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Analysis of Boundary Layers on Perforated Walls
of Transonic Wind Tunnels
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National Research Council of Canada, Ottawa, Canada

The boundary-layer development on the perforated walls of a transonic wind tunnel has been studied ex-
perimentally under model testing conditions for a better understanding of the flow characteristics from which a
proper boundary condition for wall interference calculations could be formulated. The results show that the
boundary-layer effect is small for the portion of the wall with outflow. With inflow, however, the wall
characteristics are highly nonlinear and strongly modulated by the boundary layer. The normal velocity induced
by the displacement effect can be up to three times as great as the inflow velocity at the wall. The wall charac-
teristics, the boundary-layer development, and the inviscid interference flow are all interdependent and must be
solved together as a single problem.

Nomenclature
c — chord length of airfoil model
CL = lift coefficient
Cp = pressure coefficient
d = hole diameter of the perforated wall
H = form factor
M = Mach number
U, V — velocity components in x,y directions, respectively
x, y = Cartesian coordinates
a = angle of attack
d* = displacement thickness
& = momentum thickness
p = density
Subscripts
e = condition at the edge of the boundary layer
w = condition at the wall

I. Introduction

THE requirement of minimizing the wind-tunnel wall
interference at transonic speeds has led to a new surge of

research activities in recent years. The characteristics of the
tunnel walls of existing wind tunnels have been carefully
reexamined1 and the new concepts of self-correction2 and
correctable interference3 have been introduced. In order to
calculate the flow in the test section properly, the charac-
teristics of the tunnel wall must be precisely defined to provide
the boundary conditions. For a tunnel with perforated walls it
is normally assumed that the normal velocity of the inflow
and outflow at the wall are linearly proportional to the local
pressure difference between the test section and the plenum
chamber.4'5 The proportional constant is the porosity factor
which depends on the physical configuration of the wall. This
linear relation has been accepted for wall-interference
calculations for many years, however it holds true only in
relatively low-speed flows.6 As the Mach number increases
toward the transonic range, some nonlinear characteristics
can be readily observed.7'8 It should also be noted that these
early experiments measured the average mass flow over the
tunnel wall in an empty tunnel. In real model testing con-
ditions, the pressure field generated by the model will induce a
complicated variation of crossflow along the walls. The wall
characteristics in such a condition were recently investigated. *
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The results indicate that the pressure-crossflow relation at the
wall is far from linear. It depends on the pressure distribution
and the local boundary-layer thickness at the wall.

In the earlier experiments8'9 some of the nonlinear wall
throughflow characteristics observed were found to be due to
boundary-layer development. The detailed measurements of
the local flow at the wall in Ref. 1 firmly established the
importance of the boundary layer and showed that the mean
slope of the nonlinear wall characteristics could be correlated
to the averaged displacement thickness along the wall. The
boundary-layer development along the wall, on the other
hand, depends on the wall characteristics. Thus we face a
mutually interacting problem in the determination of the flow
over the perforated wall.

The development of a boundary layer along the wall not
only modulates the wall characteristics, but also induces a
displacement of the external inviscid flow. The amount of
displacement is directly related to the rate of growth of the
boundary layer, which can be quite appreciable if inflow is
dominant. The displacement effect must be added to the wall
characteristics in establishing the boundary condition for the
interference calculation. It is clear that the wall charac-
teristics, the boundary layer, and the inviscid interference
flowfield are interrelated, with the boundary layer playing a
dominant role. Thus detailed studies of the boundary-layer
development are deemed necessary and the present in-
vestigation has been conducted with this understanding.

In the present study, the boundary layer along the per-
forated wall was measured under transonic testing conditions,
with the pressure field generated by a model. In between the
measuring stations, a computation code was employed to fill
in the boundary layer flow, giving finer detail for the
evaluation of the displacement effect and the wall charac-
teristics. The results show that for positive lift, the lower wall
is dominated by outflow and the boundary-layer effect is
small. The upper wall has both outflow and inflow and the
displacement effect induces a normal velocity appreciably
larger than that at the wall. The resulting pressure-normal
velocity relation is highly nonlinear. The wall characteristics
are strongly modulated by the boundary layer and a
correlation depending explicitly on the displacement thickness
is obtained.

The experiment was performed in a transonic wind tunnel
with a specific wall configuration and the data obtained thus
depend on the parameters of that configuration. However,
since the present study emphasizes the understanding of the
mechanism of the interaction of different elements in the
flowfield, the observations thus made can be applied to flows
past a porous wall in a more general sense. The empirical
coefficients derived from the data are, of course, parametric
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dependent. The correlations of the flow elements however can
be considered as general.

