the baseline inlet, configuration C, is presented in Fig. 1c.
In this configuration the leading-edge sweep of the sidewalls
gradually decreases to zero at the throat sweep line, denoted
as BC'. Consequently, this results in a geometry for which
each horizontal plane has a unique compression angle, varying
from 6.0 deg in the cowl plane to nearly 5.0 deg in the top-
wall plane. The fourth configuration, configuration D, is il-
lustrated in Fig. 1d and is similar to configuration C, except

that 30% of each inlet sidewall has reverse sweep. Each swept
edge starts with an initial sweep angle of 30.0 deg and grad-
ually reduces the sweep to 0 deg along the throat sweep line
denoted as BC'. The final configuration examined in this study
is shown in Fig. le and utilizes sidewall contours defined by
a single cubic equation, but with the streamwise sidewall length
scale functionally dependent upon height. Similar to config-
uration C, the top and bottom sidewall surfaces terminate
along the same vertical plane.

Numerical Methods

Three-dimensional Navier-Stokes solutions for scramjet in-
lets A-E are obtained using the SCRAMIN code.® This com-
puter code solves the Reynolds-averaged conservative form
of the Navier-Stokes equations, formulated in a generalized
coordinate system, employing the explicit algorithm of
MacCormack.” Eddy viscosity is determined using the Bald-
win-Lomax® turbulence model. The numerical analysis utilizes
a finite-difference grid that is clustered near the inlet walls
using algebraic stretching functions. The thermodynamic
flowfield properties are modeled as calorically perfect, and
Sutherland’s law is used to compute the associated molecular
viscosity. In prior investigations this code has been employed
to numerically simulate swept-sidewall compression inlet pro-
cesses, and the flowfield solutions favorably compared to ex-
perimental results.*1

Three-dimensional Euler solutions for the integrated scramjet
inlets are obtained using the explicit upwind space-marching
algorithm previously developed for solving the parabolized
Navier-Stokes equations.!' For this study, this algorithm is
simplified to solve only the Euler equation set by imple-
menting slip-wall boundary conditions and eliminating the
viscous-stress related quantities from the Navier-Stokes equa-
tions. The advantage of this approach is that the three-di-
mensional inviscid inlet flowfield solutions are obtained very
quickly using a Cray Y-MP, thus allowing parametric studies
to be accomplished efficiently.

The investigated configurations are numerically analyzed
assuming either a fully turbulent or a completely inviscid inlet
flowfield. The inlet surfaces are treated as adiabatic. The

Fig. 2 Scramjet inlet flowfield Mach number contours (symmetry plane, cowl plane, and three cross-sectional planes).
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viscous calculations employ a numerical grid of 51 points in
the horizontal direction extending from the symmetry plane
to the sidewall, 61 points in the vertical direction, and 93
points in the streamwise direction. For the turbulent analysis
the grid is clustered at the boundaries to obtain a y* of less
than 4 in the throat region. Seventeen of the grid points in
the vertical direction are placed below the cowl plane to allow
for an accurate simulation of the flowfield spillage occurring
upstream of the cowl. The numerical grid for each inviscid
calculation is identical in the crossflow plane, and subsequent
to the generation of the space-marched inviscid analysis, the
flowfield is mapped onto the reduced viscous grid. This pro-
cedure allows for a direct spatial flowfield comparison of iden-
tical inlet geometries using the two different solution tech-
niques, and is required since the inviscid solution generates
approximately 2000 planar crossflow data sets in the stream-
wise direction.

Results and Discussion

The performance of a planar-sidewall compression scramjet
inlet is computationally investigated at the aerodynamic in-
flow conditions corresponding to an entrance Mach number
of 4, a dynamic pressure of 2040 psf, and a static pressure
and static temperature of 182 psf and 126°R, respectively. The
inlet geometries for the various analyzed configurations have
a geometric contraction ratio (CR = W/G) of 4.0, a width W
of 6.4 in., a height H of 7.2 in., and consequently an aspect
ratio of 4.5 (the ratio of the throat height to throat width).
The inlet length scale is approximately 25 in. and is charac-
terized by the value of 4 for the inlet length-to-height ratio.

