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Nomenclature
A = van Driest damping factor
C = Darcy parameter
Dv = van Driest damping function
p = pressure
v = velocity normal to streamwise direction
jc = distance measured from leading edge of flat plate
x, = length of flat plate, 36 in.
y — distance measured normal to the surface
8 = boundary-layer thickness
A = relaxation length
jL6; = eddy viscosity
p = density
TW = wall shear stress
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Subscripts
eq = local
/ = end of porous region
p = plenum
r = recovery
s = start of porous region
u = upstream
w = wall

Introduction

IN previous work, Chokani and Squire1 have shown that under
transonic conditions passive control in the form of a porous sur-

face in the region of the shock/boundary-layer interaction weakens
the pressure rise through the interaction. The more gradual pressure
rise was seen to produce a weaker shock wave and beneficial drag re-
ductions. These authors compared Navier-Stokes calculations and
wind-tunnel data and observed the presence of a thin shear layer
over the porous surface that was independent of the boundary layer.
They suggested that this shear layer altered the effective surface ge-
ometry in the interaction region, which provided the mechanism for
weakening the shock wave. This observation suggested that shock-
induced separation may be delayed or reduced. The presence of the
shear layer, however, was also observed in their calculations to in-
crease the skin friction. Since such detailed data were not obtained
in the experiment, the numerical investigation was beneficial in or-
der to fully determine if other benefits of passive-control methods
outweigh the skin friction penalties.

It has been observed that shock/boundary-layer interactions in-
crease local pressure loads and heat transfer rates in external hyper-
sonic aerodynamic applications; these interactions may, therefore,
adversely affect a flight vehicle's lift and drag or may degrade
propulsive performance. In this study the passive control of hy-
personic shock/boundary-layer interactions is numerically studied.
A previously developed Navier-Stokes code is applied, after modi-
fications to the code to account for passive control have been imple-
mented. The predictions of this modified code are then compared
with the 28% porosity case experimentally examined by Rallo.2
The computed solutions are then used to examine details of the
interaction region.

Numerical Method
The governing equations are the two-dimensional, unsteady, com-

pressible Navier-Stokes equations. An implicit lower-upper sym-
metric Gauss-Seidel algorithm is used to obtain steady-state
solutions. Complete details of the code used are presented
by Morgenstern and Chokani.3 Some salient features are dis-
cussed here.

Wall Boundary Conditions
The upstream upper wall section, including the shock generator,

was modeled as an inviscid, impermeable surface. This imposed
condition provided both the incident shock and trailing-edge ex-
pansion observed in the experiment. The downstream upper wall
section was modeled to permit supersonic outflow; this avoided re-
flection of the recompression shock. The lower surface was a no-slip,
impermeable surface; when the passive control was implemented,
no-slip, permeable wall conditions were imposed over the region
of passive control. On the porous surface, the wall normal velocity
was determined by the Darcy pressure-velocity law,

= C(pp~ pw) (D

where the plenum pressure was determined from the requirement
that the net mass flux across the porous surface was zero. Two
porosity models were examined. In the first case C was held constant
at 9.0 x 10~3m2 s/kg, which was twice the value used by Chokani and
Squire1 for a 13.6% porous surface and, thus, would closely simulate
the 28% porosity. In the second case the parameter C was varied as

C = 9.0 x ID" 3 [o.5+L V *'-*•
(2)
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Assuming a constant value of plenum pressure, the requirement of
a net zero mass flux across the porous surface yields this plenum
pressure as

Pp = (3)

Turbulence Model
To model the effects of the fine-scale turbulence, the Baldwin

and Lomax eddy viscosity model is used. In the original form this
two-layer algebraic model does not account for the upstream (or
history) effects. Thus, the relaxation length approach used by Kirn
and Chokani4 was also employed:

- exp{-(* - (4)

An initial location xu and relaxation length X were required to be
provided. A location upstream of the shock/boundary-layer interac-
tion region, where the eddy viscosity reached its equilibrium value,
was selected as the initial location. This was in a region where the
flow had developed in a nearly zero pressure gradient prior to the
interaction. Relaxation lengths of 10 and 30 boundary-layer thick-
nesses were determined by numerical testing, for the cases without
and with passive control, respectively, to give an accurate pres-
sure distribution in the interaction region. The initial locations were
xu/xt = 0.607 and 0.527, respectively.

