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Combined Four-Wall Interference Assessment
in Two-Dimensional Airfoil Tests
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Two different procedures are examined for combining the correction method developed by Barnwell and
Sewall for the effects of the sidewall boundary layer in two-dimensional wind-tunnel tests with the assessment
and correction method due to Kemp for the effects of the upper and lower tunnel walls. One procedure utilizes
the similarity transformation defined by Sewall to eliminate velocity perturbations induced by the sidewall
boundary layer from consideration in the assessment and correction method as sources of error. The other
procedure combines perturbations from all four walls before assessment and correction. In general, the two
procedures yield different corrections to Mach number and angle of attack, either of which can be considered
valid. Pressure distributions corrected for higher order interference effects are provided by either procedure.

Introduction

IN the past decade, several new approaches to the wind-
tunnel wall interference problem have been introduced.

These new approaches are significant for application to
transonic wind tunnels because the wall boundary condition
required in the classical methods for predicting wall in-
terference has proven difficult to express accurately for
slotted or perforated walls over a range of test conditions. A
common feature of the new approaches is their use of data
measured on or near the tunnel walls during the test to sup-
plement the data measured on the test model. The adaptive
wall approaches1'2 require two independent sets of data near
the walls. The wall-interference assessment and correction
approaches3'11 require static pressure distributions measured
on or near the walls to be used either as targets for refining the
wall-boundary conditions3'4 or directly as boundary con-
ditions imposed on flow computations.5'11 Of the latter pro-
cedures, only those of Kemp9'10 and of Murman11 utilize
transonic computations throughout; the remaining pro-
cedures are based either partially or fully on linear super-
position of perturbations.

The major development effort to date on all of the
procedures mentioned has addressed the two-dimensional
application, that is, the testing of airfoil sections in two-
dimensional wind tunnels. Efforts are underway, however, to
extend both the adaptive wall technology and the assessment
and correction technology to three-dimensional tunnel ap-
plications. One new development is of concern only to two-
dimensional testing and deals with the problem of the
boundary layer on the tunnel side walls which act as end plates
for the airfoil section under test. Barnwell12 showed that the
flow three dimensionality introduced by perturbations in the
displacement thickness of the sidewall boundary layer can be
expressed by a two-dimensional governing equation having an
appropriate modification to the longitudinal term. He related
an equivalent Mach number change to the average
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displacement thickness on the side walls by use of the Prandtl-
Glauert similarity rule. Sewall13 extended this approach to
transonic speeds using the von Karman transonic similarity
rule and showed that results from transonic airfoil tests with
artificially thickened sidewall boundary layers could be
correlated by the transonic similarity concept.

With the Barnwell-Sewall similarity rule, data measured
during a two-dimensional airfoil test with three dimen-
sionality introduced by sidewall boundary layers can be trans-
formed to equivalent data in a true two-dimensional flow at
an adjusted Mach number. During development of this
procedure, the influence of the tunnel walls above and below
the airfoil was ignored. The previously noted wall-
interference assessement and correction procedures, on the
other hand, were developed to account for the top and bottom
wall effects without consideration of the sidewall boundary
layer. The present paper addresses the problem of accounting
for the effects of both types of interference on a given set of
airfoil test data. The method used herein for assessing the top
and bottom wall interference is the transonic procedure
embodied in the TWINTAN computer program.14 The ex-
perimental data examined are two cases selected from tests of
a 12% thick supercritical airfoil in the Langley 0.3-m tran-
sonic cryogenic tunnel.15 One case was entirely subcritical and
the other had an extensive supersonic region on the airfoil
upper surface terminated by.a moderately strong shockwave.
The tunnel test section had slotted upper and lower walls and
did not utilize boundary-layer removal on the side walls.

Procedures
Sidewall Boundary-Layer Effects

The essential features of the method developed by Barn-
well12 and Sewall13 for dealing with the sidewall boundary
layer are noted here. The first feature is the incorporation of
the three-dimensional effects of perturbations in the sidewall
boundary-layer displacement thickness into a two-
dimensional form of the governing potential equation by
replacing the term (1-Mf) in the coefficient of the
longitudinal potential derivative with /32 where

(1)
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and b is the tunnel width. The boundary-layer displacement
thickness 6* and shape factor H are taken as constants
descriptive of the average or empty tunnel sidewall boundary
layer at the model location.