First, in the subsequent text, the flowfield features typical
of the baseline configuration are reviewed, followed by per-
formance predictions for configurations A—D, based upon
both viscous and inviscid analyses. The definitions of the var-
ious performance parameters utilized in this study are given
in the Appendix. Second, a new inlet design is obtained by
implementing a parametric optimization procedure based on
Euler analysis, and the results are presented along with the
associated viscous performance predictions.

Typical Inlet Flow Features

Typical swept-sidewall inlet flowfield features are seen in
Fig. 2, where Mach number contours of the baseline config-
uration obtained from a Navier-Stokes analysis are illustrated.
The symmetry plane, cowl plane, and three cross-sectional
flowfield planes detail the overall shock wave and boundary-
layer structure. The swept sidewall directs the flow towards
the cowl plane, away from the inlet top wall. This aggravates
the top-wall separation problem, mainly caused by the glanc-
ing shock interaction of the thickening top-wall boundary layer
with the sidewall leading-edge shock wave. Additionally, the
computational simulation predicts that the sidewall shock wave
interaction structure aligns itself with the inlet sweep angle
and traverses the vertical symmetry plane several times, de-
creasing total-pressure recovery and flowfield Mach number
with each intersection. Hence, the resulting net inlet compres-
sion flowfield is a complex three-dimensional structure pos-
sessing numerous shock/shock and shock/boundary-layer in-
teractions.

Performance Comparisons of Inlet Geometries A-D

The performance parameters derived from the viscous and
inviscid flowfield analyses are listed in Table 1 and Table 2,
respectively. Note that these values follow similar perfor-
mance trends, and are obtained in a cross-sectional flowfield
plane approximately 2 in. downstream of the inlet throat.

Examination of the resultant data presented in Table 1
indicates that configurations B, C, and D all perform better
than the baseline configuration A in terms of mass capture,
total-pressure recovery, and average static pressure ratio. The
total-pressure recovery for configuration B is the highest, but
this configuration has the worst value of the distortion pa-

Table 1 Comparison of inlet performance at Mach 4 for turbulent
flow, 2 in. downstream of the throat

Inlet configuration A B C D

Mass capture, % 76.9 80.8 80.5 82.3
M, 2.47 2.45 2.41 2.38
P.Ip,, % 84.9 88.1 86.3 85.7
Pd07 7.77 8.25 8.66 8.91
Maximum pressure/p, 17.1 17.8 13.3 13.4
Minimum pressure/p,; 5.33 4.57 6.06 6.44
DI 3.21 3.90 2.20 2.08

Table 2 Comparison of inlet performance at Mach 4 for inviscid
flow, 2 in. downstream of the throat

Inlet configuration A B C D
Mass capture, % 81.0 84.8 84.2 85.2°
M, 2.70 2.68 2.67 2.68
p /P> % 93.8 97.3 95.4 95.3
PJ P 6.42 6.79 6.74 6.63
Maximum pressure/p, 13.8 13.7 10.6 10.0
Minimum pressure/p, 4.39 3.39 4.01 3.83
DI 3.14 4.05 2.63 2.61

rameter DI due to the large expansion that the flowfield
undergoes along the throat sweep line, whereas configurations
C and D have lower distortion values, concurrent with higher
values of average static pressure ratio. In summary, config-
uration D vyields superior performance results for multiple
performance parameters and is characterized by a mass cap-
ture ratio of 82.3%, a total-pressure recovery ratio of 85.7%,
an average static pressure ratio of 8.91, and a flowfield pres-
sure distortion parameter of 2.08.

One aerodynamic performance issue investigated in this
study, that of high-speed flowfield nonuniformity, is success-
fully addressed in configuration C by influencing the flowfield
through the implementation of a variable sidewall compres-
sion angle as a function of inlet height. Another successful
geometric variant, reverse-swept inlet configuration D, is also
designed to modify the inlet pressure gradients and thereby
decrease high-speed flowfield distortion. Both of the modified
inlet designs, when analyzed with viscous effects, result in
approximately a one-third reduction in the flowfield pressure
distortion parameter. Additionally, these design modifica-
tions addressing flowfield nonuniformity are advantageous in
resolving low-speed inlet back pressure limitations. This mu-
tual benefit occurs since the redistribution of mass flux away
from the cowl and towards the inlet top-wall surface aids in
the reduction of top-wall boundary-layer separation.

