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A Study of Subsonic, Two-Dimensional Wall-Interference
Effects in a Perforated Wind Tunnel with Particular
Reference to the NAL 2mx2m Transonic Wind

Tunnel—Inapplicability of the Conventional

Boundary Condition®

By Masao EBIHARA*¥

SUMMARY

An analysis is carried out on the subsonie, two-dimensional wall-interference effects
in a perforated wind tunnel based on the conventional theoretical model. An attempt
is then made to find the value of the porosity parameter for the 20%-open-area-ratio -
test section of the NAL 2mX2m transonic wind tunnel by combining the results of
the analysis with pressure distribution data on several aerofoil models obtained using

this test section.

It is found that no meaningful results can be achieved by this procedure for the

value of the porosity parameter.

The cause of the failure is ascribed to the inappro-

priateness of the boundary condition in the theoretical model employed. An alterna-
tive form of the boundary condition is suggested based on experimental observations
of flow in the proximity of perforated boundaries.

I. INTRODUCTION

The pressure distribution on an aerofoil
measured in a wind tunnel is in general sub-
ject to a distortion due to the tunnel-wall
interference effects. These interference effects
must be known accurately when the experi-
mental data are to be relied upon to estimate

the performance of an aerofoil at the free-air

condition or to assess the accuracy of a theo-
retical method for the prediction of the pres-
sure distribution on an aerofoil.

The aerofoil theory has arrived at a stage
where a detailed prediction of the pressure dis-
tribution on an aerofoil is feasible at Mach
numbers below the critical with accuracy suf-
ficient for most of the practical purposes (e.g.
refs. 1 & 2). The prediction, of course, takes
into account not only the effects of compressi-
bility but also the effects of viscosity by modi-
fying the aerofoil geometry according to the
displacement effects of the boundary layer. It
is known that these displacement effects exert

* Received Tth October, 1971
** The Second Aerodynamics Division.

influences on the pressure distribution usually
at least of the same order of magnitude as the
second-order compressibility effects. On the
other hand, the wall-interference effects are
found to be by an order of magnitude greater
than the boundary layer effects in the 20%-
open perforated-wall test section of our 2mX
2m wind tunnel, which is thought to be repre-
sentative of transonic wind tunnels of this
kind. Thus it is recognized that a detailed
analysis is required of the wall-interference
effects in order to bring the accuracy of the
prediction method to a level comparable with
that in the prediction of the boundary layer
effects.

The .principles for the calculation of the
wall-interference effects have long been esta-
blished within the scope of the linearized
theory and numerous theoretical works already
exist which dealt with the interference prob-
lems in wind tunnels with ventilated test sec-
tions such as of slotted and perforated walls.
General description of the interference prob-
lems is found, e.g., in the work of Garner,
Rogers, Acum and Magskell (ref. 3), or of Goe-
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2 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-252T

thert (ref.4). A summary of part of the
existing theoretical works is given in Table 1,
where included are some of the reports ap-
peared after the publication of the two com-
prehensive works referred to above. The
methods listed in the Table are all based on
the linearized theory and the analysis has been
carried out, except those in refs. 8, 9 and 19, by
replacing the body in the wind tunnel with
concentrated singularities such as doublets and
vortices. For each work listed, the kind of
the singularity used to represent the body is
given in the Table together with the mathe-
matical procedures employed to solve the prob-
lem. The first part of the Table is concerned
with the cases of perforated test sections
whereas the second part lists the cases where
the test sections are of longitudinally slotted
walls. Mathematically, the two cases are dis-
criminated from each other by the difference
in the form of the boundary condition along
the test-section wall. In fact, the two boun-

Table 1.

dary conditions can be united by an appro-
priate linear combination and it is possible to
solve the interference problem for this com-
bined boundary condition. This approach
yields results from which both the perforated-
wall cases and the slotted-wall ones are derived
as particular cases. The last part of -the
Table deals with the works which follow this
approach.

Two problems emerge when one attempts to
apply the theoretical results to the estimation
of the interference effects upon the pressure
distribution on an aerofoil measured in a wind
tunnel of perforated test section. The first
one is related to the accuracy of the existing
theoretical methods in which it is customary
to replace the aerofoil by a concentrated sin-
gularity like a -doublet or vortex. This proce-
dure may be adequate for cases where the
interference effects on the overall forces and
moments are of concern. It is probable, how-

Existing Theoretical Methods

1. Perforated-wall Tunnel

interference
category
type of\
test-section

Solid Blockage

Lift Effects

Yk k*

WADC TR 52-9, 1952

®
NACA TM 1429, 1957
®

Two-dimensional
thin aerofoil

tion of the wall

tangent-gas method

Proc. Roy. Soe. A. Vol. 233, 1955

finite length of perforated por-

variable plenum pressure

(%)
NACA TM 1429, 1957

9
Proc. Roy. Soc. A. Vol 242, 1957
same as left

Rectangular, all |
- walls perforated

am, a8
NASA TR R-285, 1968

NASA TN D-5635, 1970
horseshoe vortex

approximate method .
(by Fourier transformation)