The second feature is the use of (d*/b) as a parameter in a
family of flows related by transonic similarity rules so that the
tunnel flow can be transformed into a similar flow in which
<5*=0. The transformed Mach number M^ is that which
satisfies

(2)

and the pressure and force coefficients are transformed by
multiplying the tunnel values by /3/Vl— M2

X. For more detail,
the reader is directed to Refs. 12, and 13.

Upper and Lower Wall Interference
The wall-interference assessment and correction procedure

used in the TWINTAN computer program is illustrated in
Fig. 1. The program utilizes three separate solutions of an
extended transonic small disturbance equation. The first
solution is a numerical reconstruction of the wind-tunnel flow
which satisfies boundary conditions that are the measured
static-pressure distributions on the test airfoil and at both the
upper and lower walls. The airfoil resulting from this solution
can be characterized either by its singularity distribution
(velocity vector jump across the airfoil) or by its equivalent
inviscid shape (ideally, the airfoil plus boundary-layer
displacement thickness).

The second solution in TWINTAN computes the model
perturbation. This is a free-air solution which uses the
singularity distribution as airfoil boundary conditions.
During this solution, the far-field Mach number is updated in
order to produce a match of the total velocity magnitude at a
specified point on the airfoil with that obtained in the tunnel
flow solution. This far-field Mach number is the corrected
Mach number and the difference between the perturbations of
these first two solutions is the perturbation field attributable
to the upper and lower walls.

The third solution is another free-air solution at the
corrected far-field Mach number, but in this case, the airfoil is
represented by its equivalent inviscid shape. The angle-of-
attack correction is determined during this solution as that
which satisfies the Kutta condition for the value of lift
measured in the tunnel. It should be emphasized that this third
solution is basically an inverse of the tunnel-flow solution
except that the outer boundary condition represents a free-air
flow at the corrected Mach number. In the vicinity of the
airfoil, care was exercised to make the numerics and boundary
conditions consistent with the tunnel-flow solution. The
airfoil pressure distribution calculated in this solution,
therefore, is simply the original input distribution as modified
by the change in outer boundary conditions and far-field
Mach number. This calculated distribution is compared with

Fig. 1 Flow of data in the TWINTAN program.

the original measured pressures (now reduced using the
corrected Mach number) to give a measure of the residual
interference not accounted for by the Mach number and
angle-of-attack corrections. The nonuniformity in the wall-
induced velocity perturbations over the airfoil is another
measure of the residual interference.

Combined Interference
Two procedures have been utilized in the present study for

combining the corrections for the sidewall boundary layer and
the upper and lower wall interference. One procedure, herein
referred to as the unified procedure, allows the TWINTAN
program to recognize the combined effects of the sidewall
boundary layer and the upper and lower walls as a unified
wall-induced perturbation field. This is accomplished simply
by altering the governing equation used for the tunnel-flow
solution in the TWINTAN program to include the sidewall
boundary layer term used by Barnwell and Sewall in the
coefficient of the longitudinal derivative. The governing
equation used for the two free-air solutions remains unaltered
so the TWINTAN procedure will now seek the Mach number
and angle of attack of an unconfined two-dimensional flow
which produces the same loading distribution as that
measured in the confined, quasi-three-dimensional tunnel
flow over the same airfoil shape. It is important to note that
the unified procedure avoids altogether the concept of flow
similarity.

The other, or sequential, procedure is a sequential ap-
plication of the similarity rule and the unaltered TWINTAN
method. Because the TWINTAN program was developed
under the assumption that both the wind-tunnel flow and the
free-air flow to which it is corrected are strictly two dimen-
sional, it is logical to apply the similarity procedure first to
remove the three dimensionality introduced by the sidewall
boundary layer and then use the similarity-scaled data in place
of wind-tunnel data as inputs to the TWINTAN program.