II. Experiments
The experiments were performed in the National

Aeronautical Establishment two-dimensional test facility.10

The two-dimensional working section has a width of 15 in.
and a height of 60 in. The top and bottom walls are parts of
the 5 ft2 transonic section and are perforated with 0.5 in.
diam normal holes at 1.04 in. centers in staggered rows, giving
a porosity of 20.5%. The thickness of the perforated wall is
0.5 in. The test model was 10 in. in chord and had a BGK 1
transonic profile.11 A static pressure pipe of 1 in. diam was
mounted along the centerline of the top and the bottom walls,
respectively, for the measurement of the static pressure
variation along the walls.

The turbulent boundary layers were measured by pitot
rakes of hypodermic tubings finished with square ends. The
pitot tubes were connected to a scanivalve and the pressure
was measured by a Kulite transducer of 200 psia range. The
boundary-layer rakes were mounted at the top and the bottom
walls at a position half-way between the side wall and the
static pressure pipe. For the upper wall, measurements were
taken at three stations located at x/c= -1.5, -0.025, and
I.65 with respect to the origin designated at 0.4 chord length
from the leading edge of the model (x positive in the stream
direction). For the lower wall, only one station at x/c
= -0.025 was measured.

The experiments were performed at a series of Mach
numbers ranging 0.5-0.8. The Reynolds number was set at a
value of 21.5xl06 per chord. For each Mach number, the
angle of attack of the model varied within a range of - 3.5 to
II.8 deg. The Mach number distribution across the boundary
layer was calculated from the pitot pressures measured by the
rake and the static pressure from the centerline static pipe,
interpolated to the pitot rake position. The velocity
distribution was then calculated assuming van Driest's form
of temperature distribution.12 The wall was assumed to be
insulated and the recovery factor taken to be 0.89. A detailed
report of the experiments and the resulting data are given in
Ref. 13.

in. Experimental Results
Boundary-Layer Measurements

The boundary-layer development along the perforated wall
depends mainly on the inflow and outflow through the wall,
which is generated by the pressure difference between the
plenum and the local condition in the test section. Thus the
static pressure variation along the wall is the basic factor
controlling the growth of the boundary layer. Some typical
static pressure distributions at both the upper and lower walls
for Mach number 0.7 and a range of angles of attack are
shown in Fig. 1. With positive lift, the pressure coefficient at

the lower wall is always positive, while at the upper wall it
starts with a slight positive dip and then becomes negative
downstream.

At low angles of attack, boundary layers can be observed
on both walls. As the angle of attack increases, the pressure
increases rapidly at the lower wall and causes a strong out-
flow. The boundary-layer thickness decreases rapidly and
eventually cannot be detected by the pitot rake. The bound-
ary-layer integrated properties, the displacement thickness 6*,
the momentum thickness 6 (normalized by the hole diameter),
and the form factor H of the perforated wall are shown as a
function of the lift coefficients CL in Fig. 2. For CL greater
than 0.6, the measurements show a very small velocity deficit
and the integrated thicknesses approach zero. (The finite
value shown in the graph is the limit of the accuracy of the
experiment.) This indicates that the boundary layer is bled
completely from the lower wall. At lower values of CL, a thin
boundary layer can be observed with its growth rate inhibited
by the outflow. Thus at the lower wall the boundary-layer
effect is small and is negligible at moderate- and high-lift
conditions.

The upper wall, on the other hand, has a much more
complicated boundary-layer development than that of the
lower wall. The positive pressure coefficient upstream causes
outflow and thinning of the boundary layer. The negative
pressure coefficient sets in at about xlc— - 2.5 and the rest of
the wall is then dominated by inflow, causing rapid thickening
of the boundary layer. As shown in Fig. 3, the boundary layer
grows rather slowly between the first and the second
measuring stations, and then rapidly toward the third station.
It is noted that the growth rates of the boundary layer as
measured at these three stations do not follow directly the
variation of the pressure coefficient which controls the inflow
and outflow. Between stations 1 and 2, the pressure coef-
ficient is negative (see Fig. 1). If the inflow is directly
proportional to the pressure coefficient as assumed by the
linear wall characteristics, one would expect the boundary
layer to grow much faster than is shown in the measurements.
Between stations 2 and 3, again if the linear relation applies,
the inflow will have a near constant value approximately the
same as that at the rear half of the first measuring section. It
is expected that a steady growth rate similar to the rear part of
the preceding boundary layer would occur. However, the data
show a continuous increase of growth rate to a value much
larger than that at the second measuring station. This suggests
that the inflow is not only a function of the pressure
distribution but is also modulated by the boundary-layer
growth.

