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Computation of Laminar Hypersonic Compression-Corner
Flows
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A code validation study has been conducted using four different codes for solving the compressible Navier-
Stokes equations. Computations for a series of nominally two-dimensional high-speed laminar separated flows
were compared with detailed experimental shock-tunnel resuits. The shock-wave boundary-layer interactions
considered were induced by a compression ramp. In general, good agreement was reached between two-
dimensional grid-refined calculations and experiment for the incipient- and small-separation conditions. For the
highly separated flow case, three-dimensional calculations, which included the finite-span effects of the exper-
iment, were required in order to obtain agreement with the data. The finite-span effects were important in
determining the extent of streamwise separation as well as the time required to establish the steady-tlow
interaction. The results presented provide a resolution of discrepancies with the experimental data encountered

in several recent computational studies.
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Introduction

HE need for development and validation of computa-

tional methods for solving the Navier-Stokes equations
for high-speed flows has increased because of the National
Aero-Space Plane project. The propulsion system of ad-
vanced hypersonic vehicles will likely use the external vehicle
contours as compression and expansion surfaces for the inlet
and nozzle, respectively. Thus, the integration of the engine
and airframe is an important design consideration. This design
process relies heavily on the development of computer codes
with appropriate geometric flexibility and physical models
since many of the high Mach number, high-enthalpy flow
conditions the vehicle may encounter in flight cannot pre-
sently be simulated in ground-based facilities.

Before such a code can be used with confidence as an anal-
ysis or design tool, the range of validity of the solution pro-
cedure and physical modeling must be known. The verifica-
tion process typically involves three distinct types of testing:
1) internal consistency checks, 2) comparisons with other codes,
and 3) comparisons with experimental data. The first of these
tests consists of checking the code for proper conservation of
mass, momentum, and energy. For instance, the simplest test
would be verifying that the code can preserve freestream flow.
Other tests would include the computation of flows for which
analytic solutions are available. In these tests, studies can be
made of the effects of grid refinement and parameter varia-
tions in the numerical scheme. The second level of testing is
the comparison of computed results with those obtained using
other similar but well-established codes that also solve the
Navier-Stokes equations. Comparisons could also be made
with results from boundary-layer codes or space-marching
parabolized Navier-Stokes codes for appropriate test prob-
lems. The third level of testing is the comparison of computed
results with highly accurate benchmark experimental data sets.

The present paper describes a comparison of computed
results from four different computer codes for solving the
compressible Navier-Stokes equations with experimental data.
The test problem considered has features typical of high-speed
internal flow problems of practical importance in the design
and analysis of the inlet portion of a scramjet engine on an
advanced hypersonic vehicle. Previous related code-valida-
tion studies are given by Rudy et al.! and Thomas et al.?
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Description of Codes
CFL3D

Three of the four computer codes use similar recently de-
veloped upwind technology. The first of these, CFL3D (Com-
putational Fluids Laboratory three-dimensional code), was
developed by Thomas for the thin-layer Navier-Stokes equa-
tions and is described in Ref. 3. This code uses a finite-volume
method in which the convective and pressure terms are dis-
cretized with the upwind-biased flux-difference splitting tech-
nique of Roe. The reconstruction of the cell-centered varia-
bles to the cell-interface locations is done using a monotone
interpolation of the primitive variables such that third-order
accuracy in one-dimensional inviscid flow is obtained. The
differencing for the diffusion terms representing shear stress
and heat transfer effects corresponds. to second-order-accu-
rate central differencing so that the global spatial accuracy of
the method is second order. The time-differencing algorithm
is a spatially-split approximate-factorization scheme.