Results
Strong Shock Case

The test case having a moderately strong shock was ob-
tained at a nominal Mach number (MT) of 0.7838 with a lift
coefficient of 0.601. Based on the surveys made in the empty
tunnel, the sidewall displacement thickness parameter (2d*/b)
at the model location was found to be 0.0168. Results from
the various interference assessment procedures applied to the
strong shock case are summarized in Table 1 in the form of
corrected Mach number, renormalized lift coefficient and
angle-of-attack correction. More detailed results are discussed
in the following sections.

TWINTAN Assessment Alone
Figure 2 illustrates results from the TWINTAN analysis of

this case with no consideration of the sidewall boundary layer.
In this figure, as in some of the subsequent figures, the results
are shown in two parts. The first part shows the wall-induced
velocity components, Aw and Ay, along the tunnel axis from
about one chord upstream to about one chord downstream of
the airfoil. The match-point location (i.e, where the local
velocity was matched) is shown by the circle symbol on the Aw
curve. The value of Aw at this point is the velocity increment
corresponding to the Mach number correction. In accordance
with past practice for supercritical cases, the match point was
specified at the shock location, thereby matching the shock
strength in the two flows and minimizing nonuniformities in
Aw and Ay near the shock. For this case, however, significant
nonuniformities exist through the supercritical region. The
angle-of-attack correction is shown by the square symbol
plotted at the trailing-edge location and, as is usually the case,
approximates an average value of Ay over the rear portion of
the airfoil. In the second part of the figure, the experimental
pressure distribution, renormalized using the corrected Mach
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number, is compared with the pressures calculated in free air
over the equivalent inviscid airfoil shape. The discrepancies
shown by this comparison are related to the nonuniformities
over the airfoil in Aw and Ay.

It should be pointed out that, in the basic TWINTAN
program, the renormalization of the experimental pressure
coefficients is performed under the assumption that the local
pressures and the stagnation pressure were measured ac-
curately in the tunnel. As a result, during renormalization, the
experimental pressure coefficients might undergo a significant
change in level corresponding to the shift in freestream static
pressure, as well as being scaled by an adjusted dynamic
pressure. The local Mach number at each orifice, however,
remains unchanged as does the level of the critical pressure
coefficient C* relative to the experimental points. The
calculated free-air pressure distribution, on the other hand,
tends to respond to a small change in Mw primarily with a
shift in shock location, if a shock exists, but with essentially
no change in the general level of pressure coefficients.

Table 1 Summary of interference corrections
for the strong shock case

Procedure Mnt Aa, deg

Original data
TWINTAN
Unified
Sequential

0.7838
0.7913
0.7751

0.7688 0.7771

0.6010
0.5940
0.6094
0.6006

-1.01
-1.02
-1.02

Unified Procedure
As was previously noted, under the unified procedure, the

sidewall boundary layer was accounted for simply by altering
the governing equation only for the tunnel-flow computation.
The remaining computations including the renormalization of
pressure coefficients were unaltered from the basic TWIN-
TAN program. Results from this procedure, with the match
point again specified at the shock, are shown in Fig. 3.

The wall-induced velocities show a large discontinuity in Aw
and spike in Av at the shock. Because of the change in the
governing equation for the tunnel flow only, it apparently is
no longer possible to reproduce the tunnel-flow shock
strength in the model perturbation computation by matching
the velocity at the shock. As an alternate scheme for selecting
the particular value of Aw to be associated with the M^
correction, a range of match-point locations was run, the rms
difference between the calculated and adjusted experimental
Cp distributions was evaluated for each, and the match-point
location giving the minimum rms Cp discrepancy was chosen
as optimal. This scheme embodies a philosophy akin to that
used by Murman11 who employed a search for the free-air
Mach number and angle of attack to minimize a Cp error
function.

