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A V/STOL Wind-Tunnel Wall Interference Study
CHING-FANG Lo* AND TRAVIS W. BINION

Arnold Air Force Station, Tenn.

An integrated theoretical and experimental study of slotted wall tunnels is described.
Theoretical calculations based on a modification of the point-matching method with equiva-
lent homogeneous boundary conditions have been used to show the relationship between the
lift- and blockage-interference factors and wall porosity. Experimental interference factors
are obtained by comparing lift coefficient vs angle of attack data obtained in a 30 X 45 in.
tunnel with those from a 7 X 10 ft tunnel. Theoretical results indicate that the lift inter-
ference for conventional models is insensitive to the porosity of the vertical walls for a height
to width ratio less than 0.8. It is shown that certain combinations of vertical and horizontal
wall slots give simultaneous zero lift and blockage interference. The discrepancy between
theoretical and experimental results may be caused by nonhomogeneous slots and viscous
effects.

Nomenclature

a — width of slot
Am,Bm = series coefficient constants
b — tunnel semiwidth
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C = cross-sectional area of tunnel
CL — lift coefficient
h = tunnel semiheight
Im = modified Bessel function of the first kind of order m
KQ,KI = modified Bessel function of the second kind of order

0 arid 1, respectively
k = geometric slot parameter, 7/V Zn(csc ira/2l)
I = slot spacing
Mr = doublet strength
n = normal outward at the wall
P = nondimensional slot parameter, (I + k/h)~l

R = viscosity parameter
S = wing area
s = wing span
U = freestream velocity
u = interference velocity in longitudinal direction
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VR = ratio of model jet velocity to freestream velocity
Woo,w-2 = interference velocity
x,y,z = Cartesian coordinate system (Fig. 1)
a = Fourier transform parameter or model angle of attack
Aa = angle of attack correction
r = circulation about a wing
8 = lift interference factor, 50 + 62
dQ = lift interference at the plane of a wing
esb = blockage factor
X = tunnel height-to-width ratio
Tr = model volume
p,6 = polar coordinate system (Fig. 1)
Poo = density of freestream
0 = perturbation velocity potential, <£,• + <f>m
<f>i = interference velocity potential
4>m = disturbance potential
<f)m* = disturbance potential for the far downstream wake,

Eq. (8)
<i>i,<t>m = Fourier transform of <f>i and <j>mj respectively

Subscripts

H = horizontal walls
V = vertical walls

Introduction

ANUMBER of investigations1'2 both theoretical and
experimental, have been undertaken to determine an

optimum test section configuration of a wind tunnel for
Vertical/Short Take Off and Landing (V/STOL) model
testing. Although a wall configuration which gives zero
interference has not yet been determined, all results indicate
that a test section with mixed boundaries offers the most
promise as a configuration which will allow testing in an
acceptable environment. The wall interference for a con-
ventional model in a ventilated tunnel at subsonic speeds
has been thoroughly reviewed in Refs. 3 and 4. In some
recent investigations, a vortex lattice network has been
applied to calculate wall interference in a ventilated test
section.5'6 Another approach is the utilization of an elec-
trical analogy to obtain solutions of a finite difference
formulation.7

This paper describes an integrated theoretical and experi-
mental program at the Arnold Engineering Development
Center to develop V/STOL wind-tunnel walls. The basic
philosophy which is being followed in the study is first to
consider the case of a conventional lifting wing; then to ex-
tend the problem to the case of a moderate value of the
downwash; and finally, to consider the case where the down-
wash has a large value characteristic of VTOL transition
flight.

As a first step in the theoretical study of the interference
problem, a method has been developed8 to calculate the
interference induced by tunnel walls of arbitrary boundary
conditions for the case of a conventional lifting wing, which
is one limiting case of V/STOL configurations. The point-
matching method is used to calculate the two-dimensional
interference of any slotted wall test section with a homo-
geneous boundary condition. A modification of the method
is used to calculate the three-dimensional interference of
slotted and porous walls. Comparisons are made to ex-
amine the agreement between the results obtained by the
point-matching method and some available classic analytical
and/or electric analogy solutions. The attractive feature of
using the point-matching method is that it is applicable to
a tunnel with an arbitrary cross section and arbitrary wall
configuration with the model located anywhere inside the
test section. The ability to obtain solutions for diverse
configurations permits a theoretical search to be made for a
set of zero interference wall configurations by variation of the
distribution of slot openings in the tunnel walls. Several
optimum distributions of slot opening obtained from the
theoretical computation are presented herein.

