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Wind-Tuimel Wall Interference Corrections
for Three-Dimensional Flows
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A procedure for the evaluation of wall interference corrections for three-dimensional aircraft configurations is
presented. The Mach number and angle-of-attack corrections are obtained by numerically solving the Laplace
equation in a parallelepiped with boundary conditions supplied mainly from experimental pressure
measurements. A portion of these measurements and other wind-tunnel data required by the procedure may be
replaced by theoretical estimates if not available from experiments. The accuracy of the correction results will
then depend on the accuracy of these estimates. The correction procedure is applied to an isolated wing and to a
wing-tail configuration in a solid-wall wind tunnel. It is found that neglecting twist and camber corrections for
the wing effectively increases the tail angle-of-attack correction. Two different Mach number corrections can be
calculated for the wing and tail. However, since only one Mach number correction is allowed for both the wing
and the tail, and since the wing surface area is larger than the tail surface area, the final correction tends to be
closer to the required wing correction. This is a source of error for the tail results.

area

Nomenclature
B.L. = body length
k — ratio of specific heats
L = spanwise lift distribution
M = Mach number
q = velocity
s = source strength
S' =rate of change of the cross-sectional

distribution along the body
SM = model surface
Sw = wing planform
S. C. = section chord
/ = wing thickness
Uy v, w = velocity components in the x,y,z directions
W.S. = wing span
x,y, z = Cartesian coordinate system
Xw = x coordinate relative to wing leading edge
Yw =^/wing semispan
a = angle of attack
7 = bound vorticity strength = difference between u on

wing top and bottom surfaces
<t> = perturbation velocity potential

Subscripts
c = body axis
w = wing
oo = undisturbed condition

Superscripts
b
c
cc
ce
F
I
Me
t
tc
T

= body
= correction
= camber correction
= local correction value
= free air
= lift
= Mach number correction
= thickness
= twist correction
= tunnel
= wing
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uc = angle-of-attack correction
T =tail

Introduction

A S part of a broader program of looking at wall in-
terference correction methods for transonic wind

tunnels, a classical correction method adapted to the use of
measured wall boundary conditions has been developed for
three-dimensional flows. The classical methods for subsonic
flows, as first applied to closed or open tunnels and then
extended to ventilated wind tunnels, have been summarized by
Garner et al.1 The general characteristics of the classical
method are as follows. The flow field satisfies the linear
Prandtl-Glauert (P.G.) equation. The complicated flow near
the ventilated tunnel wall is represented by a linear
homogeneous boundary condition with two arbitrary
numerical coefficients, one to describe the porosity effect and
the other the slot effect. The concept of a wall interference
flow is introduced. An analytic free-air solution is derived,
using sources and/or doublets and vortices to represent the
model. The wall interference flow is then defined as that flow
which, when added to the free-air solution, satisfies the wall
boundary conditions. This interference flow can be in-
terpreted as providing corrections to the tunnel stream
direction and speed. The interference flow may also introduce
streamline curvature and a stream wise pressure gradient,
providing corrections to pitching moment and drag.

The basic classical approach as applied to two-dimensional
flows has been examined and modified by various in-
vestigators. Mokry et al.2 measured pressures near the walls
to examine the validity of the classical approach for high-
subsonic flows and to determine porosity factors. Kemp3'4
proposed using measured pressure distributions rather than
the homogeneous wall boundary conditions and calculated
examples of his method at both subsonic and transonic
speeds. Murman5 used measured pressure distributions for a
boundary condition near the wall but departed from the
classical approach in finding the "corrected" Mach number
M and angle of attack a. He calculated the flow about the
"given" airfoil in a freestream, optimizing M and a. to obtain
the least error in matching the calculated model pressures to
the measured model pressures. Mokry and Ohman6 retain the
classical approach in finding the corrected M and a, but use
measured pressure distributions near the wall (and one flow
direction measurement) as boundary conditions for their wall
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interference flow. This interference flow is calculated
numerically with a fast Fourier transform technique.

