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Comparison of Supercritical Airfoil Flow
Calculations with Wind Tunnel Results

L. S. King* and D. A. Johnsont
NASA Ames Research Center, Moffett Field, California

Navier-Stokes calculations are performed for a supercritical airfoil at transonic design and subsonic condi-
tions. Wind tunnel pressure-rail measurements are employed as boundary data in the calculations to account for
wall-interference effects. A fine mesh is used so that most details of the flows were resolved, with particular at-
tention given to the trailing-edge region. Detailed comparisons are made with the experimental data. Good
agreement was obtained on the airfoil except at the trailing edge where separation occurred. Flow details in the
trailing-edge region are examined and differences are shown to be attributable to the turbulence model
employed.

Introduction

S UPERCRITICAL airfoils are characterized by a nearly
flat upper surface over a large midchord distance and a

pronounced camber near the trailing edge. These character-
istics combine to make the performance of these airfoils very
sensitive to wind tunnel wall interference effects, viscous ef-
fects, and small changes in Mach number and angle of at-
tack. Because of the relatively flat upper surface, shock posi-
tion is quite sensitive to wall interference. Because of the aft
camber, there exists a strong adverse pressure gradient near
the trailing edge. This leads to a thickening and, often, to a
separation of the upper-surface boundary layer. Also,
because of the aft camber, significant static-pressure dif-
ferences exist across the near wake. Inter ferometric
measurements by Spaid and Bachalo1 and the laser-
velocimeter results of Johnson and Spaid2 have verified the
existence of these pressure differences. The pressure dif-
ference across the wake is, of course, related to wake cur-
vature, and it has been suggested that curvature effects are
important in the prediction of surface-pressure distri-
butions.3'4

A supercritical airfoil section thus presents a predictive
method with many difficulties. To date, predictions have not
compared well with wind tunnel data, as evidenced by the
results presented in Ref. 5. Since the numerical solutions
were for free-air flows, wall-interference effects in the data
could be a factor in the poor comparison. Other possible
contributors are improper turbulence closure models and in-
adequate spatial resolution. Thus, questions arise as to the
validity of such comparisons.

The present effort will attempt to resolve some of these
questions. Navier-Stokes calculations are performed on a
fine mesh. Wind tunnel wall effects are simulated by using
measured pressures as boundary data along the upper and
lower computational boundaries. Johnson and Spaid2 have
obtained extensive measurements for the DSMA 671 super-
critical section. Turbulence properties and mean velocities
were measured in the boundary layer and wake. These data
thus offer an excellent opportunity for detailed comparison
with calculated results. Because a fine mesh is used and the
wall effects are accounted for, any substantial differences be-
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tween experimental results and calculations should be at-
tributable primarily to inadequacies in the turbulence model.
Since experimental data are imposed on the outer computa-
tional boundary, such an approach falls short of being an in-
dependent predictive tool. Nevertheless, the method is useful
in that: 1) direct comparisons between numerical and ex-
perimental results may be made; 2) by also performing free-
air calculations, differences between interference-free and
confined flows may be illustrated; and 3) turbulence
researchers are provided with a tool to enable valid com-
parisons of measured and modeled turbulence properties on
an airfoil.

Other methods have been developed to eliminate or reduce
wall-interference effects in transonic flow. Of particular in-
terest here are the correction methods developed by Kemp6"8

and Murman.9 In these methods, flowfield and surface-
pressure measurements are employed to calculate either an
effective airfoil shape or velocity jumps between the upper
and lower surfaces. These are then used in free-air inviscid
calculations to determine the angle of attack and Mach
number that best fit the surface measurements. Through use
of the measured pressures, these methods accommodate wall
effects without recourse to modeling the wall-flow processes.
They also account, at least partially, for viscous effects.
However, interference and viscous effects may render the
measured pressures on the airfoil incompatible with any in-
viscid free-air solution, in which case correction methods are
not applicable. If corrected values of Mach number and
angle of attack can be found, an equivalent free-air solution
can be computed using the Navier-Stokes code. Comparison
of this solution with experiment and the pressure-boundary-
condition solution provides insight into the correctability of
these supercritical airfoil flows.