Forebody Boundary-Layer Effects

To investigate the effects of boundary-layer ingestion, Na-
vier-Stokes inlet flowfield solutions were computed for con-
figurations A-D, employing inflow boundary conditions con-
sistent with a turbulent forebody flowfield. The specified
boundary-layer thickness is approximately 10% of the inlet
height and emanates from a virtual sharp leading edge fol-
lowed by a flat-plate forebody. The associated performance
degradation varies from a 1-3% decrease in mass capture
and from a 1-4% decrease in total-pressure recovery. These
reductions are not deemed excessive; however, the influence
of the ingested boundary layer is not well quantified and
remains an issue for further investigation. The specific per-
formance data relevant to this aspect of the study are given
in Table 3.

Inviscid Design and Optimization

A logical approach to the design of three-dimensional inlets
is to couple an optimization algorithm with a CFD flowfield
solution algorithm that simulates all of the relevant flowfield
physics. Optimization methodologies requiring multiple flow-
field solutions are being investigated by numerous research-
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Table 3 Comparison of inlet performance at Mach 4
for turbulent flow, 2 in. downstream of the throat
(including forebody boundary layer)

Inlet configuration A B C D
Mass capture, % 74.8 79.7 79.8 81.5
M, 2.44 2.46 2.37 2.32
piipy, % 82.2 87.0 83.5 82.3
PP 7.45 7.79 8.47 9.02
Maximum pressure/p, 19.3 18.9 14.7 16.7
Minimum pressure/p, 4.45 3.84 6.22 5.41
DI 4.33 4.92 2.36 3.08
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Fig.3 Cubic sidewall inlet total-pressure recovery contours as a func-
tion of initial and final sidewall compression angles.

ers. Generally, these techniques would demand enormous
computational capability to numerically address the inlet flow-
fields considered in this study, since multiple solutions of the
three-dimensional Navier-Stokes equations would be re-
quired. Additional analytic difficulties include the establish-
ment of the appropriate inlet performance figures-of-merit
and the problem of efficiently defining a parametric repre-
sentation of the inlet surface geometry. A partial step towards
developing a comprehensive three-dimensional CFD-based
design/optimization procedure for scramjet inlets is to employ
approximations to the Navier-Stokes equations. Thus, an ef-
ficient inviscid algorithm has been used in this study to gen-
erate flowfield solutions for the three-dimensional inlet op-
timization process. As presented in the parametric viscous
results, the inviscid approach yields similar inlet performance
trends.

In this study, the figures-of-merit employed in the opti-
mization procedure are the maximization of the inlet total-
pressure recovery and the minimization of the flowfield pres-
sure distortion parameter. The inlet optimization procedure
works with two geometric parameters, the initial sidewall
compression angle and final sidewall compression angle, and
hence, uniquely determines the cubic polynomial that defines
the sidewall aerodynamic geometry (Fig. le). -

To obtain the optimum inviscid design, a matrix of 231
solutions is generated to explore inlet performance as a func-
tion of these two inlet design parameters. The relevant results,
momentum-averaged total-pressure recovery, flowfield pres-
sure distortion parameter, and mass capture at the exit of the
inlet, are shown, using contour plots, in Figs. 3, 4, and 5,
respectively. Note that the total-pressure ratio recovery func-
tion (Fig. 3) has a plateau value of nearly 99% at an initial

sidewall compression angle of approximately 1.2 deg and a -

final sidewall compression angle of 13.6 deg, as measured in

the cowl plane. Concurrently, the pressure distortion param-
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Fig. 4 Cubic sidewall inlet flowfield pressure distortion parameter
contours as a function of initial and final sidewall compression angles.
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Fig. S Cubic sidewall inlet mass capture ratio contours as a function
of initial and final sidewall compression angles.