USA-PG2

The second of the upwind codes, USA-PG2 (Unified So-
lution Algorithm-Perfect Gas, two-dimensional), was devel-
oped by Chakravarthy* and solves the full Navier-Stokes
equations. The corresponding three-dimensional version is
designated USA-PG3. In these codes, the convective terms
are modeled using a family of high-accuracy total-variation-
diminishing (TVD) upwind-biased finite-volume schemes based
on Roe’s approximate Riemann solver. Second-derivative vis-
cous terms, except cross-derivative terms, are modeled with
conventional central-difference approximations. The cross-
derivative terms are treated so that their discretization also con-
tributes to the diagonal dominance of the implicit time discre-
tization. For the present calculations, the implicit formulation
was solved using approximate-factorization methods.

LAURA

The third upwind code, LAURA (Langley Aerothermo-
dynamic Upwind Relaxation Algorithm), is a finite-volume,
single-level storage implicit upwind-differencing algorithm de-
veloped by Gnoffo’¢ to solve the full and thin-layer Navier-
Stokes equations with particular emphasis on external, re-
acting, hypersonic flows over blunt bodies with detached shock
waves. The perfect-gas version was implemented in the pre-
sent study. The inviscid components of flux across cell walls
are described with Roe’s averaging and Harten’s entropy fix
with second-order corrections based on Yee’s Symmetric TVD
scheme. The viscous terms are discretized using central dif-
ferences. A point-implicit relaxation strategy is used.

NASCRIN

The fourth computer code NASCRIN (Numerical Analysis
of Scramjet Inlets), was developed by Kumar’# and uses the
original unsplit explicit technique of MacCormack? to solve
the full Navier-Stokes equations. This technique is a two-step,
predictor-corrector scheme that is second-order accurate in
both space and time. Fourth-order artificial viscosity based
on the gradients of pressure and temperature is used near
shock waves to suppress numerical oscillations.

Test Case

The test case considered in the present study is shown sche-

matically in Fig. 1. This case, which has viscous/inviscid in-
teractions typical of those found in the flowfield within the
propulsion system of a hypersonic vehicle, is the two-dimen-
sional flow over a compression corner formed by the inter-
section of a flat plate and a wedge tested by Holden and
Moselle!® in the Calspan 48-in. shock tunnel. The flowfield
shown in Fig. 1 shows the separated flow that forms in the
corner region for a sufficiently large wedge angle. Down-
stream of the reattachment point, the boundary layer thins
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Leading-edge shock

M, =14.1

Separated-flow region
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Fig. 1 Test case: compression corner.

rapidly due to the compression, resulting in large increases
in skin friction and heat transfer on the wedge surface. Fur-
thermore, the compression waves produced by the corner
coalesce into a shock wave that intersects with the leading-
edge shock, producing an expansion fan and a shear layer,
both of which affect the flow on the ramp. Three wedge angles
tested by Holden and Moselle' are considered here. The flow
remained attached on the 15-deg wedge, a small separated-
flow region occurred with the 18-deg wedge, and a large sep-
arated-flow region was produced by the 24-deg wedge.

The nominal flow conditions for this case were M., = 14.1,
T, = 160°R, and Re = 7.2 x 10%ft. The wall temperature
T, was 535°R. The Reynolds number was low enough that
the flow remained completely laminar, thereby eliminating
the issue of turbulence modeling from the present study. Fur-
thermore, even though the freestream Mach number was high,
the freestream temperature was low enough that there were
no significant real-gas effects. In the experiment, values of
surface pressure, skin friction, and heat transfer were meas-
ured in the center plane of the model, which had a spanwise
length that was thought to be sufficient to produce two-
dimensional flow in the measurement region.

This test case has been used in previous computational
studies by other investigators. The first computation using the
full Navier-Stokes equations for this case was made by Hung
and MacCormack.!! They obtained good agreement with the
experimental data for the 15- and 18-deg wedges, but their
solution significantly underpredicted the size of the separated-
flow region for the 24-deg wedge. Recent studies have been
presented by the Power and Barber,'? Ng et al.,'* and Rizzetta
and Mach.' In addition, the fully attached flow with the 15-
deg wedge has been used for comparisons with computations
using the parabolized Navier-Stokes equations in various stud-
ies such as in Refs. 15-17.