Numerical Procedure
The basic numerical method used in the present investiga-

tion is that due to Steger10 for the Reynolds-averaged, time-
dependent, compressible Navier-Stokes equations. In
Steger's method, the governing equations are transformed
into a generalized body-fitted coordinate system and solved
with the second-order-accurate factorized implicit algorithm
of Beam and Warming.11'12 Viscous terms in the streamwise
direction are neglected, resulting in the so-called "thin-layer
approximation." Turbulence is modeled by the Baldwin-
Lomax13 adaptation of the algebraic turbulence model of
Cebeci.14 To account for wind tunnel wall interference ef-
fects, Steger's code has been modified by incorporating a
pressure boundary condition (PBC) along the upper and
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lower boundaries. Details of this modification are presented
in an earlier paper by King and Johnson.15

Mesh generation is accomplished using a Poisson solver
similar to that of Thompson et al.,16 as modified by Steger
and Sorenson.17 The mesh code produces a "wraparound"
or C-mesh and is coincident with user-prescribed points on
the airfoil surface and outer boundary. With the Steger-
Sorenson modification, orthogonality at the airfoil surface
and concentration of coordinate lines near the surface may
be controlled. Orthogonality is needed for consistency with
the thin-layer approximation. A fine mesh near the surface is
required to resolve the turbulent boundary layer properly.
Typically, meshes used in the present calculations were com-
prised of 139 points in the wraparound direction and 50
points in the direction away from the airfoil. The meshes
were constructed with the first coordinate line off the airfoil
at a normal distance of 2 x l O ~ 5 chords from the surface.
This distance roughly corresponds to a value of y+ =2, with
approximately 20 points in the turbulent boundary layer near
the airfoil midchord.

Results and Discussion
The airfoil employed in the present investigation is the

14%-thick supercritical section known as DSMA 671. This

a) Subcritical flow case.

airfoil was tested in the Ames 2 x 2 ft Transonic Wind Tun-
nel by Johnson and Spaid.2 Subsequent to that test, addi-
tional testing was done to obtain the pressure rail
measurements and to take holographic interferograms. The
model for the tests had a chord of 20.32 cm (8 in.) and an
aspect ratio of 3. These Ames tests were conducted at a
chord Reynolds number of 2.67 million with transition strips
at 17% chord to ensure fully turbulent boundary layers.
Data were obtained at two test conditions: a cruise condition
of M=0.72 and an angle of attack of 4.32, and a subcritical
case at M=0.50 and an angle of attack of 5.35. In addition
to surface pressures, boundary-layer and near-wake measure-
ments were made with pitot-pressure-probe and laser-
velocimeter techniques. The holographic inter ferograms
taken of the flowfields are described by Bachalo.18

The pressure rails were a special feature incorporated so
that the PBC calculations could be performed. The rails were
designed to measure the static-pressure distribution along the
tunnel centerline and 7.62 cm (3 in.) from the upper and
lower tunnel walls. Since the model chord was 20.32 cm (8
in.) the rail pressure measurements were made at y/c =
±1.125. Shown in Fig. 1 are the rail pressure distributions:
Fig. la shows the pressures at the subcritical case (M=0.5,
a = 5.35 deg), and Fig. Ib shows that for the transonic cruise
condition (M=0.72, a. = 4.32 deg). As can be seen, there was
scatter in the pressure rail measurements. This was due in
part to difficulties encountered with the Scanivalve system
during the test. Also, the rajl pressures differ from the
freestream pressure by only 5% maximum. Consequently,
there are uncertainties as to the pressures to be used in the
PBC calculations. The fairings shown in Fig. 1 represent only
a best guess for the rail pressures.

Also shown in Fig. 1 are pressures along y/c=± \.\25
resulting from the free-air solution. Along the lower rail
position little difference between the measured pressures and
the free-air pressures is noted. Incidentally, the free-air
pressures were imposed on the lower boundary for the sub-
critical case. It was felt that this pressure distribution was a
good approximation because of the scatter in the data.
Along the upper rail position, however, much larger dif-
ferences exist between the free-air and measured pressures.