The ACp optimizing scheme produced the results shown in
Fig. 4. The wall-induced velocities are more nearly continuous
across the shock, but they now include contributions from
both the sidewall boundary layer and the upper and lower
wall interference. Consequently, both the Aw nonuniformity
and the Cp discrepancy are accentuated over those shown in
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Fig. 2 Results of interference assessment of the strong shock case by the TWINTAN program alone, a) Wall-induced velocities, b) Airfoil pressure
distributions.
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Fig. 3 Results of interference assessment of the strong shock case by the unified procedure, match point located at the shock, a) Wall-induced
velocities, b) Airfoil pressure distributions.
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Fig. 4 Results of interference assessment of the strong shock case by the unified procedure, match point located by Cp optimization, a) Wall-
induced velocities, b) Airfoil pressure distributions.
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Fig. 5 Results of interference assessment of the strong shock case by the sequential procedure, match point located at the shock, a) Wall-induced
velocities, b) Airfoil pressure distributions.

Fig. 2. The corrected Mach number is now below the nominal
value instead of above, as was the case in Fig. 2. Apparently,
the sidewall boundary layer calls for a negative Mach number
correction which more than compensates for the positive
correction due to the upper and lower walls. As shown in
Table 1 for this strong shock case, the angle-of-attack
correction is essentially unaffected by accounting for the
sidewall boundary layer regardless of the procedure used.

Sequential Procedure
To apply the sequential procedure, SewalPs similarity rule

was applied to find an intermediate (two-dimensional) Mach
number of 0.7688 and the corresponding Cp factor of 1.013
was applied to the airfoil and wall Cp values to form the
TWINTAN input. The resulting wall-induced velocities,
shown in Fig. 5 for the match point at the shock, include only
the upper and lower wall effects and appear very similar to
those of Fig. 2, as do also the Cp discrepancies.

At this point, a basic philosophical difference between the
unified and sequential procedures should be recognized. The
flow perturbations due to the varying thickness of the sidewall
boundary layer are treated in the unified procedure as part of
the total wall-induced perturbation field. A free-air Mach
number is sought for which the calculated pressure distri-
bution best matches the measured pressures. Nonuniformities
in the wall-induced velocity at the model due to the sidewall
boundary layer remain as a high-order component of wall
interference. In the sequential procedure, however, the

similarity transformation is used to identify a far-field Mach
number for which the perturbations due to the sidewall
boundary layer and observed at the center of the tunnel
become a part of the total perturbation field appropriate to a
truly two-dimensional flow. The nonuniformities in the
perturbation velocities induced by the sidewall boundary layer
are no longer attributable to wall interference in the trans-
formed flow. Consequently, although the wall-induced
velocity distributions shown on Fig. 5a were calculated only as
the effect of the upper and lower walls, they can be interpreted
as the total four-wall interference except that they do not
include the constant Aw increment corresponding to the Mach
number reduction involved in the similarity transformation.

As indicated in Table 1, the unified procedure achieved Cp
optimization by requiring a Mach number reduction which is
of the same order as that introduced by the similarity trans-
formation used in the sequential procedure. Because the small
difference between the final corrected Mach numbers
produces an insignificant change in shock location, the
calculated free-air pressure distributions from the two
procedures are essentially identical. The renormalized data,
however, differ appreciably with the Cp levels from the
unified procedure, being significantly more negative than
those from the sequential procedure. The difference arises
from the fact that, in the unified procedure, the experimental
Cp adjustment is made from the nominal Mach number of
0.7838 to the final Mach number of 0.7751 under the
assumption of constant stagnation pressure, while the



OCTOBER 1983 INTERFERENCE IN TWO-DIMENSIONAL AIRFOIL TESTS 1357

sequential procedure involves a scaling from 0.7838 to 0.7688
using the transformation factor followed by a constant
stagnation pressure adjustment back to 0.7771. It is in-
teresting to note that the discrepancies between the ex-
perimental and calculated Cp values can be correlated closely
with the departure of the local wall-induced Aw from the level
of Aw at the match point. For the unified procedure, the Cp
values from the experiment depart in the negative direction
from the calculated free-air values in just those regions of the
airfoil where the local wall-induced Aw is markedly greater
than the match-point level. Similarly, for the sequential
procedure, the largest positive departure of the experimental
Cp occurs at about 40% chord where the local Aw lies farthest
below the Aw at the match point.