Results and Discussion

Compression-Corner Case

Comparisons were made between the computed solutions
from all four codes and experimental data for the 15- and 24-
deg wedges using two different grids. The first grid had 51
points in the streamwise direction and 51 points in the vertical
direction. In the streamwise direction, the grid was clustered
near the leading edge of the flat plate and in the corner region.
In the normal direction, the grid was clustered near the model
surface. Above the wedge, a simple sheared grid was used,
producing a nonorthogonal grid in this region. A second grid
with twice the resolution was constructed from the first grid
using 101 points in each direction while maintaining the same
grid stretching.

15-Degree Wedge

Figure 2a shows a comparison of the computed surface-
pressure coefficient with experimental values for all four codes
on two different grids. The pressure coefficient is plotted as
a function of x/L, where x is measured from the leading edge
of the flat plate and L is the length of the flat plate portion
of the model. As shown, there are only very slight differences
in the predictions from the four codes for the 51 x 51 grid;
however, the four solutions are virtually identical for the
101 x 101 grid. The computed pressures are generally higher
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Fig.2 Comparison of computation and experiment for 15-deg wedge.

than the experimental values even on the flat plate portion
of the model. However, the computed pressures were in ex-
cellent agreement with those given by hypersonic strong-
interaction theory (not shown). The corresponding compar-
ison of the computed surface heat transfer coefficient with
experimental values for all four codes on the two grids is
shown in Fig. 2b. As with the pressure coefficient, the cal-
culations on the 101 x 101 grid produce the best agreement
among the codes. The largest differences occur along the
ramp. The trends in the experimental data are again predicted
well, but the computed values are generally slightly higher
than those found in the experiment.

It should be noted that all of the plots shown in the present
paper for the compression-corner case differ from those given
in Ref. 18 in two ways. First of all, the experimental data
have been revised by Holden, who recomputed the freestream
conditions using the tunnel calibration rather than using pitot-
tube measurements from probes within the shock layer em-
anating from the leading edge. The resulting change in the
surface coefficient data eliminated the need for the 1-deg
angle-of-attack correction, which was necessary in Ref. 18 to
match the experimental values of pressure on the flat plate
portion of the model. Second, the data were originally given
in Ref. 10 as a function of the distance along the surface of
the model but were interpreted as being a function of the
streamwise distance x in the plots in Ref. 18. Thus, the data
on the ramp in Ref. 18 were shifted slightly downstream from
their correct location.
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24-Degree Wedge

Figure 3 shows the streamlines of the flowfield of the 24-
deg wedge computed using the USA-PG2 code. The large
size of the separated-flow region and the thinning of the
boundary layer on the ramp downstream of the reattachment
point can be clearly seen. Figure 4 shows the comparison of
the computed surface-pressure coefficient with experimental
values for this case. The four codes predict different extents
of separation even with the 101 x 101 grid. A solution using
a 201 x 201 grid was also made CFL3D. The predictions for
surface pressure, skin friction, and surface heat transfer for
this grid were almost identical to those found with the 101 x
101 grid with only a slight increase in the predicted extent of
separation. Therefore, the 101 X 101 grid calculation with
CFL3D can be considered to be sufficiently grid-refined for
this flow. All four of the codes demonstrated a trend with
grid convergence toward a similar longitudinal extent of sep-
aration that is much larger than that found in the experiment.
As a result of the larger scparation extent, the shock inter-
action is altered, moving the peak value of pressure on the
ramp downstream in comparison to the experiment.