In the experimental program, tests are being conducted
with a jet-in-fuselage model in a 30 X 45 in. wind tunnel.
The force data which are considered interference free were
obtained in the Ling-Temco-Vought 7 X 10 ft wind tunnel.
The difference between theory and experiment is explained
by the possibilities of the small span assumption in the
theory, nonhomogeneous slots and viscous effects on the flow
through the slots. Finally, some questions are raised con-
cerning the definition of the lift interference factor for a
V/STOL model in a wind tunnel.

Theoretical Calculations

The flowfield of an inviscid, incompressible fluid in terms
of the potential function <£ is governed by Laplace's equa-
tion. In terms of the perturbation velocity potential </> and
the uniform freestream velocity U, the potential is

$ = Ux + <t> (I)
The perturbation potential is considered to be composed of
two parts

(2)
where

0™ = the disturbance potential caused by a lifting wing
or a body of revolution in free air, and

4>i = the interference potential induced by the tunnel
walls

The mathematical model used for the disturbance potential
is a single horseshoe vortex for a wing or a doublet for a body
of revolution. Since these singularities satisfy Laplace's
equation, the differential equation for the interference po-
tential is

; = 0

where
V2 = l/p2(d2/d02)

(3)

(4)

It is assumed that there are longitudinal slots along the
wind-tunnel wall. For simplicity, an equivalent homo-
geneous boundary condition can be introduced to satisfy all
points on a uniformly slotted wall. The boundary condi-
tion, based on periodic slots of width a and spacing I is
given9 by

where k is the geometric slot parameter

k = I/TT ln[csc(?ra/2/)]

(5)

(6)

and a/I is the open area ratio as shown in Fig. 1.
The solution to this boundary value problem is obtained

by direct application of the point-matching method8 to calcu-
late the lift interference at the plane of a wing (two-dimen-
sional) in a test section with slotted walls. A modification
of the point-matching method is used to calculate the lift and
blockage interferences along the longitudinal axis of the test
section.

Two-Dimensional Interference

In the present analysis, the potential for a wing with circula-
tion F and of zero span s defined such that

lira Ts = const
5^0

with the wing located at the center of the tunnel, is repre-
sented by a single horseshoe vortex.10 Thus,

. = (r«/4r)(sin»/p)[l + a;/(p* + * (7)



JAN.-FEB. 1970 V/STOL WIND-TUNNEL WALL INTERFERENCE 53

The potential for the wake far downstream from the wing is

<£„* - lim<£m - (rs/27r)(sin0/p) (8)

which is independent of x and represents the basic disturbance
potential when no walls are present. If the slot configura-
tion is also made independent of x, then the interference
potential is independent of x. The interference velocity at
the wing is by symmetry half of that far downstream. There-
fore, the classical interference factor at the plane of the wing
can be determined by

(9)
where

AwCv = interference velocity far downstream
C = wind-tunnel cross-sectional area

The essence of the point-matching method is to begin with
an exact particular solution and a homogeneous series solu-
tion for the governing linear partial differential equation.
The boundary conditions are then matched at discrete points
which permit the solution of problems having irregular mixed
boundaries. The undetermined coefficients of the series
solution are calculated from the system of algebraic equations
which are obtained by satisfying the linear boundary condi-
tions at discrete boundary points.

The results of computations of the lift interference factor
for a rectangular tunnel with four walls slotted are presented
in Fig. 2. The nondimensional slot parameter in Fig. 2 is
defined as P = (1 + k/h).~l The value of P = 0 corre-
sponds to solid walls and P = 1.0 to open walls. The inter-
ference factor for the particular configuration shown in Fig.
2 has not been previously obtained analytically. The only
available solution is that obtained by an electrical analogy
technique.7 It can be seen that the present solutions agree
quite well with the electrical analogy results.

