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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
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Fig. 1 Schematic view of separated flow bubble and its nomenclature.

shock position and skin-friction distribution shows separation but
no reattachment on the aerofoil. However, by using the Johnson and
King15 model, which is not simply an eddy-viscosity model but also
contains features of a Reynolds stress model, the results improved
both in shock position and skin-friction distribution with reattach-
ment near the trailing edge. The aftershock comparison still has
scope for improvement. It has been also observed by others7 that
the Baldwin and Lomax model predicts shock position downstream
of that observed in experiment. We have studied various possibili-
ties, models 1-4. In model 1 the turbulent inner viscosity has been
calculated by the Cebeci and Smith model2; turbulent outer viscos-
ity for the body and the wake has been calculated by the Baldwin
and Lomax model4; for the separated region, normal distance from
the wall has been replaced by normal distance from the minimum
velocity line inside the bubble; and between the wall and the min-
imum velocity line, the normal distance has been replaced by the
minimum of the two distances measured from the wall and from the
minimum velocity line. The shear stress at the wall has been replaced
by its maximum over a normal direction grid line inside the bubble.
Model 2 is the same as model 1 with turbulent inner viscosity also
calculated by Baldwin and Lomax with the modification for normal
distance and the wall shear stress. Model 3 is the same as model 1
with a change in the treatment inside the bubble (back flow region)
as suggested by Goldberg,14 and model 4 is the same as model 2
with similar change inside the bubble as suggested by Goldberg.

Results and Discussion
Three examples are considered here, and for all three a C type

algebraic grid (257 x 61) where minimum normal spacing of 10~5

with chord length as unity has been used such that the maximum y+

value at the first grid node is of the order of four. Far-field boundary
of the computational domain has been placed about 10 chords away
from the aerofoil.

For the first example, pressure coefficient CP distributions on
the aerofoil and skin-friction coefficient C/ distributions on the up-
per surface for a RAE-2822 aerofoil at a free-stream Mach number
MOO = 0.75, angle of attack a = 2.81 deg, and Reynolds number
Re^Q = 6.2 x 106 obtained by using the four models are shown
in Fig. 2 along with the experimental results.16 In the models com-
puted shock is stronger, its position is downstream of that observed
by experiment, and higher pressure has been predicted in the post-
shock region. All of the four models have predicted almost identical
pressure distributions. Skin-friction distributions compare well with
experiment, and the separated region at the foot of the shock has been
clearly predicted. Models 1 and 2 have shown identical C/ distribu-
tion, but models 3 and 4 have predicted slightly longer separation
bubble.

For the NACA 0012 aerofoil at M^ = 0.799, a = 2.26 deg, and
Re^ = 9.0 x 106, surface CP distributions and uppersurface Cf
distributions are shown in Fig. 3 along with the experimental CP
distribution.17 In this case, too, predicted shock is stronger and its
position is downstream of that observed in experiments. CP distri-
butions at the foot of the shock obtained by models 3 and 4 differ
from those obtained by models 1 and 2, and Cf distributions show
similar differences as in the first example case.

The third example considered is transonic flow past a CAST-7
aerofoil at M^ = 0.7, a = 4.59 deg, and Re^ = 5.96 x 106.
This case was studied by Johnston,7 and he used one-equation
turbulence model. His computation predicted stronger shock and
large differences in shock position and downstream pressure lev-
els with respect to the experimental results.18 Present computation
also shows similar results. Computed CP distributions and upper-
surface Cf distributions are shown in Fig. 4 along with the exper-
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Fig. 2 Surface pressure and skin friction distributions for RAE-2822
aerofoil, M^ = 0.75, a = 2.81 deg, Re^ = 6.2 x 106, grid 257 X 61:
——, model ! ; • • • • , model 2; - - - - - , model 3; - - -, model 4; o o o o,
experiment.
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Fig. 3 Surface pressure and skin friction distributions for NACA-0012
aerofoil, A/oo = 0.799, a = 2.26 deg,/fc?oo = 9.0 x 106, grid 257 X 61:
——, model ! ; • • • • , model 2; - - - - - , model 3; — — —, model 4; o o o o,
experiment.

imental CP distribution.18 As in the previous two cases, the four
models predicted almost same pressure and skin-friction distribu-
tion with stronger shock located downstream of the experimen-
tal position. Shock-induced separation predicted over the region
0.48 < x/c < 0.60 by all of the models compares well with that
(0.51 < x/c < 0.59) predicted in Ref. 7. Position of the separation
point at the foot of the shock indicates the present shock position is
closer to experiment than obtained in Ref. 7.
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Fig. 4 Surface pressure and skin friction distributions for CAST-7
aerofoil, Moo = 0.70, a = 4.59 deg, to^ = 5.96 X 106, grid 257 x 61:
——, model ! ; • • • • , model 2; - - - - - , model 3; - - -, model 4; o o o o,
experiment.

For the three cases computed here, all of the four models predicted
the separation point at approximately the same location. Reattach-
ment points are same for models 1 and 2 but differ a little for models
3 and 4 in the first two cases. In the third case all of the models
predicted the same separation and reattachment points. An overall
good Cf distribution has been obtained by all of the four models.
The basic criteria to compute shock-induced separated flows are the
replacement of the wall shear stress by its local maximum value
inside the bubble, and the replacement of the normal distance from
the wall by the normal distance from the minimum velocity line in
models 1 and 2 and from the back flow edge in models 3 and 4. Fine
grid (495 x 91) computation (results not shown here) also showed
similar behavior. This study also suggests that the flow between the
wall and the minimum velocity line inside the bubble can be treated
as laminar, and outside the minimum velocity line the flow behaves
like attached flow.

We infer from this analysis that algebraic turbulence models, in
general, predict stronger shock, but the separation bubble at the
foot of the shock and the skin-friction distribution can be predicted
well by any of the four models described earlier. As pointed out
by Bradshaw,1 for transonic flows, the normal pressure gradient is
not negligible inside the boundary-layer and so does not obey the
boundary-layer assumption. In the present algorithm this assump-
tion has been used only through the turbulence model. The velocity
gradient produced due to this, in principle, leads to extra production
of turbulence through the product of mean velocity gradient and
turbulent shear stress. Prediction of correct wall shear stress by the
present models merely implies correct prediction of mean velocity
profiles and not the velocity gradients. In rapidly growing flows near
separation, where normal pressure gradients affect the mean veloc-
ity gradient, one cannot expect an acceptable pressure distribution.
So, for better results in both skin friction and pressure distribution,
turbulence models should be developed for Navier-Stokes compu-
tations without any boundary-layer type of approximations.
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Introduction

IN the case of many high-speed facilities, the nominal experimen-
tal run time is often on the order of seconds or minutes before

the facility air is exhausted. During this time the tunnel parame-
ters have to stabilize before measurements are taken, and it is this
time period that is very important to the tunnel operating condi-
tions. For supersonic/hypersonic tunnels this time period is related
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