The distribution of experimental data on the boundary-
layer development along the wall is too coarse in this case for
an accurate evaluation of the displacement effect and the wall
characteristics. Thus, in between the measuring stations the
boundary-layer development is obtained by computation
based on a computer code.14 This gives finer details of the
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Fig. 3 Boundary-layer developments at upper wall.

boundary layer and allows the evaluation of the desired in-
formation with required accuracy. In the following discussion
the development along the upper wall will be emphasized
because of its complicated crossflow distributions.

Boundary-Layer Calculations
The boundary-layer computation code is based on a dif-

ferential method with the turbulent kinetic energy expressed
in terms of an extended mixing length.14 The code calculates
the boundary-layer development under arbitrary external
pressure gradient and surface mass-transfer distributions. For
a given initial condition, the boundary-layer development
depends on the external pressure distribution and the suction
or injection velocity at the wall. For the present calculations,
the velocity profile measured at the first station is used for the
initial condition. The external pressure distribution is
provided by the static pipe measurements as shown in Fig. 1.
The experimental data indicate that the boundary-layer
thickness ranges about 0.5-1.5 in. in the region of interest.
The static pressure measured at 1 in. away from the wall by
the static pipe would provide a reasonable approximation for
the external pressure as the pressure gradient normal to the
flow direction is very small near the wall. The static pressure
is assumed to be constant across the boundary layer. The
suction or injection velocity variation at the wall depends on
the wall characteristics as yet unknown. To deduce the wall
characteristics from the experimental data, a model is first
constructed so that the local mass flow across the wall is a
function of the pressure coefficient and the displacement
thickness. With this model, the boundary layer can be
calculated from the first station through the second and then
to the third. The calculated velocity profiles at the second and
third stations are then compared with the measured ones. The
wall characteristics model is adjusted until a satisfactory
match of the velocity profiles is obtained. This is essentially
curve fitting through the data points along the wall with the
computed solutions yielding the details of the boundary-layer
development and the wall characteristics. The details of the
boundary-layer computation can be found in Ref. 13.

Six cases were chosen for the boundary-layer calculations,
three with low lift and three with high lift. The conditions of
these cases are listed in Table 1. These cases cover the pressure
distributions for both high and low lift. The range of Mach
number considered is wide enough to detect any parametric
dependency.

IV. Displacement Effects and Wall Characteristics
The wall characteristics for the cases considered are shown

in Fig. 4. The normal velocity at the wall in the form of local
mass flow ratio P^Vvv/peUe is plotted against the local
pressure coefficient. Each curve depends on the local pressure
distribution and does not follow a simple linear law. The
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Fig. 4 Mass flow variation at upper wall.

Fig. 5 Normal velocities at edge of boundary layer, upper wall.

behavior of the curves follows closely those of Ref. 1 which
were obtained from direct measurements. These curves do not
pass through the origin and the slope for the inflow portion
(positive vw) is generally much greater than that of the out-
flow. This confirms our observations discussed in Sec. Ill that
the inflow or outflow is not only a function of the pressure
distribution, but is also modulated by the local boundary-
layer properties. The offsetting of the curves from passing
through the origin of the coordinates indicates that the
crossflow through the perforated hole depends on the local
velocity gradient. The local flowfield near the hole can no
longer be considered as a simple uniform potential flow6 but
as a rotational shear flow.

The normal velocity at the edge of the boundary layer
includes the displacement effect and the mass transfer at the
wall, and can be written as15

(1)
PeUe

The normal velocity Ve/Ue for these cases is shown in Fig. 5
as a function of pressure coefficient Cp. In comparison with
the wall characteristics shown in Fig. 4, the displacement
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Fig. 7 Correlation of wall characteristics, 6*/c7<0.25.
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Fig. 8 Correlation of wall characteristics, 6*/d>0.25.

effect not only moves the curves upward but also amplifies the
local values. (Note the difference in ordinate scale.) With
inflow the induced velocity can be as much as three times
greater than that at the wall. The curves are nonlinear and
similar to those of the wall characteristics.

The linear relations assumed for the boundary condition in
classical wall interference calculations are also shown in Fig. 5
for comparison. The corresponding porosity factors are the
averaged values for the cases considered and have values of
0.96 and 0.37 for the upper and lower walls, respectively.16

These values are deduced by fitting the calculated interference
wall pressure distributions to the experimental data.17 It is
interesting to observe that the linear relation does pass
through all nonlinear curves and presents an averaging trend

of the functional relationship of Ve/Ue and Cp. However, the
linear relation fails to reproduce the local value of the normal
velocity correctly. Since the normal velocity is the output of
the boundary condition for the wall interference calculation,
large errors might result if the linear relation is assumed. The
linear relations are also plotted in Fig. 4, showing a trend
much higher than the wall characteristics. It demonstrates
that the displacement effect must be taken into account in
addition to the wall characteristics in the real flow situation.