The present paper describes a wall interference correction
method which is essentially an extension of the two-
dimensional Mokry-Ohman method to three-dimensional
flows. The basic assumption is that the flow in the tunnel in
the region of the walls satisfies the linear P.G. equation.
Furthermore, it is assumed that, in the neighborhood of the
walls but with the walls removed, the (unknown) free-air
solution also satisfies the P.G. equation. This free-air solution
is approximated by analytic solutions of the P.G. equation
using source and vortex singularities at the model location.
These singularities provide the measured lift and specified
spanwise distributions of lift and thickness at the tunnel value
of M. The wall interference flow is then that flow which,
when added to the analytic free-air solution, satisfies the
measured pressure near the wall. This fictitious interference
flow is determined only from boundary conditions near the
tunnel walls and conditions at end planes upstream and

, downstream of the model location. For this fictitious flow,
the model is not present and the flowfield is smooth and well-
behaved and can be assumed to satisfy the P.G. equation
throughout the tunnel domain. The solution is obtained
numerically (after a P.G. transformation) using a fast three-
dimensional Laplace solver. Details of the procedure,
described in terms of a "correction flow" which is the
negative of the wall interference flow, are developed below.
Examples of the type of information provided by the
procedure are given for a solid-wall tunnel.

This wall correction method may provide an adequately
corrected value of a even at transonic speeds. It has been
observed for two-dimensional flows (see, e.g., Refs. 5, 7, and
8) that linear theory corrections to a are adequate well into
transonic speeds. Furthermore, Chan8'9 has shown
analytically, by expansion of the transonic small-disturbance
equations, that the angle-of-attack correction to first order in
wing chord/tunnel height can be calculated from the linear
compressible flow equation.

The wall-corrected value of M obtained by this "modified
classical" method is not expected to be adequate at transonic
speeds (although for three-dimensional flows the correction
should be smaller than for two-dimensional flows because of
reduced blockage). However, this value of M could make a
good starting value for some more accurate iterative process
based on transonic equations.

Formulation
The procedure for correcting three-dimensional wind-

tunnel data follows closely that used by Mokry and Ohman6

for correcting the two-dimensional problem. A model tested
in a wind tunnel (see Fig. 1), with a freestream Mach number
M£ and an angle of attack aT, develops a spanwise lift
distribution LT(y). The wind-tunnel correction procedure
seeks to find the free-air angle of attack aF which nearly
produces the lift distribution L7 (y) for the model in free air
with an undisturbed Mach number M£. The angle-of-attack
correction OLC is then given by

Oic = OLF — OLT

Let qT be the velocity of the wind-tunnel flow, and let qF be
the corresponding free-air velocity for the flow with Mach
number M£, which produces the same lift distribution for the
model as in the tunnel case. The velocity of the correction
flow qc is then given by

where all velocities have been normalized by the undisturbed
flow speed. In order to find the angle-of-attack and Mach
number corrections, it is necessary to find the solution to the
correction flow. A boundary-value problem is formulated

with boundary conditions applied on the boundaries of a
rectangular parallelepiped, whose sides are close to the tunnel
walls but outside the boundary-layer region and whose end
planes are taken as far upstream and downstream from the
model location as possible (see Fig. 1). The rectangular
parallelepiped is defined by

xa<x<xb; ya<y<yb;

Governing Equations
The correction flow velocity qc is expressed in terms of a

potential function <t>c as follows:

qc= (uc,vc,wc) =

where </>c is governed by the equation

(1)

(2)

and the use of independent variables as subscripts denotes
differentiation.

Taking the x derivative of Eq. (2) leads to the equation

32uc + uc +uc =0" xx yy zz

This equation, in addition to the irrptationality conditions

and

(3a)

s

(3b)

(3c)

composes a system of equations for the velocity components.

Boundary Conditions
Dirichlet boundary conditions for uc are specified from the

relation
UC = UF-UT (4)

while UF is determined from theoretical considerations, as
described below. Measurements of UT may be difficult to
make at the end planes of the parallelepiped. In this case some
estimate of UT must be done there. In Ref. 6, a linear in-
terpolation provided such an estimate. This implies that

which is a reasonable assumption provided the end planes are
sufficiently far downstream and upstream of the model
location. In the three-dimensional problem, making the same
assumption leads to the equation

uT
yy + uT

zz = 0 (5)

Fig. 1 Geometrical configuration.
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After solving Eq. (3a), Eqs. (3b) and (3c) may be viewed as
ordinary differential equations with x being the independent
variable. The y velocity component vc is not required for the
correction procedure; however, wc is required at specific
points. In order to evaluate wc(x,.y,z), it is necessary to
specify wc (x0,y,z) where x0 is arbitrary and is chosen here to
coincide with the x coordinate of the upstream boundary of
the parallelepiped xa. The initial condition necessary for
determining a unique solution of Eq. (3c) is defined by

wc(xa,y,z) = wF(xa,y,z) - wT(xa,y,z) (6)

where w7 is measured and WF is estimated from theoretical
considerations described below.