The nature of the point-matching method permits a search
for an optimum configuration where the slots are not uni-
formly distributed around the tunnel walls. If it is assumed
that the slot parameter of the horizontal walls PH may be
different from that of the vertical walls P\ then wall con-
figurations with certain combinations of PH and Pv are
found to have zero interference. Figure 3 shows the relation-
ship between the slot parameters on the horizontal and
vertical walls required for zero lift interference for various
values of tunnel height-width ratio. It can be seen that the
lift interference is relatively insensitive to the porosity of the
vertical walls, with the exception of the square tunnel.
Therefore, the initial efforts of the experimental program, to
be described later, have been concerned with solid vertical
and slotted horizontal walls.

Three-Dimeiisional Interference

Lift interference

In the previous section, the upwash at the plane of the wing-
was found. In order to find the upwash at any tail position,
one must know the upwash distribution along the longitudinal

SLOTTED WALLS

Fig. 1 Coordinate system and geometry of wind-tunnel
cross section.

-0.3

SLOT PARAMETERS, PV and PH

Fig. 2 Lift interference factor for rectangular tunnels
with four walls slotted, Pv = PH (Ref. 14).

axis of the tunnel. It is apparent that the potential, (j>m and
</>;, must depend upon the variable x as well as the variables
p and 0. The disturbance potential for a horseshoe vortex
of zero span, Eq. (7), can be split into two parts as

where

fanl = (rs/47r)(sin0/p) = |</>m* (11)

0m2 = (TV47r)(sin0/p):r/(p2 + a;2)1'2 (12)

Since the differential equation and boundary conditions
of the interference potential are linear, fa may also be split
into two parts as

where fat is independent of x and induced by </>TO1(p,0), and
</>;2 is induced by 0m2(p,0,z).

By substituting Eqs. (10) and (13) in the differential
equation and boundary conditions, the potential <£;2 again
satisfies

V2</>,2 - 0
with the boundary condition

(14)

(15)
The direct application of the point-matching method to

the three-dimensional problem, Eq. (14), is difficult, especially
for a region bounded by an infinitely long cylinder since the
boundary surface conditions have to be satisfied at discrete
points. However, since the integral transform can reduce
one variable of the equation into a transform parameter, the
problem in the transformed plane becomes a two-dimensional
one. The point-matching method may then be used to solve
the transformed equation and finally the solution can be in-

0 O.I 0.2 0.3 0.4 0.5 0.6 0.7

SLOT PARAMETER FOR HORIZONTAL WALLS, PH

Fig. 3 Slot parameters required for zero lift interference.
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Fig.
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LONGITUDINAL DISTANCE FROM THE PLANE OF THE WING, x /b

4 Axial variation of lift interference factor,
Pv = 0, h/b = 0.5.

verted numerically into the physical plane. The Fourier
transform has been used in conjunction with the point-
matching technique in this three-dimensional boundary
value problem.

The Fourier sine transform is applied to solve Eq. (14)
with Eq. (15), since the disturbance potential </>m2 is asym-
metric about x. Equations (14) and (15) in the transformed
plane are

(l/p)(d0;2/dp)

and the boundary condition

where

a*$it = 0 (16)

(17)

(18)/ 2 \1/2 f °°4>i2 = I — ) I fa sinaxdx
\ 7T / */0

/ 2 \1/2 C °= ( 2 \1/2 Ts</>m2 = ( — ) I f a z sinaxdx = I — I — s(nOKi(ap)
\TT / J 0 \ TT / 47T

(19)
a = Fourier transform parameter
KI = Modified Bessel function of the second kind of order

one.

The integral of Eq. (19) is obtained from Ref. 11 which
is convergent in the Cesaro sense.12

Now considering a rectangular wind tunnel of width 26
and height 2h with the closed vertical walls and slotted hori-
zontal walls, a series solution of Eq. (16) is

2M-1
Am(ab)Im(ap) sinra0 (20)

where

Im = Modified Bessel function of the first kind of order m.

Equation (20) satisfies the properties of asymmetry about the
y axis and symmetry about the z axis.