-2.0
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b) Transonic cruise condition.

Fig. 1 Pressure distributions in the flow field at the pressure rail
locations.

.8 1.0

Fig. 2 Surface pressures for subcritical flow case.
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Surface-Pressure Comparisons
The fact that the upper-rail pressures can create a signifi-

cant difference at the airfoil surface is illustrated in Figs. 2
and 3. For the subcritical case of Fig. 2, the upper-surface
pressures are brought into excellent agreement with the
measured values. Separation was experimentally observed
over the last 2% chord of the airfoil. Predicted separation
was over the last 3% chord, but with a thinner reverse-flow
region and an attendantly slightly greater pressure recovery.

For the cruise condition shown in Fig. 3, the differences
between the free-air and PBC calculations are even more
pronounced. Shock position varies markedly between free air
and PBC, with the PBC-pfedicted shock in close agreement
to that measured. The PBC calculation shows a slight re-
expansion just downstream of the shock followed by
pressure recovery to the trailing edge. Although the data in-
dicate the same trend, the calculated re-expansion is slightly
larger and the pressures remain slightly overexpanded
relative to the data to near the trailing edge. This indicates,
perhaps, that the fairing used for the upper-rail pressures
could be improved upon. As was the case for the subcritical
flow, pressure recovery at the trailing edge was slightly over-
predicted. The trailing-edge region for the cruise condition is
discussed in more detail in subsequent sections.

Also shown in Fig. 3 is another free-air solution run at
slightly different values of Mach number and angle of at-
tack. These values were obtained from the TWINTAN code
by Kemp8 and purport to be the corrected free-air values for
which the experimental data are applicable. The measured
surface and rail pressures along with the lift coefficient were
input into the TWINTAN code to predict a corrected free-air
value at Mach 0.696 and a corrected angle of attack of 3.38
deg. Predicted surface pressures from the Navier-Stokes code
are shown rescaled to the reference Mach number of 0.72, so
that Fig. 3 represents a consistent comparison of the results.
On the upper surface, agreement of the corrected free-air
solution to the data and PBC calculation is quite good, ex-
cept that the shock is approximately 5% chord downstream
of the PBC result.

On the airfoil lower surface the corrected free-air solution
appears to agree better with the data than either the (uncor-
rected) free-air or PBC solution. The reason for this is
unclear. As a matter of fact, a similar comparison for a
more conventional NACA 64A010 airfoil, shown in Fig. 4,

-1.6

-1.2

O EXPERIMENT
— — FREEAIR CALCULATION
——— PBC CALCULATION
——— CORRECTED F. A.

(M = 0.696, a =3.38°)

OO =0.72
a = 4.32°
Re =2.67X106

exhibits opposite results on the lower surface. A possible ex-
planation could lie in the treatment of upstream boundary
conditions. No data are available there, therefore, the
upstream boundary condition was constructed from the free-
air Navier-Stokes and TSFOIL19 inviscid solutions. From
these solutions the upstream boundary estimate was taken to
be that solution most consistent with the measured pressures
on the upper and lower rails.

Comparisons with Boundary-Layer Calculations
Boundary-layer solutions were obtained for the transonic

cruise condition in Ref. 2 using the inverse boundary-layer
program described in Ref. 20. This program can be run in
either of two modes: direct with the pressure specified, or in-
verse with the wall shear specified. The boundary-layer
calculations were performed in the direct mode for the airfoil
upper surface using the measured surface pressures to
separation. Calculations beyond separation were performed
in the inverse mode.

Results from the boundary-layer calculations are com-
pared with the PBC solution and experiment in Figs. 5 and
6. In Fig. 5 the skin friction Cf (normalized by the
freestream dynamic pressure) and displacement thickness
6*/c are shown from just downstream of the shock to the
trailing edge. Experimental skin frictions were obtained by
law-of-the-wall fits to the pitot probe data. Oil-flow
measurements, discussed in Ref. 2, indicate that separation
occurred at #/c = 0.98, whereas the skin frictions obtained
from the pitot probe data indicate attached flow at that sta-
tion. Near the trailing edge, therefore, these data must be
viewed guardedly.