The application of the boundary condition [Eq. (4)] and
the initial condition [Eq. (6)] requires an estimate for the
free-air flow solutions UF and WF on the parallelepiped
boundaries in addition to the measured data. In general, a
numerical solution of the flow governing equation is required
to obtain the flow solution at the parallelepiped boundaries.
However, under certain assumptions, simple solutions which
do not require the numerical solution of the linear P.G.
equation are obtainable. The assumptions are made that the
body is slender and the wing and tail are thin. The per-
turbation potential <t> is expressed as

where $b is the perturbation potential function due to the
body, <t>''w and </> />w are the perturbation potential functions
due to the wing thickness and the wing lift, respectively, while
cf)l'T and (/> / iT are the corresponding potential functions due to
the tail.

At the parallelepiped boundaries, the linearized, small-
perturbation potential function (frb is given by10

1 P<t>b(x,y,z;yc,zc) = - —4-K J
S' (x }-B.L. Rb(x,y,z;xltyc,zc)

(7)

where

Angle-of-Attack and Mach Number Corrections
The local angle-of-attack correction at a point (x,y,zw) on

the wing is evaluated by integrating Eq. (3c) with respect to x,

- ucdx (10)

This correction may be expressed as

ace (x,y) = a° + atc (y) + acc (x,y)

where ottc (y) is the twist correction and acc (x,y) the camber
correction. The angle-of-attack correction for the wing is
evaluated by using the formula

Jw.s. \LT(y)\dy

j IL'0014,
(11)

where
ace(x,y)dxJs.c.

ac + atc(y) = —————————— (12)
( d,Js.c.

A similar expression may be written for the tail angle-of-
attack correction.

Since it is desirable to have similar geometrical con-
figurations for the wind-tunnel and free-air models, the
corrections atc and acc may be replaced by an equivalent lift
correction Lac(y) where the lift distribution LT(y) +Lac(y)
results from a free-air angle of attack aT + ac. The corrections
atc, acc, and Lac(y) are generally higher order corrections
which may be neglected.

Since the Mach numbers in the vicinities of the wind-tunnel
model (with a = a7, M^ =M'r0) and the free-air model (with
a = oiF, M00=M^) are expected to differ, a Mach number
correction M^, where

The linearized, small-perturbation potential function due to
the wing thickness is10

;„ J Rb(x,y,z;x,,y,,zw)
(8)

and the linearized, small-perturbation potential function due
to the wing lift is10

R b ( x . y 9 z : x l 9 y j f z w ) (9)

Expressions similar to Eqs. (8) and (9) may be written for the
potential functions </>'-T and -<$>l'r. Simplified expressions for
the potential functions <t>'>w and <j>l>w are derived in the Ap-
pendix.

To evaluate the velocity components UF and \VF on the
boundaries, the relation

(UF-1,WF) = ~ ,——
Vd* dz

is used.

is required. Here M£ is the free-air Mach number which will
produce similar Mach numbers in the vicinity of both the free-
air and tunnel models. The Mach number change M^ due to a
small change in velocity ( - uc, — vc, — vvc ) is

(13)

where k is the ratio of specific heats. A single Mach number
correction is obtained from the relation

}SM } M<*(x,y,z)dS
(14)

Correcting the free-air Mach number will in turn produce a
correction LMc (y) in the lift distribution, so that the free-air
model (with OL = OLF, M00=M^) will have a spanwise lift
distribution LF(y),

LF(y)=LT(y)+LMc(y)

However, the lift correction LMc (y) is generally a higher
order correction which may be neglected.