The boundary condition, Eq. (17), for the vertical solid
walls becomes

= ±6

and for the horizontal slotted walls

,, ± ± k at z =

(21)

(22)

To determine the coefficients Amj the series, Eq. (20) is
truncated at a finite term (2M — 1). A set of simultaneous

linear algebraic equations is obtained by substituting Eqs.
(19) and (20) into Eqs. (21) and (22) and selecting M dis-
crete points uniformly distributed along the boundary.
However, improved accuracy may be achieved by selecting
more than M points along the boundary and calculating
Am(ab) at each specific value of ab by satisfying the bound-
ary condition in the least squares sense.8 All results pre-
sented herein were obtained in this manner.

Once the transformed potential fa is obtained, then the
interference potential in the physical plane may be deter-
mined by the inversion theorem of the Fourier transform

2\"» /•«
^ Jo<t>iz(p,6,a) sinxada (23)

The interference upwash at the centerline of the tunnel is

/ 2 V /2 1 C00
= I — ) — I Ai(ab) a sinxada

3 = 0 \7T / 2 JO
Aw-2

The lift interference factor due to <f>& is

82 = CAw>2(x)/2Ts

(24)

(25)

Then the lift interference factor along the centerline of the
tunnel can be obtained through the superposition of 50 due to
0n and dz(x) due to fa. Thus,

&(x) = 50 (26)

The lift interference factor d(x) is presented in Fig. 4 as a
function of x/b for various values of the horizontal wall slot
parameter, PH> Data for a closed tunnel, from Ref. 13
(Ref. 13 data have been divided by —4 because of different
definitions) also shown in Fig. 3, are in excellent agreement
with the present solution.

Solid blockage interference

The solid blockage interference is calculated using a body
of revolution represented by a three-dimensional doublet with
its axis aligned with the centerline of the tunnel. The po-
tential of a doublet located at the origin of the coordinates is
expressed15 as

The strength of the doublet Mr is related to the volume of
the model rr by Mr = UTT. The field equation for the
interference potential <£»• is the Laplace equation with the
homogeneous boundary condition for slotted walls as given
byEq. (5).

Consider a rectangular wind tunnel of width 26 and height
2h with four slotted walls. By applying the Fourier sine
transform, the problem in the transformed plane is

(29)

(30)

(31)

(32)

with the boundary condition

where
/•»

Jo

( 2 \1/2 1
—J Mr — aK,

KQ = Modified Bessel function of the second kind of order
of zero.
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A series solution of Eq. (28) is
2M

<J)i = X Bm(ab)Im(ap) cosmd
ra = 0,2,4

(33)

where, Im = Modified Bessel function of the first kind of
order m. Equation (33) satisfies the axisymmetric condi-
tion. The coefficients Bm(oib) are determined by the point-
matching method to satisfy the boundary conditions. The
solid blockage interference factor can be obtained from the
transformed potential, $;, by the inversion theorem. The
longitudinal interference velocity Au is given by

cosm# cosxada (34)

At the centerlirie of the tunnel, the solid blockage inter-
ference factor is

= lim
n ir̂ -,

p—>-0 •>-'•*• rj U

f
Jo 'o(ab)a cosxada (35)

The solid blockage interference factor es& at the plane of the
wing is plotted as a function of PH for various values of Pv
in Fig. 5. Data by Acum16 for closed side walls are also
shown in Fig. 5; it can be seen that the agreement is quite
good. It may be seen from Fig. 5 that zero blockage inter-
ference can be achieved by choosing certain combinations
of porosity on the horizontal and vertical walls. The vari-
ation of Pv and PH which results in zero blockage interference
for tunnel height to width ratios of 1 and 0.8 are showrn in
Fig. 6. The zero lift interference data from Fig. 3 are also
plotted in Fig. 6 and the intersection of these sets of data
gives the value of each slot parameter which simultaneously
eliminates blockage and lift interference.