The skin-friction results reflect the re-expansion region
behind the shock (Cf increasing) and the subsequent recom-
pression. The boundary-layer and Navier-Stokes codes
predict slightly different skin frictions in the re-expansion
region because the pressures are different. In the adverse-
pressure-gradient region the codes agree well with each other
and are in substantial agreement with the data, at least up to
separation. The predicted separation point is at 95% chord,
whereas the data indicate separation to be delayed farther
downstream.

Displacement thicknesses from the PBC solution are con-
sistently higher than their boundary-layer counterparts and
are in reasonable agreement with the data, as shown in Fig.
5b. The Navier-Stokes code calculated the rapid rise in
displacement thickness near separation better than the
boundary-layer code—a fortuitous result as will be seen in a
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Fig. 3 Surface pressures for transonic cruise condition.
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Fig. 4 Surface pressures for the NACA 64A010 airfoil.
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later section. The Navier-Stokes code predicted higher
displacement thicknesses near the trailing edge since the
predicted pressure gradients were higher than the experimen-
tal values used in the boundary-layer code. If the PBC
pressure gradient had been used in the boundary-layer code,
agreement would have been much better.

Semilog plots are shown in Fig. 6 comparing the predicted
and experimental velocity distributions in the boundary layer
at two stations in the adverse-pressure-gradient region. The
three regions of the boundary layer—the wall-damped, the
law-of-the-wall, and the law-of-the-wake—can be clearly
seen, indicating that the Navier-Stokes solution does have
adequate resolution for the boundary layer. The boundary-
layer and PBC solutions agree well with each other from the
wall through the law-of-the-wall region, but depart in the
law-of-the-wake region. In this latter region the boundary-
layer solution agrees with the data much better than the PBC
solution. This difference is almost certainly attributable to
the different turbulence models employed. In the boundary-
layer calculation the Cebeci-Smith model was used; the
Baldwin-Lomax model was used in the Navier-Stokes
calculations. The two models differ predominantly in the
law-of-the-wake region, where the Steger Navier-Stokes code
does not have a displacement thickness available to scale the
outer eddy viscosity. Instead, Baldwin and Lomax use a
distance determined from the vorticity and an additional
constant that was determined to yield agreement with Cebeci
and Smith for constant-pressure boundary layers at transonic
speeds. It would appear that, for flows with significant
pressure gradients, the Baldwin-Lomax model needs further
refinement.

Trailing-Edge Flow
As has been pointed out by Horstman21 and others,3'4 ac-

curate predictions in the trailing-edge region are important in
airfoil design, particularly for modern supercritical sections.
In this region, large streamwise adverse pressure gradients
exist, and often lead to separated flow. Because of the aft
camber, normal pressure gradients may become significant.
In the near wake, two dissimilar shear layers interact, and
pressure differences across the wake and wake curvature can
become important.

The trailing-edge flow at the transonic cruise condition is
presented in some detail in Figs. 7-9. In these figures the
PBC solution is compared with surface-pressure data,
pressures at the edge of the viscous layers deduced from
laser-velocimeter measurements (using isentropic flow rela-
tions), and flow angles also derived from the laser-
velocimeter measurements.

In Fig. 7, surface pressures near the trailing edge are
shown together with the static pressures at the edges of the
boundary layer and near wake. Across the upper-surface
boundary layer, the data indicate that the pressure difference
is small. The calculations show a small difference, which
becomes progressively larger past the predicted separation
point at x/c = 0.95. Although not shown, analysis of the in-
terferometric results of Bachalo18 indicates little pressure dif-
ference across the lower-surface boundary layer. The calcula-
tions, however, do indicate a pressure difference. This is
probably a consequence of overpredicting the boundary-layer
thickness, so that the calculated edge pressures are in the
high-gradient inviscid flow. As seen in the figure, a large
pressure difference exists across the wake at the trailing edge.
This is indicative of a highly curved near wake. The data in-
dicate that the measurable pressure difference diminishes to
zero approximately 10-15% chord downstream of the trailing
edge. On the other hand, the calculations show a pressure
difference that decays at a slower rate.