The procedure presented here evaluates the lowest order
wind-tunnel corrections ac and Mc. It assumes that the higher
order corrections LMc and Lac are small and does not attempt
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Fig. 2 Wing in tunnel: a) top view and b) side view.
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Fig. 3 Local angle-of-attack correction.

to evaluate these lift corrections. However, the procedure
provides the necessary information required to evaluate these
lift corrections. Since the correction procedure provides the
Mach number correction Mc, the spanwise correction in lift
distribution LMc can be directly related to Lthrough the use
of the Prandtl-Glauert transformation. Moreover, the higher
order camber and twist corrections acc and atc are evaluated
as part of the procedure and may be used, if required, to
evaluate Lac.

Results and Discussion
The above ideas were used in the development of a com-

puter code which predicts Mach number and angle-of-attack
corrections for wind-tunnel models. A computer code for the
efficient solution of elliptic partial differential equations11 is

0.4

0.2

Fig. 4 Angle-of-attack correction along the wing span.

used to solve Eq. (3a). The code uses the fast Fourier trans-
form method in two of the coordinate directions and solves a
tridiagonal system of algebraic equations in the third
direction. Simpson's rule is used for evaluating the integral in
Eq. (10) and the integrals in the free-air expressions for UF

and WF.
Mach number and angle-of-attack corrections are

calculated for a rectangular wing. The geometrical con-
figurations of the wing in the wind tunnel is shown in Fig. 2.
The angle of attack in the wind tunnel aT is chosen to be 3
deg, while the undisturbed wind-tunnel Mach number M£ is
taken to be 0.7.

In order to find the Mach number and angle-of-attack
corrections, measured data are required on the parallelepiped
boundaries. In the following calculations, the measured data
are replaced by numerical, finite-difference solutions
simulating the flow in a wind tunnel with solid walls. A
NACA 0012 airfoil section with the profile z=f(x) is used in
the calculations. The boundary conditions at the wing surface
is approximated by the small-disturbance condition

<t>z(x,y,zw)=fx(x)

This approximation creates an error which is equivalent to a
source term of strength

£/,<*/)
i=l,N

where Ax is the mesh spacing in the x direction and xit
i = 1,...N are the x coordinates of mesh points falling between
the wing leading and trailing edges. In order to eliminate this
source term the following modified boundary condition is
applied

</>z (x,y,zw) =fx (x) -s/chord length

The calculated local angle-of-attack correction ace along
the wing root, midsemispan, and wing tip sections is shown in
Fig. 3. The deviation of ace from the section angle-of-attack
correction a° + atc indicates the correction in camber. Figure
4 shows the calculated section angle-of-attack correction
along the span where Yw = j/wing semispan. The deviation of
this correction from ac indicates the correction in twist. In
Fig. 5, local Mach number corrections are shown along the
wing root, midsemispan, and wing tip sections. The
horizontal line in the figure shows the Mach number
correction Mc.

A comparison between the spanwise lift distribution for the
wind-tunnel flow (M00=0.7, a. = 3 deg), the free-air flow at
the corrected conditions (M00= 0.7105, a = 3.5482 deg), and
the free-air flow at the uncorrected conditions (M00=Q.l,
a = 3 deg) is given in Fig. 6. The difference between the wind-
tunnel spanwise lift distribution and the corrected free-air lift
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Fig. 5 Local Mach number correction.
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Fig. 6 Spanwise lift distribution.
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Fig. 7 Maximum Mach number distribution along wing top.

distribution is due to the higher order corrections LMc and
Lac. Figures 7 and 8 show the distribution of Mmax (the
maximum Mach number along a chord) along the wing span.
Figure 7 indicates that applying the calculated corrections to
the free-air problem reduces the maximum Mach number
error on the wing's top surface from 0.035 to 0.005. The
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- — - Free-Air Flow at the Corrected Conditions
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Fig. 8 Maximum Mach number distribution along wing bottom.
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Fig. 9 Mach number distribution on wing top at the midsemispan
station.

results for the bottom wing surface shown in Fig. 8 are not as
dramatic; however, the maximum Mach number error is of
the same order as that for the top surface. Figures 9 and 10
show the Mach number distributions on the wing top and
bottom surfaces at the midsemispan station.