Experimental Study

Apparatus

Experimental work has been done in a 30 X 45 in. wind
tunnel using a jet-in-fuselage model (Fig. 7). The high-
disk-loading configuration was selected because of the rela-
tively simple way of producing the required downwash while
retaining the ability to separate the aerodynamic and jet
forces. Further, the analytical representation of the jet
wake may rely on the large amount of existing jet-in-crossflow
data. The jet is provided by an air ejector which is me-
chanically isolated from the wing and fuselage. The model
contains two balances, one measuring the force output of the
ejector and its inlet and the other measuring lift, drag, and
pitching moment on the wing and fuselage. The model was

~"""0 O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

SLOT PARAMETER FOR HORIZONTAL WALLS, PH

Fig. 5 Blockage interference factor for square tunnel
with four \valls slotted.

— --ZERO SOLID BLOCKAGE
INTERFERENCE

ZERO LIFT INTERFERENCE

O THEODORSEN REF. 14

D DAVIS and MOORE REF. 9

x ACUM REF. 16

0.3 0.5 0.7
SLOT PARAMETER FOR HORIZONTAL WALLS, PH

0.8 0.9

Fig. 6 Slot parameters required for zero interferences
(Ref. 14).

purposely made large, (30-in. span), so that measurable
interference effects would be produced.

Force data which are considered interference free were
obtained on a model over a range of jet to freestream velocity
ratios VR from 0 to 30 in the Ling-Temco-Vought (LTV)
low speed wind-tunnel test sections with 7 X 10 ft and
15 X 20 ft cross sections. These data are being used to ascer-
tain the interference effect of various wall configurations in
the 30 X 45 in. tunnel. To date, tests have been con-
ducted with solid vertical walls and two series of horizontal
wall configurations; the horizontal walls contained two and
four slots, respectively.

Horizontal Wake Lift Interference Factor

The experimental lift interference factor has been deter-
mined from a comparison of the variation of the aerodynamic
lift coefficient with angle of attack obtained in the 30 X 45
in. wind tunnel with that from the LTV wind tunnel at
similar conditions. For a given configuration, the lift inter-
ference factor is determined in the least squares sense from

CLi ~ CL

C 2
Li — (36)

where CLi = a chosen value of lift coefficient, Aai = angle
of attack from LTV data minus angle of attack from the 30 X
45 in. tunnel data at each CLi-

A comparison between the theoretical lift interference
factor for the homogeneous wall and the experimental lift
interference factor is presented in Figs. 8 and 9. Figure 8
shows the data for two slots in each horizontal wall; Fig. 9
for the case of four slots. Although the theoretical and
experimental data have the same general trend, the agree-
ment is not very good. Possible reasons for this lack of
agreement are discussed in the next section.

Fig. 7 Jet-in-fuselage model in the 30 X 45 in. wind
tunnel.
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THEORY-DISCRETE SLOTS REF. 17
THEORY-HOMOGENEOUS WALL

-I 45-in.h-
~———

0 O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

SLOT PARAMETER FOR HORIZONTAL^WALLS, PH

Fig. 8 Lift interference factor for two slots in each
horizontal wall.

Nonhomogeneous Slots and Viscous Effects

The equivalent homogeneous boundary condition, which
was the basis of the theoretical calculation described in
previous sections, requires the number of slots in each wall
to be sufficiently large that the effect of individual slots may
be neglected. Thus, it is questionable whether the two and
four slots in the experimental configuration can be considered
homogeneous. Therefore, the interference factor for walls
with discrete slots was computed by the method of Matthews17

and the results also plotted in Figs. 8 and 9. The agree-
ment is improved but the difference between theory and ex-
periment is not completely eliminated.

Another assumption in the theoretical treatment is that
the viscous effects can be completely neglected. This is
obviously not the case particularly when the ratio of slot
width to the wall thickness is small. To account for viscous
effects in the slots, a further term R can be introduced18

into the boundary conditions such that the boundary condi-
tion becomes

= 0 (37)

where

R = -
Reference 18 suggests that the value of R can be deter-

mined by experimentally measuring the pressure drop across
a sample of a particular wall geometry at various values of
the mass flow, Pco(d0/5n).