Flow angles in the vicinity of the trailing edge are also of
interest; see Figs. 8 and 9. In Fig. 8, the flow angles along
the edge of the upper boundary layer and wake were pre-
dicted remarkably well by the PBC solution. The maximum
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a) Skin friction.
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b) Displacement thickness.
Fig. 5 Skin friction and displacement thickness on the airfoil upper
surface at the cruise condition.

flow angle was - 14 deg at 95% chord, which is where
separation is also predicted. Beyond separation, the flow
angles rapidly diminish as the wake becomes horizontal.
Agreement along the lower edge of the wake was not as im-
pressive, although the correct trend is shown. The lower edge
has flow angles less negative than those on the upper edge,
indicative of a converging flow and necessary to maintain a
pressure difference across the wake.

The laser-velocimeter data of Ref. 2 showed a jump in the
flow angles near .y = 0 in the near wake at x/c- 1.02 (Fig. 9).
At that wake station, the flow angles vary from - 12 deg at
the upper edge to -24 deg just above the trailing edge. Then
the flow angle jumps to about 0 deg, and almost immediately



SEPTEMBER 1985 SUPERCRITICAL AIRFOIL FLOW CALCULATIONS 1305

flattens out to approximately -4.5 deg at the lower edge.
The predicted flow-angle variation at this wake station was
not too extreme. The flow angle at the upper edge was in
good agreement with the data, but the maximum flow deflec-
tion just above y = 0 was missed completely, as was the
jump. Below >> = 0, the predicted flow angles vary smoothly
from a value of - 14.5 deg to the edge value of approximately
-7 deg, a significantly different distribution than that ob-
served experimentally. Further insight into these discrepancies
may be obtained through examination of the velocity profiles.

Velocity and Turbulent Shear-Stress Distributions
Shown in Figs. 10-12 are the velocity and turbulent shear-

stress distributions in the upper boundary layer and wake for
the transonic cruise condition. It should be noted that the
data and predictions included in all of these figures lie along
lines normal to the wind tunnel centerline. The usual practice
for presenting boundary-layer profiles is to align the coor-
dinate system so that distances and velocities are tangent and
normal to the airfoil surface. Thus, some care should be
taken in interpreting the present results. The velocity profiles
shown in Figs. 10 and 12 are of the horizontal velocity ratio,
u/u^. Computed turbulent shear stress, shown in Fig. 11, is
based on the normal gradient of the tangential velocity and
eddy viscosity. This causes some difficulties since the exper-
imental turbulent shear stress - U' V /U^ was determined
by correlating the horizontal and vertical fluctuating velocity
components in Ref. 2. Johnson and Spaid estimate that the
vertical fluctuating velocity would be reduced by about 20%
if rotated to a surface-aligned coordinate system at x/c =
0.63. Accordingly, the measured turbulent shear stresses will
appear higher than they actually are, particularly toward the
trailing edge.

Upper-surface boundary-layer velocity profiles are shown
in Fig. 10 at four chordwise stations downstream of the
shock. The first two calculated profiles, at x/c values of 0.63
and 0.75, apparently show reasonably good agreement with
the data. However, semilog plots of the profiles (Fig. 6)
demonstrated that the wake region of each profile had reduced
gradients resulting in a larger boundary-layer thickness. At
the 0.90 and 0.99 stations the prediction compares less
favorably with the data. Not only are problems evident in
the wake region of the profiles, but the gradients in the near-
wall region are predicted to be too high. The predicted pro-
file at x/c = 0.99 shows the occurrence of separation. Separa-
tion has also occurred experimentally, although the laser-
velocimeter data in Fig. 10 does not extend close enough to
the surface to show reversed flow. The experimental profile
shows low velocity gradients near the wall, whereas the
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Fig. 6 Comparison of calculated results with boundary-layer theory
and experimental results for velocity distributions in the upper-surface
boundary layer.
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Fig. 7 Trailing-edge and near-wake static pressures at cruise
condition.
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ing edge at cruise condition.
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Fig. 9 Comparison of measured and predicted flow angles at
jc/c = 1.02 for cruise condition.
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Fig. 10 Velocity profiles in the boundary layer at cruise condition.