The method used here for predicting angle-of-attack and
Mach number corrections allows the introduction of a
number of approximations which will simplify the correction
procedure. Measurements of the stream wise velocity com-
ponent in the wind tunnel UT may cause experimental dif-
ficulties at the parallelepiped's upstream and downstream end
planes. Equation (5) provides an estimate for UT at the end
planes which may be used instead of the measured values. The
corrections (ac = 0.5133 deg, Afc = 0.0106) which result from
using Eq. (5) closely approximate the corrections (otc = 0.5482
deg, Mc - 0.0105) found using actual end-plane
"measurements." The difference between the two results is
expected to decrease as the upstream and downstream end
planes are moved further from the model. An estimate for the
vertical velocity component wr at a number of points on the
upstream plane of the parallelepiped is required for finding
the angle-of-attack correction. Since measurements of wr on
the upstream plane may be difficult, it would be beneficial to
use nonmeasured estimates. If the upstream plane is suf-
ficiently far from the tested model, the vertical velocity
component is expected to be small and to have a value close to
the free-air far field solution. Setting wr equal to zero on the
upstream plane is found to underestimate the angle-of-attack
correction (ac = 0.3675 deg), while setting wr equal to the
free-air farfield solution there is found to overestimate the
angle-of-attack correction (ac =0.7714 deg). As expected, the
use of estimated values for wr instead of the measured values
does not affect the Mach number correction (Mc =0.0105). As
the upstream boundary is moved further away from the
model, these results are expected to approach the results
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Fig. 11 Wing-tail in tunnel: a) top view and b) side view.

obtained by using measured values for wr. Setting WT equal
to half the free-air farfield solution on the upstream plane, the
correction values (o:c = 0.5694 deg, Mc = 0.0105) are found to
closely approximate the corrections ac = 0.5482 deg,
Mc = 0.0105. It is not suggested that half the free-air farfield
solution is a good value to be used for WT in general.
However, if experimental data are not available, then some
theoretical or empirical estimate must be made for these data.

Mach number and angle-of-attack corrections are
calculated for a wing-tail configuration shown in Fig. 11. The
wing angle of attack is chosen to be 3 deg, while the tail angle
of attack is chosen to be 4 deg. The undisturbed wind-tunnel
Mach number M£ is taken to be 0.7. Following the correction
procedure estimates are made for the Mach number
correction (Mc = 0.0087), the wing angle-of-attack correction
(0^=0.5266 deg), and the tail angle-of-attack correction
(ac'T = 1.3405 deg). A comparison between the spanwise lift
distributions for the wind-tunnel flow (Mx =0.7, 0^ = 3 deg,
a7 = 4 deg), the free-air flow at the corrected conditions
(M^ =0.7087, <*w = 3.5266 deg, aT = 5.3405 deg), and the
free-air flow at the uncorrected conditions (M^ =0.7, aw = 3
deg, ar =4 deg) is given in Fig. 12. Neglecting the wing twist
correction atc and the wing camber correction acc (see Fig. 3)
results in an increase in the tail's angle of attack relative to the
surrounding flow. This effective increase in the tail's angle of
attack results in the overestimated lift distribution along the
tail as shown in Fig. 12. The distribution of Mmax along the
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Fig. 12 Spanwise lift distribution for wing and tail.
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Fig. 13 Maximum Mach number distribution along wing top and tail
top.
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Fig. 14 Maximum Mach number distribution along wing bottom and
tail bottom.

wing and tail spans is shown in Figs. 13 and 14. Figure 13
indicates that results along the wing are more accurate than
those along the tail. This is due to the fact that the Mach
number correction for the wing (Mc-vv = 0.0106) is larger than
the Mach number correction for the tail (MC-T = 0.0040).
However, since only a single Mach number is allowed for both
the wing and tail and since the wing's surface area is larger
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than that for the tail, Eq. (14) will tend to favor the wing
Mach number correction with the result Mc = 0.0087.

Conclusions
A method has been developed for the evaluation of wall

interference corrections for three-dimensional aircraft
configurations. The method is based on linear theory;
however, previous studies indicate that the angle-of-attack
correction may be used at transonic speeds.

A boundary value problem is formulated for the correction
flow from which the Mach number and angle-of-attack
corrections are obtained. Experimental data required for the
method are the streamwise velocity components on the sur-
face of a rectangular parallelepiped in the wind tunnel, the
vertical velocity component at isolated points on the upstream
end plane, and the lift distribution along the lifting surfaces.
In general, it will not be practical to obtain all of these data
experimentally and the replacement of a portion of the data
by theoretical estimates may be required. The accuracy of the
correction results will then depend on the accuracy of these
estimates.