Time-Accurate Computations

In order to help resolve these differences between the com-
putation and experiment, time-accurate calculations were made
with three of the codes to study the question of whether the
experimental data might have been obtained before steady
flow had been fully established during the short run time
available in the shock tunnel. The flow in the experiment
reached a steady state in approximately 4 ms, and the total
run time was approximately 10 ms. Figure 5 shows the so-
lutions obtained with CFL3D at five intermediate times 1 ms
apart between 1 and 5 ms. These results are representative
of the time variation computed with all three of the codes
used, CFL3D, USA-PG2, and NASCRIN. It can be seen that
the separated-flow region is predicted reasonably well at a
point in time between 2 and 3 ms, but the size of the region

Fig. 3 Streamlines for flow past 24-deg compression corner, USA-
PG2 solution.
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Fig. 4 Comparison of computation and experiment for 24-deg wedge.
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Fig. 5 Time history of surface pressure, CFL3D solution, 24-deg
wedge.

continues to increase as the solution is further advanced in
time. It took more than 12 ms to establish steady flow in the
computations, which is considerably longer than the testing
time available in the experiment.

Calculations were also made with CFL3D for wedge angles
of 18, 19.5, 21, and 22.5 deg. (Calculations made with USA-
PG2 for 18- and 21-deg wedges verified the CFL3D results.)
The results of these computations are summarized in Fig. 6,
which shows the effect of wedge angle on the size of the
separated-flow region. For the smallest separated-flow region,
which occurred with the 18-deg wedge, the extent of sepa-
ration using a 101 x 101 grid underpredicted the experimental
value by approximately 23%. For the 24-deg wedge, the com-
puted extent of separation overpredicted the experimental
value by approximately 48% for the 101 x 101 grid. The 21~
deg wedge case produced a computed separated-flow region
comparable in size to that found experimentally with the 24-
deg wedge. Figure 7 shows the positions of the upstream and
downstream boundaries of the separated-flow region for this
case as functions of time. As shown, it required significantly
more time than 4 ms for the computed flowfield to reach its
steady state even for a separated-flow region with a size com-
parable to that found in the experiments.

Three-Dimensional Calculations

Since the results from the two-dimensional computations
did not match the experimental data, three-dimensional cal-
culations were made with CFL3D to investigate the possibility
of flow in the spanwise direction affecting the flow in the
center of the plate. For the experimental data for which com-
parisons are shown later, no side plates were used. The span-
wise length of the plate was 2 ft. Calculations were made with
two different grids. One grid had 51 points in the streamwise
direction, 51 points in the normal direction, and 25 points in
the spanwise direction. The second grid had 101 points each

O 51 x 51 grid
O 101 x 101
s < 201 x 201
4 L A Experiment D/S
5 [e]
Xg — Xs o8 A
T L
0.4}
fay
L A
O.G~ i =) 1 1 L 1 1 L J
15 18 21 24
0, degrees

Fig. 6 Effect of wedge angle on extent of separation, CFL3D solu-
tions.
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Fig. 7 Time history of separation extent for 21-deg wedge, CFL3D
solution.

in the streamwise and normal directions and 25 in the spanwise
direction. In each case, the spanwise grid contained 19 points
on the plate and 6 points in the freestream. Since the flow is
symmetric about the center plane, the computational domain
included only half of the plate. Approximate supersonic out-
flow boundary conditions were used at the sides of the com-
putational domain outside of the ramp surface. Figure 8 shows
results from the calculation with a 101 X 101 grid in each
streamwise plane. The streamlines in the flow very near the
model surface are visualized using particle traces. The sepa-
ration and reattachment lines show that the size of the sep-
arated-flow region decreases across the plate from the center
plane to the edge. The pressure contours in the downstream
plane on the ramp at the end of the computational domain
show an expansion of the flow in the spanwise direction near
the edge of the plate to reduce the pressure to the freestream
value. A comparison of the computed two- and three-dimen-
sional center plane surface-pressure distributions with the ex-
perimental data is shown in Fig.9 using solutions from CFL3D
for all of the grids used in the present study. As shown, the
three-dimensional effects produce a smaller separated-flow
region in the center plane than that predicted in the two-
dimensional calculations. Furthermore, the size of the sepa-
rated-flow region and the pressure level in that region are in
excellent agreement with the data for the finest mesh in the
three-dimensional calculation. In addition, the computed
pressure rise on the surface of the wedge is well predicted.
Figure 10 shows the normalized locations relative to the
start of the compression ramp of the upstream and down-
stream boundaries of the separated-flow region as functions
of time for both the two- and three-dimensional computations
with CFL3D for the 24-deg wedge. Quite surprisingly, the
time to establish the steady state for the three-dimensional
flow is dramatically less than that required for the two-di-
mensional flow. For the three-dimensional computation, a