The original Baldwin and Lomax turbulence model does not ac-
count for transpiration effects. Thus, it was necessary to modify the
van Driest damping function,

Dv = 1 - = 26exp(-5.9vi)
(5)

This modification effectively accounts for changes in skin fric-
tion caused by suction and blowing and provides a more accurate
modeling of the fine-scale turbulence effects.

Results and Discussion
The computations employed 171 points in the stream wise di-

rection and 81 points in the streamwise-normal direction. A grid
refinement study was conducted in both directions using 171 and
342 points in the stream wise direction and 81 and 162 points in the
streamwise-normal direction. The results of the computations using
171 stream wise points and 81 streamwise-normal points showed lit-
tle difference from the finest grid. All computations were performed
on a Cray Y-MP computer. A typical run of 3000 iterations required
approximately 250 CPU seconds.

The surface pressure distribution of the computation with the vari-
able porosity model was compared with the experimental results
and qualitatively showed the same trends as the experiment. The
peak pressure rise in the shock/boundary-layer interaction was well
predicted; however, the upstream extent of the interaction was un-
derpredicted by the computation.

A comparison of the predicted pressure distributions of the two
porosity models used is shown in Fig. 1. The surface pressure dis-
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Fig. 1 Comparison of passive control models.
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Fig. 2 Velocity vectors; shock/boundary layer interaction region with
passive control.
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Fig. 3 Comparison of computed Mach number profiles with and with-
out passive control.

tribution of the inviscid and viscous computations without passive
control are also shown for purposes of comparison. The variable
porosity model shows a larger increase in the interaction length than
the constant porosity model. The constant porosity model also shows
an upstream displacement in the location of the shock impingement.
Both models, however, show similar reductions in the peak pres-
sure. The velocity vectors shown in Fig. 2 present a more extensive
separation than the shock/boundary-layer interaction without pas-
sive control. In addition, for the case with porosity, fuller velocity
profiles result downstream of the reattachment point. Typical Mach
number profiles for both the porous and nonporous cases within the
separated flow region are presented in Fig. 3. A significant increase
in the height of the subsonic portion of the boundary layer is seen
to occur with passive control. This may explain the earlier observa-
tion in Fig. 1 of the increased interaction length. The increase in the
height of the subsonic region is due to the blowing over the upstream
portion of porous region.

Concluding Remarks
The objective of this investigation was to analyze the effects of

porosity on the shock wave/boundary-layer interactions of hyper-
sonic flows. Previous studies of these interactions have been incon-
clusive due the limitations of the available experimental data. In
this study a Navier-Stokes code was modified to model the inter-
action with porosity. The computations show similar trends to the
experimental data. With porosity, the interaction length is increased
and the peak pressure in the interaction region reduced. The com-
putations also show that the flow separates earlier, indicating that
flow separation is not reduced or eliminated with porosity. This is
contrary to the observations of transonic interactions. Within the in-
teraction region, an increase in the height of the subsonic portion of
the viscous flow is observed. This is attributed to the transpiration of
low-subsonic-speed flow introduced as a consequence of the poros-
ity. Downstream of the flow reattachment, fuller profiles result, and
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this would suggest a more uniform flow downstream; in practical
applications, such as hypersonic flow inlets, this would be desirable.
Since the flow separation is not eliminated, however, surface heat-
ing penalties may outweigh this benefit. Further studies are required
to examine the optimization of the surface porosity. This modified
Navier-Stokes code may complement future wind-tunnel testing.
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Introduction

C ONSIDERABLE advancement in the computation of vis-
cous transonic flows using compressible, Reynolds-averaged,