The present correction procedure evaluates the Mach
number correction, the wing angle-of-attack correction, and
the tail angle-of-attack correction. The higher order twist and
camber corrections are also evaluated as part of the
procedure; however, the equivalent lift distribution correction
due to camber and twist is not evaluated. The higher order lift
distribution correction due to the Mach number correction is
not evaluated here; however, if necessary this correction may
be easily found since it is related to the original lift
distribution through a Prandtl-Glauert transformation.

Numerical examples for an isolated wing indicate that the
twist and camber effects are small but not negligible for the
present solid-wall wind tunnel. These higher order effects are
expected to decrease in ventilated wind tunnels and as the
wind-tunnel walls are moved away from the model. In the
wing-tail configuration the tail angle-of-attack correction is
overestimated due to neglecting camber and twist corrections
in the wing. Two different Mach number corrections can be
calculated for the wing and tail. However, since only one
Mach number correction is allowed for both the wing and the
tail and since the wing surface area is larger than the tail
surface area, the final correction tends to be closer to the
required wing correction. This is a source of error for the tail
results.

The numerical examples presented here indicate that the
correction procedure predicts the Mach number and angle-of-
attack corrections with reasonable accuracy. Further
calculations are required to determine the conditions under
which simple estimates may replace experimental data. The
use of real experimental data is also required to evaluate the
present approach further.

Appendix
Equation (8) for the potential function </>'> v v is simplified by

expanding l/Rb in terms of the binomial series

where

-

and the function xw(y}) is chosen to minimize \X\ for all
points on the wing in an average sense. If /*<!, only a few
terms of the series are sufficient to give a good approximation
to l/Rb; however, as /x— 1, an increased number of terms are
required. Substituting the expression of \/Rb into Eq. (8), the
potential function </>'-vv at points on the parallelepiped
boundaries is approximated by

5
+ 2

where

-xw

The parameter e in Eq. (Al) is equal to the maximum value of
\X!/R\ . The assumption that the wing closes at the trailing
edge is made in deriving Eq. (Al). A similar expression to Eq.
(Al) may be derived for the perturbation potential function
due to the tail thickness, c/>''r.

At the boundaries of the parallelepiped, the expression for
<t>l>w is approximated by

\-XIR)

(A2)

where

y(xlty])(x1-xw)"dx]

X=x-xw(y1)

X1=xI-xw(y])

Note that T0 (>>/) is the circulation about the wing section. A
similar expression to Eq. (A2) may be derived for the per-
turbation function due to the tail lift, 0 />T .

The lowest order term in Eq. (Al) is 0(e2), while the lowest
order term in Eq. (A2) is 0(e), indicating that away from the
wing the flow perturbation due to thickness effects (for a wing
which closes at the trailing edge) is of higher order than that
due to lift effects.
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Our scientific understanding of combustion systems has progressed in the past only as rapidly as penetrating experimental
techniques were discovered to clarify the details of the elemental processes of such systems. Prior to 1950, existing un-
derstanding about the nature of flame and combustion systems centered in the field of chemical kinetics and thermodynamics.
This situation is not surprising since the relatively advanced states of these areas could be directly related to earlier
developments by chemists in experimental chemical kinetics. However, modern problems in combustion are not simple ones,
and they involve much more than chemistry. The important problems of today often involve nonsteady phenomena, dif-
fusional processes among initially unmixed reactants, and heterogeneous solid-liquid-gas reactions. To clarify the innermost
details of such complex systems required the development of new experimental tools. Advances in the development of novel
methods have been made steadily during the twenty-five years since 1950, based in large measure on fortuitous advances in the
physical sciences occurring at the same time. The diagnostic methods described in this volume—and the methods to be
presented in a second volume on combustion experimentation now in preparation—were largely undeveloped a decade ago.
These powerful methods make possible a far deeper understanding of the complex processes of combustion than we had
thought possible only a short time ago. This book has been planned as a means of disseminating to a wide audience of research
and development engineers the techniques that had heretofore been known mainly to specialists.
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