4 0 4 0 4 0 4 8

Fig. 11 Turbulent shear stresses in the boundary layer at cruise
condition.

Fig. 12 Velocity profiles in the wake for cruise condition.

calculated profile has a very thin reversed-flow region above
which high gradients exist.

In the authors' experience, it is seemingly characteristic of
algebraic turbulence models, such as the one used herein, to
overpredict the gradients in the near-wall region as separa-
tion is approached. This characteristic has been observed in
transonic calculations for a conventional airfoil.15 Horstman21

obtained similar results in the trailing-edge region using a
Cebeci-Smith model. In that same study, improved results were
obtained with a two-equation turbulence model.

Turbulent shear-stress profiles for the upper boundary
layer are presented in Fig. 11 at the same chordwise stations
as the velocity profiles of Fig. 10. Two things are immediately
apparent from these comparisons of the experimental
velocity correlation with predicted values: 1) the predicted
turbulent shear stresses extend to a larger distance above the
airfoil as a consequence of the greater predicted boundary-
layer thickness, and 2) maximum values of the predicted
stresses are far less than those measured. Part of the reason
for the higher measured values is that they are not in a
surface-aligned coordinate system; however, that is insuffi-
cient to explain the large discrepancy. Although not shown,

predictions in front of the shock agree well with experiment.
The obvious conclusion, then, is that the turbulence model is
inadequate in the high adverse-pressure-gradient region from
the shock to the trailing edge.

Characteristics exhibited by the boundary layer toward the
trailing edge of the airfoil are carried into the near wake.
This is shown in Fig. 12 for the velocity profiles. Minimum
velocities are greater than those measured, velocity gradients
in the outer region of the wake are too low, and the wake is
too thick. As the wake evolves to the far wake, the velocity
profiles are in better agreement with the data, but the
predicted wake position is lower than observed
experimentally.

Examination of Fig. 12 reveals why the predicted flow
angles in the near wake at x/c= 1.02, shown in Fig. 9, were
at such large variance with experimental results. In the inner
region of the wake, predicted horizontal velocities are greater
than the data above the minimum velocity. This results in
flow angles of smaller magnitude than the experiment, as is
indeed demonstrated in Fig. 9. Below the minimum velocity
line, predicted horizontal velocities are less than the data,
thus the magnitude of the flow angles there exceeds the data.
The large jump in flow angle at the minimum velocity was
not seen since the predicted minimum velocity was much
greater than the experiment. Also, it can be pointed out that
the inadequacy of the turbulence model in high adverse-
pressure-gradient regions is the reason for the poor velocity
predictions at x/c= 1.02.

Concluding Remarks
Extensive comparisons have been made between Navier-

Stokes calculations of supercritical airfoil flows and wind tun-
nel data. It has been demonstrated that wall-interference effects
are important and must be accounted for in the calculations in
order to make valid comparisons. The use of measured rail
pressures above and below the airfoil as boundary data in the
calculations has been shown to be an effective means of
simulating the actual wind tunnel flow about an airfoil. Correc-
tion methods can be adequate to yield an equivalent free-air
solution if surface pressures are the only concern.

Since measured pressures were used as boundary data and a
fine calculational mesh was employed, the authors are confi-
dent that the differences between measurements and predic-
tions are mainly attributable to the turbulence closure model.
The Baldwin-Lomax turbulence model has been demonstrated
to be inadequate in adverse pressure gradients, leading to re-
duced normal gradients of velocity in the outer region of the
boundary layer and an overprediction of boundary-layer
thickness. The algebraic turbulence model also failed to ade-
quately describe the near-wall region in separating flows.
Calculations and experiment indicate significant pressure dif-
ferences can exist across the wake just behind the trailing edge
of a supercritical section. Flow angles at the edges of the wake
are fairly well predicted, but are in poor agreement through the
near wake. This is a consequence of poor near-wake horizontal
velocity predictions arising from inadequacies in near-wall tur-
bulence modeling for flow separation.
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