Navier-Stokes equations with turbulence models has been achieved
recently due to the availability of high-speed computers and the
substantial improvement in the efficiency and accuracy of the nu-
merical algorithms. However, for complex flow situations, such as
transonic flow past bodies of aerodynamic interest, more effort is
necessary to achieve an efficient and reliable solution. The finite
volume method is well known for its capability to handle complex
geometrical shapes, and it has reached maturity as far as the accu-
racy of the solution is concerned provided the flow remains laminar
and the computational grid is appropriately generated to suit the
complexity of the flow and the geometry. However, for turbulent
flows, accuracy of the solution depends largely on the turbulence
model used to close the system of governing equations. Over the
last 20 years the rate of progress in turbulence modeling has been
pretty slow compared with that in the development of high-speed
computers which, in turn, has led to an increase in the geometri-
cal and fluid mechanical complexity attainable by simulations. The
eddy-viscosity-based turbulence models necessarily produce pseu-
dolaminar solutions with the stresses closely linked to the mean-
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flow gradients; they may be well behaved but they are not usually
very accurate away from the flows for which they have been cali-
brated. Turbulence models based on term-by-term modeling of the
Reynolds-stress transport equations produce solutions which may
be accurate in some cases but are liable to fail rather badly in other
cases; that is, they are ill behaved in a way that eddy-viscosity meth-
ods are not.1 Algebraic turbulence models2"4 have been extended by
others far beyond the domain intended by their originators because
of their simplicity in use and the virtue of almost never breaking
down computationally.

Finite volume spatial discretization with Runge-Kutta time step-
ping scheme developed for the Euler equations has been successfully
extended by Swanson and Turkel5 to the viscous flow computation
using thin-layer Navier-Stokes equations, and similar procedures
are being used by many others.6'7 These methods follow cell-
centered finite volume formulation, where the flow quantities are
associated with the center of a cell in the computational mesh and
the fluxes across the cell boundaries are calculated using arithmetic
means of the values in the adjacent cells. In these schemes the proce-
dure used to compute the pressure on the boundary incorporates the
boundary-layer type of approximation, i.e., the zero normal pres-
sure gradient inside the boundary layer. However, in real flows, the
normal pressure gradient is not negligible and it may cause confu-
sion in tests of turbulence models.

On the other hand, cell-vertex or nodal point schemes proposed
by Ni8 and Hall9 for Euler equations have been extended to solve
Navier-Stokes equations originally presented by Chakrabartty10'11

and later used and extended to three dimensions by Radespiel12

with thin-layer approximation. The main advantages of the vertex-
based schemes over cell-centered schemes are 1) the accuracy in the
computations of derivatives, particularly for stretched and skewed
grids and 2) direct computation of pressure on the wall. A novel
vertex-based (nodal point) spatial discretization scheme in the frame
work of finite volume method has been proposed by Chakrabartty,13

which gives second-order accurate first derivatives and at least first-
order accurate second derivatives even for stretched and skewed
grids. This scheme takes almost the same numerical effort to solve
full Reynolds-averaged Navier-Stokes equations as that for thin-
layer approximation.

In the present work, the finite volume method based on the nodal
point approach introduced earlier in Ref. 13 has been used with
algebraic turbulence models proposed by Cebeci and Smith2-3 and
Baldwin and Lomax.4 Further improvements of these basic models
proposed by Radespiel12 and Goldberg14 for separated flows have
been implemented and studied by computing three typical examples
having strong shocks with shock-induced separated bubble. The de-
tails regarding the governing equations, boundary conditions, finite
volume space discretization, the five-stage Runge-Kutta time step-
ping and the acceleration techniques are available in Ref. 13.

Turbulence Modeling
Algebraic turbulence modeling introduced by Cebeci and

Smith2'3 and later modified by Baldwin and Lomax4 for the outer
region, where the necessity to compute the displacement thickness
for the eddy length scale was replaced by the local vorticity, works
well for attached flows. Transonic flows with strong shocks exhibit
a small separation bubble at the foot of the shock. Existing turbu-
lence models either do not treat such bubbles or do so in an ad hoc
fashion. Goldberg14 attempted to address this problem in a rigor-
ous manner and proposed a model to treat the separated region. His
model is based on the assumption and observation that 1) the stress
scale is given by the maximum shear stress in the separated layer,
not by the wall stress as proposed by Baldwin and Lomax and 2) the
shear layer has qualitatively the same turbulent structure when it is
detached as when it is attached and the length scale is the height of
the separated region. Radespiel12 also used a similar idea by replac-
ing the distance from the wall by the distance from the minimum
velocity line (see Fig. 1 for nomenclature) and the shear stress at the
wall by its maximum value to prevent vanishing eddy viscosity at
the separation point. He, however, did not treat the region between
the wall and the minimum velocity line. He obtained a pressure
distribution with stronger shock downstream of the experimental