Pressure contours - downstream plane

CFL3D
101 x 101 x 25 grid

Pressure contours -
plane of symmetry

Fig. 8 Three-dimensional solution for 24-deg wedge, CFL3D.
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Fig. 10 Time history of separation extent for 214-deg wedge from
CFL3D solutions.

steady state has been established in approximately 4 ms, which
is in agreement with the experiment.

Summary Comparisons

Figures 11 show a summary comparison of the CFL3D so-
lutions with experimental data for each of the three wedges.
The three-dimensional solution in the center plane is shown
for the 24-deg wedge, and two-dimensional solutions are shown
for both the 15- and 18-deg cases. Excellent agreement of the
calculations with experimental data was found for pressure,
heat transfer, and skin friction for all three wedge angles.

The present results reconcile several discrepancies between
numerical computations and experiment for the 24-deg
compression ramp presented in the literature. The original
work of Hung and MacCormack!! in 1976 compared well with
the 15- and 18-deg ramp deflections but underpredicted the
extent of separation for the 24-deg deflection. This can be
attributed to the coarseness of the computational grid in that
study since the present investigation indicates that the 24-deg
compression ramp requires a much finer grid than that re-
quired with the lower angles to attain grid convergence spa-
tially. The more recent work of Ng et al.’® and Rizzetta and
Mach?* with much finer grids indicate a separation extent that
is much larger than experiment for the 24-deg case. These
results are consistent with those of the present study in that
incorporation of the three-dimensional effect due to spanwise
extent is required in order to agree with experiment. Finally,
thé recent work of Power and Barber!? indicates less sepa-
ration than experiment, in contrast to the present results. This
smaller predicted extent of separation is believed to be due
to a termination of the calculations after the freestream had
swept the computational domain four times, which is signif-
icantly less than the present calculations indicate are required
for the flow to establish a steady state.
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Fig. 11 Summary comparison of CFL3D computations and experi-
ment.

Concluding Remarks

A code-validation study has been conducted for four dif-
ferent codes for solving the compressible Navier-Stokes equa-
tions. A test case involving high-speed separated flows has
been used to compare the results from the codes. Compu-
tations for a series of nominally two-dimensional high-speed
laminar separated flows were compared with detailed exper-
imental shock-tunnel results. The shock-wave boundary-layer
interactions considered were induced by compression ramps
with different wedge angles. In general, good agreement was
reached between the grid-refined calculations and experiment
for the incipient- and small-separation conditions. For the
most highly separated flow, three-dimensional calculations,
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which included the finite-span effects of the experiment, were
required in order to obtain agreement with the data. The
finite-span effects were important in determining the extent
of separation as well as the time required to establish the
steady-flow interaction. The results presented provide a res-
olution of discrepancies with the experimental data encoun-
tered in several recent computational studies.

The present study demonstrated that the four codes are
capable of accurately representing -both qualitatively and
quantitatively the types of complex hypersonic flows with strong
viscous-inviscid interactions considered. For sufficiently re-
fined grids, the predictions from the codes were in good agree-
ment with each other and with experimental data considered
to be benchmark data for these types of flows. The emphasis
of the present study was the grid-refined accuracy of the codes,
and, therefore, the study did not address either the issue of
the relative efficiency of the codes or the minimum compu-
tational requirements to simulate the flows considered.
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