The nearly exponential increase of the inflow velocity along
the wall suggests that this portion of the boundary layer is
close to equilibrium. Thus a similarity correlation can be
established between the induced velocity at the edge and the
mass transfer at the wall as shown in Fig. 6. The correlation
can be approximated by a straight line

-=3.25- (2)

for the injection side. At the suction side the correlation
approaches a direct relation asymptotically.

(3)

as the d6*/cbt is small in comparison with the suction velocity.
The linear boundary conditions discussed in Fig. 5 assume a
porosity factor for the upper wall about three times greater
than that of the lower wall. This is obviously related to the
different natures of the boundary-layer growth on the
respective walls and is reflected by the correlation coefficients
of the boundary layer.

The wall characteristics shown in Fig. 4 depend not only on
the pressure distribution, but also on the boundary-layer
development. By taking the variation of the displacement
thickness into account, the wall characteristics can be
correlated as shown in Fig. 7. For each case considered, the
data follow a common correlation curve to a certain point and
then branch off. All cases indicate that at the branching-off
point, the value of d*/d is about 0.25, and the ratio of the
boundary-layer thickness 6 to the hole diameter d has a value
of about 1 or greater. Thus, for d*/d less than 0.25, the wall
characteristics can be correlated by the envelope of the data as
shown, the correlation can be approximated by a quadratic

(4)

where £ = Cpd*/d and £0 = -0.0004.
When the boundary-layer thickness is greater than the hole

diameter, the dependence of the wall characteristics on the
boundary layer is reduced and the data can be correlated in a
different form as shown in Fig. 8. For d*/d greater than 0.25,
the correlations appear to be linear and have the same slope.
The empirical relation can be written as

= -0.316
r
L p d*/d

>0.25

r Pwvw 6*1 d_
L PeUe d\0b*'

(5)

where the subscript 0 refers to the point at d*/d=0.25. This
correlation shows that as the mass flow at the wall increases,
it becomes less dependent on 6* /d and asymptotically ap-
proaches the inviscid form in the limit. The empirical con-
stants appearing in the correlations depend on the con-
figuration of the wall. The functional relations of the
correlations, however, should be general. The scattering of
the data for these two correlations can be further reduced by
including the rate of growth of the displacement thickness 6*,
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in the form Cp»d*/d»d5*/dx. The effect is of second order
and does not change the general features of the wall
characteristics.

One can now observe that the flow past a perforated wall
consists of a problem of strong interaction between the wall,
the boundary layer, and the external inviscid flow induced by
the model. To establish the boundary condition for the in-
terference calculation, the interdependent relations of the wall
characteristics and the boundary layer must be solved. These
relations are in turn explicitly dependent on the pressure
distributions at the wall which is a part of the solution of the
interference problem. Therefore one can no longer consider
the wall conditions separately in the interference calculation,
but must include them as an integral part of the problem to be
solved.

The linear relation of Ve/Ue vs Cp normally used in the
interference calculation averages out the variation along the
wall. With a different porosity factor for the upper and lower
walls, respectively, the linear relation provides a first rough
approximation of the boundary-layer displacement effect on
the characteristics of the two walls. However, for an accurate
representation of the wall characteristics, the nonlinear nature
must be considered.

V. Conclusions
The development of the boundary layer on the perforated

walls of a transonic wind tunnel has been studied ex-
perimentally under model testing conditions. The effect of the
displacement of the boundary layer and the wall charac-
teristics are examined to provide a better understanding of the
flow at the wall. The results of the present study can be
summarized as follows:

1) The pressure coefficient distributions at the lower wall
are positive for cases with positive lift, causing outflow
through the wall. The boundary-layer displacement effect is
small and can be neglected for cases with moderate and high
lift. A linear pressure-normal velocity wall characteristic can
be assumed.

2) For the upper wall, the pressure is slightly positive up-
stream and changes to negative downstream, causing inflow
and then outflow with the latter dominating. The crossflow
velocity at the wall is a nonlinear function of the pressure
coefficient because of the strong modulation caused by the
boundary-layer development. Wall characteristics in terms of
crossflow velocity as a function of pressure coefficient and
normalized displacement thickness can be correlated
universally.

3) The normal velocity induced by the growth of the
boundary layer can be three times as great as the inflow
velocity at the wall. The displacement effect must be con-
sidered for the portion of boundary layer with inflow at the
wall.

4) The linear relation of Ve/Ue vs Cp, normally employed
in the boundary conditions of the wall interference
calculation, does not adequately represent the real flow. The
boundary condition can be established only by solving the
interdependent relations of the wall characteristics and the
boundary-layer development. These relations are in turn
controlled by the wall pressure distribution which is part of

the solution of the interference calculation. Thus the flow
over the perforated walls must be considered as an integral
part of the tunnel flow and treated simultaneously with the
inviscid flow calculation in the test section.
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