However, the parameter, R, may be a function of several
variables, for example, Reynolds number, slot geometry,
dynamic pressure, lift distribution, etc. Further, the mass
flow in the slot of a wind tunnel is a function of position
along the longitudinal direction. Therefore, an effective
value of R is required that is applicable over the length of the
test section and the range of test variables. An experimental

THEORY-DISCRETE SLOTS REF. 17

THEORY-HOMOGENEOUS WALL

O . I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
SLOT PARAMETER FOR HORIZONTAL WALLS, PH

Fig. 9 Lift interference factor for four slots in each
horizontal wall.

-8 -4 0 4 8 12
MODEL ANGLE OF ATTACK, a -deg

Fig. 10 Lift coefficient for jet-in-fuselage model,
VR = 4.7.

method to measure the effective value of R for a specific wall
configuration is needed for its evaluation.

The theory also assumes the span of the model is small
compared to the tunnel dimensions. However, in the closed
tunnel, X = 0.7, the effect of span is small and in the open
jet case, increasing the span decreases the interference.19

Even with the small span assumption, theory and experiment
agree very well for the solid tunnel case which is the only
case for which there is no question of the boundary condition.
Thus, it would appear that the assumption of a small span is
not responsible for the data discrepancy.

V/STOL Interference Factor

The discussion heretofore has been concerned with the
classical lifting wing where the wake may be considered
horizontal. Experimental data obtained for the V/STOL
case have indicated that the application of corrections to the
data in the manner of the classical case are not sufficient to
bring about agreement with interference free data. The lift
data correction for a wing in a wind tunnel may be considered
to be an angle of attack increment,

A a = /I(CL, X, wall configuration)

which is due to the constraints imposed on the flow by the

5 0.4

- 7 x l O - f t TUNNEL
30x45-inch TUNNEL

- 4 0 4 8 12 16
MODEL ANGLE OF ATTACK, a - d e g

Fig. 11 Lift coefficient for jet-in-fuselage model with
30 X 45 in. tunnel data corrected by Eq. (39), VR = 4.7.
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tunnel boundaries. For a given tunnel geometry, the cor-
rection takes the form

= d0(S/C)CL (38)

The data presented in Fig. 10 are typical of that obtained
with the model configuration of this investigation operating
in the VTOL transition mode. The data shown are the
aerodynamic lift coefficient (jet force not included) for a
velocity ratio VR = 4.7 and a tunnel wall porosity of 60%.
Examination of the data reveals that Eq. (38) applied to the
small tunnel data will not make it coincident with that from
the 7 X 10 ft tunnel; at best the data will only be parallel.

The V/STOL case differs from the classical case in that
there is an additional perturbation induced in the flow-field
by the downward deflected jet of a V/STOL vehicle in
transition flight. The velocities induced by the jet in the
wind tunnel are also influenced by the tunnel boundaries.
This effect may be considered to result in an additional angle-
of attack increment

A ay = fz(VR, \, wall configuration)
The total angle-of-attack correction would then become

Aa = 8Q(S/C)CL + Aaj (39)

where CL is the aerodynamic lift coefficient and does not in-
clude the brute force lift of the jet.

Since the existence of Acr/ is inferred from the experi-
mental data, it should be noted that the testing procedures
were the same in each test section. Further, the possibility
of tunnel flow inclination was eliminated by testing with the
model inverted. The results of the application of Eq. (39)
with the experimentally determined constants <50 = —0.329
and Aojy = —0.8 deg to the small tunnel data are shown in
Fig. 11. The two sets of data, while not precisely coincident,
are in agreement to within the uncertainty interval of the
experimental data. The function which predicts the vari-
ation of Aay is still obscure. However, it appears likely that
its employment is necessary.

Concluding Remarks

A method has been formulated which allows the computa-
tion of classical lift-and-blockage interference factors for any
slotted wind tunnel. In order to obtain agreement between
theory and experiment, it appears one must consider the
effect of the simplifying assumptions used in the theory,
particularly the effect of slot distribution and viscosity
within the slots. An empirical constant, R, is needed to take
account of the viscous effects. Experimental data have
indicated that application of an angle of attack correction
which is proportional to the lift coefficient, as in the classical
case, is not sufficient for the case of high downwash. An
addition term in the angle of attack correction is suggested.
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