eter (Fig. 4) reaches a minimum of 1.81 at an initial sidewall
compression angle of approximately 1.5 deg and a final side-
wall compression angle of 5.7 deg, as measured in the cowl
plane. The mass capture is nearly a linear function that in-
creases with a decreasing initial sidewall compression angle
and an increasing final sidewall compression angle (Fig. 5).
The optimal values for the two inlet design parameters are
1.50 deg for the initial sidewall compression angle and 6.32
deg for the final sidewall compression angle. These values
result from the selection of an inlet geometry yielding, as
measured from optimal performance criteria, nearly a 10%
increase in the distortion parameter and a less than 1% re-
duction in the total-pressure recovery. Note that this result is
based only on inviscid performance predictions and is not
constrained by viscous flow criteria.

Viscous Assessment of Optimized Design

A Navier-Stokes flowfield solution is computed using the
inviscidly derived optimized geometry (configuration E). Re-
sults indicate an improvement in total-pressure recovery com-
pared with the baseline, configuration A, and all other ex-
amined configurations (B—D). The top-wall boundary-layer
separation issue associated with the inviscidly derived optimal
configuration is evident upon examination of Mach number
contours in the midhorizontal plane of the inlet (Fig. 6a), in
the cross-sectional flowfield plane approximately 2 in. down-
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Fig. 6 Computed Navier-Stokes Mach number contours for the inviscidly optimized inlet design: a) midhorizontal plane, b) symmetry plane,
and c) cross-sectional flowfield plane approximately 2 in. downstream of the throat.

stream of the throat (Fig. 6b), and in the symmetry plane of
the inlet (Fig. 6¢). A top-wall separation region is present in
configuration E, demonstrating one difficulty of employing
the reduced Euler equation set to obtain an overall optimal
design. An alternative approach for utilizing the Euler equa-
tions in a design methodology is to incorporate a constraint
function implemented concurrently with the optimization
process, which would limit the local flowfield phenomena in
such a manner so as to minimize or eliminate separation ef-
fects. Since this latter approach is not utilized in this inves-
tigation, the total potential for performance enhancement has
not yet been realized. However, configuration E does yield
a flowfield structure resulting in inlet performance improve-
ments characterized by a mass capture ratio of 84.3%, a total-
pressure recovery ratio of 90.1%, and a flowfield pressure
distortion parameter of 2.78.

Summary

A numerical study was conducted to assess the performance
impacts of sidewall contour modifications to a baseline swept-
sidewall compression scramjet inlet operating at an entrance
Mach number of 4. The effect of implementing sidewall cur-
vature, altering the planar-sidewall compression angle as a
function of height, and employing, simultaneously, both for-
ward-swept and reverse-swept compression surfaces, dem-
onstrated selective performance enhancements via flowfield
mass-flux redistribution towards the inlet top-wall surface.
Additionally, the inviscid and viscous analyses of identical
inlet geometry sets demonstrated similar inlet performance
trends.

In an attempt to develop a more systematic three-dimen-
sional scramjet inlet design procedure, a sidewall compression
inlet geometry was obtained by optimizing performance for
a two-parameter inlet design utilizing flowfield analysis based
upon the Euler equations. Although the viscous flowfield so-
lution for the inviscidly optimized curved-sidewall configu-
ration yielded inlet top-wall boundary-layer separation (as did
the baseline), it still exhibited an improvement in performance
compared to the baseline planar-sidewall inlet design. Thus,
this computational investigation demonstrates the utility of
employing nonplanar three-dimensional inlet design method-
ologies, and that a viscously constrained optimization pro-

cedure should be employed in conjunction with an efficient
fluid dynamic solution algorithm to achieve overall optimal
scramjet inlet performance.

Appendix: Performance Parameters
The performance quantities used in Tables 1-3 for a cross
section in the throat region are defined as follows:
Momentum-averaged Mach number
J' puM dA
A

M,=——— (A1)
f pu’ dA
A

Momentum-averaged total-pressure recovery

2
. L pu’p,p, dA
Pyl E— (A2)
n f puz dA
A

Area-weighted compression ratio

L plp, dA

Pdp = ——— (A3)

dA

A
Distortion indicator

_ max(p/p,) (Ad)

min(p/p,)
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