Validation Checks
It is recognized that the treatment of the sidewall boundary-

layer effects by the method of Barnwell and Sewall is
somewhat simplified. It embodies the assumption that the
span wise velocities vary linearly across the tunnel width, and
it ignores the boundary-layer interaction with vertical pressure
gradients. As a result, the effects of vortices which form at the
airfoil-sidewall junctures, and to a lesser extent in the tunnel
corners, are ignored, and excessive concentration of sidewall
boundary-layer effects probably occurs in high-gradient
regions, such as in the vicinity of the airfoil leading edge. The
similarity transformation is derived using small-disturbance
assumptions and, finally, sidewall boundary-layer separation
is ignored. It is of interest, therefore, to search for clues to the
realism of the procedures discussed herein.

O TWINTAN ALONE

D SEQUENTIAL PROCEDURE

A UNIFIED PROCEDURE

CALCULATED TOTAL 6*

At 0

° o o o o o O

x/c L

Fig. 6 Effect of accounting for the sidewall boundary layer on the
equivalent body thickness distribution.

One such clue is provided by the results shown in Fig. 6.
The A/ which is plotted against chordwise location is the
excess of the thickness of the equivalent body calculated in the
TWINTAN tunnel-flow solution over the actual geometric
thickness of the test airfoil. Ideally, A/ should agree with the
sum of the displacement thickness of the upper and lower
surface boundary layers. The summed displacement thickness
from a theoretical boundary-layer calculation is included,
therefore, for comparison. The negative values of A/, ob-
tained without any accounting for the sidewall boundary
layer, indicate a significant deficiency in the TWINTAN-
alone computation of the wind-tunnel flow. This deficiency is
essentially eliminated when the sidewall boundary layer is
accounted for by either the similarity rule in the sequential
procedure or the altered governing equation in the unified
procedure. This result implies that even the simplified
treatment of the sidewall boundary layer utilized herein is
sufficient to provide an order of magnitude improvement in
the realism of the equivalent inviscid airfoil thickness
distribution.

To check the similarity rule, a detailed numerical com-
parison was made between a free-air flow satisfying the
altered governing equation and a true two-dimensional flow.
The results verified that the difference between the per-
turbations in the two flows (after accounting for trans-
formation scaling of the potential gradients) essentially
vanished when the transformed flow was solved at the far-
field Mach number indicated by the similarity rule. The
results also verified that the similarity scaling factor for Cp as
given by Sewall adequately represented the transformation of
pressure coefficients calculated from the velocity per-
turbations by the exact Cp equation.

As a final check on the interference corrections, the
corrected airfoil pressure distributions obtained using the
sequential procedure and the unified procedure are compared
with theoretically predicted pressure distributions in Figs. 7a
and b, respectively. The theoretical results were obtained
using the GRUMFOIL program,16'18 which embodies
methods for both the inviscid flow and the boundary-layer
calculations which are at the forefront of presently available
technology. The airfoil coordinates specified to the program
were those actually measured on the test airfoil model, which
might explain the waviness apparent in the theoretical curves.
The theoretical results were obtained for the test Reynolds
number and for the values of M^ and c7 given in Table 1 for
each interference procedure. The calculated total <5* curve
shown on Fig. 6 was obtained from the same GRUMFOIL
run as the theoretical pressure distribution on Fig. 7b.

The renormalized experimental data obtained from the
unified procedure are in better agreement with the theoretical
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Fig. 7 Comparison with theory of the corrected airfoil pressure distribution for the strong shock case, a) Sequential procedure, b) Unified
procedure.
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Fig. 8 Results of interference assessment of the subcritical case by the sequential procedure, a) Wall-induced velocities, b) Airfoil pressure
distributions.
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Fig. 9 Results of interference assessment of the subcritical case by the unified procedure, a) Wall-induced velocities, b) Airfoil pressure
distributions.

distribution than those from the sequential procedure.
Because these data still contain the influence of nonunifor-
mity of wall-induced velocities, it is probably more
meaningful to consider the calculated free-air distribution as
the more fully corrected result from the wall-interference
procedure. On this basis, although the unified procedure
might still be judged to give better agreement with theory, its
superiority is not impressive and the remaining discrepancies
call for some explanation. These discrepancies are not of the
type that one would expect from an error in either Mw or cf
and the airfoil thickness was well reproduced in the
assessment procedures. It is possible that some sidewall
boundary-layer separation at the shock could have con-
tributed to the discrepancies. Other causes might be factors
not considered in the present study, such as the effects of
noise and turbulence in the tunnel or the effects of the isen-
tropic assumption in the inviscid flow theory.

Table 2

Subcritical Case
A test point having a nominal Mach number (MT) of

0.6981 and lift coefficient of 0.5193 was selected as a shock-
free case. The sidewall boundary displacement thickness
parameter (2d*/b) was 0.018. Interference corrections from
the various procedures are summarized for the subcritical case
in Table 2.

Sequential Procedure
The results from use of the sequential procedure are shown

in Fig. 8. Although mild gradients are apparent in both
components of wall-induced velocity, their distribution along

Summary of interference corrections
for the subcritical case

Procedure Aa, deg

Original data
TWINTAN
Unified
Sequential

0.6981
0.7001
0.6960

0.6820 0.6841

0.5193
0.5172
0.5215
0.5252

-0.73
-0.86
-0.71

the model chord is relatively free of local irregularities. This is
characteristic of TWINTAN results for subcritical cases, and
it is appropirate in such cases to locate the match point near
midchord so that the blockage correction will approximate an
average value of Aw at the airfoil. The resulting agreement
between the experimental and calculated free-air pressure
distributions is almost exact.

Unified Procedure
The results from the unified procedure are shown in Fig. 9.

The wall-induced velocities are now dominated by the
nonuniformities introduced by the sidewall boundary-layer
perturbation. It is interesting to note that the Aw distribution
over the airfoil resembles the shape of the mean airfoil
pressure distribution. For this subcritical case, the ACp
minimization scheme adopted for locating the match point
was free of the shock location constraint and could, therefore,
select a Mach number for which the experimental Cp values
were renormalized to best approximate the calculated level.
The resulting agreement between the experimental and
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calculated pressure distributions is still very good in spite of
the less uniform wall-induced velocities.

The summary of interference corrections given in Table 2
shows that the corrected Mach number from the unified
procedure is significantly higher than that from the sequential
procedure. This difference arises directly from the similarity
transformation which utilized a Mach number reduction of
0.0161 to eliminate the side wall boundary-layer effects as an
error source. With no shock location constraint, the unified
procedure was not forced to the same corrected Mach
number. The angle-of-attack corrections given in Table 2 also
differ between the two procedures. A comparison of the Av
curves in Figs. 8a and 9a implies that there is some change in
wall-induced downwash associated with the sidewall bound-
ary-layer effects which leads to the different values of Aa.
This difference in Ac* is probably related to the combination
of differences in renormalized lift coefficient and corrected
Mach number given in Table 2.

Concluding Remarks
Two procedures for combining the interference effects

from the two-dimensional tunnel sidewall boundary layer
with an assessment and correction procedure for the upper
and lower wall interference have been compared. In the
unified procedure, the flow perturbations introduced by the
sidewall boundary layer are combined with those from the
upper and lower walls and the total interference field is
assessed to determine corrections. In the sequential
procedure, a similarity transformation is utilized to identify a
new Mach number at which the flow perturbations due to the
sidewall boundary layer become an appropriate part of a true
two-dimensional flow and need no longer be considered in the
procedure as a source of error. The transformed flow is then
assessed for upper and lower wall interference for which
further corrections are applied. The thickness distribution of
the equivalent airfoil shape resulting from the tunnel flowfield
computation within either procedure was found to be much
more realistic than that obtained without accounting for the
sidewall boundary layer. This result demonstrates the ap-
propriateness of the representation by either procedure of the
sidewall boundary-layer effects.

In general, the two procedures yield different corrections to
Mach number and angle of attack, either of which can be
considered valid. When a strong shock was present, however,
the two procedures produced nearly the same corrections to
Mach number and angle of attack so that the shock location in
the tunnel flow would be duplicated in the flow corrected by
either procedure. The calculated free-air pressure distribution
was found to be less dependent on the procedure than was that
obtained by renormalizing the measured pressures. Because
the calculated distribution is also corrected for higher order
interference effects, its use as the corrected pressure
distribution is recommended.
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