(15)
Aeron. Quart. Vol. XIX,Pt. 4,1968

vortex doublet along the tunnel
axis

dynamic relaxation method

* The number in parenthesis attached to each report name indicates the reference num-
ber listed at the end of the present report.
** Results reported in the paper are quoted in ref. 3. The original paper has not been

consulted by the present author.
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A Study of Wall-Interference Effects in a Perforated Wind Tunnel 3

ever, that the streamwise extent of the aero-
foil geometry may have appreciable influence
upon the interference effects on the pressure
distribution so that the representation of the
aerofoil by a concentrated singularity may not
be justified when one is concerned with the
pressure distribution data. One way of im-
proving this situation is to represent the aero-
foil by a system of distributed singularities
as has been done, for instance, by Woods
(refs. 8& 9) or by de Jager & van de Vooren
(ref. 19).

The second problem is related to the fact
that there is one aspect of indeterminancy in

the boundary condition for the perforated test
section. In the calculation of the wall-inter-
ference effects, usual practice is to replace the
actual perforated wall by a fictitious boundary
of homogeneous property which would produce
the identical effect in the region of flow field
near the body. Theoretical considerations sug-
gest that this homogeneous boundary replacing
the actual wall is such that the normal velocity
through it is proportional to the pressure dif-
ference across it (e.g. refs. 20 & 21). The coeffi-
cient of proportionality, called the ‘porosity
parameter’, cannot however be determined from
mere theoretical considerations and recourse

Table I. Existing Theoretical Methods — continued
2. Slotted-wall Tunnel

interference
category

type of\
test-section

Solid Blockage

Lift Effects

Two-dimensional

(10)
NASA TR R-25, 1959

vortex at arbitrary vertical posi-
tion

. sphere (doublet)
Circular

©
NACA RM L53E07b, 1953

®)
NACA RM LB3E07b, 1953

streamwise vortex pair
(far downstream part of a horse-
shoe vortex)

two-dimensional consideration in
a cross-section far downstream

®

sphere (doublet)

closed side
walls

Rectangular

NACA RM L53E07b, 1935

(G)NACA RM L53E07b, 1953
streamwise vortex pair
(10)
NASA TR R-25, 1959
horseshoe vortex

approximate procedure combin-
ing a two-dimensional considera-
tion with a correction by an in-
terpolation between open and
closed-wall cases

(11) NASA TR R-241, 1966
system of line doulets
double Fourier transformation

all walls
slotted

()
NACA RM L53E70b, 1953
streamwise vortex pair

closed roof
and floor

(12)
NASA TR R-344, 1970
system of line doublets
double Fourier transformation
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4 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-252T

must be made to experiments to find its value

for a particular wind tunnel test section.

The purpose of the present investigation is
thus two-fold:

(1) to derive an expression of the interference
effects of a perforated-wall test section with
accuracy such that it can be applied con-
sistently to the correction of the pressure
distribution data, and

(2) to find the value of the porosity para-
meter appropriate to the transonic test sec-
tion of the NAL 2mX2m wind tunnel.

A solution for the first problem is under-
taken in Section III by adopting an approach
similar to that taken in ref.19. But before
launching that, the nature of the boundary
condition for the perforated wall is reviewed
in Section II in an attempt to clarify its
implication and limitation as a representa-
tive of the actual situation. Then in Section
IV, the theoretical results obtained in Section

IIT are applied to the analysis of experimental
data in order to derive the value of the poro-
sity parameter relevant to the 20%-open-area-
ratio test section of the NAL 2mXx2m tran-
sonic wind tunnel from the measured pressure
distributions on several aerofoil models.

NOMENCLATURE

c aerofoil-chord length

¢1,¢a,c3 constants related to the aerofoil geo-
metry, see eq (3. 35)

H height of the wind tunnel test section

K coefficient in the boundary condition,
see (2.5)

M. free-stream Mach number

My aerofoil first moment of area about
the leading-edge, see eq. (3. 45b)

P porosity parameter, =1/K

q strength of source

Sw aerofoil sectional area, see eq. (3. 45a)

t non-dimensional streamwise coordi-

Table I. Existing Theoretical Methods — concluded
3. Unified Treatments of Slotted-Perforated Tunnel
interference
category
\f‘ Solid Blockage Lift Effects
type o
test-sem
M
Two-dimensional NACA TN 8176, 1954
circle (by doublet)
M @)
NACA TN 3176, 1954 NACA TN 3176, 1954
Circular sphere (by doublet) vortex doublet along the tunnel
Fourier transformation axis
Fourier transformation
13)
-A.R.C. R & M 3322, 1963
vortex doublet along the tunnel
axis
. 14)
. | Closed side AR.C. R & M 3395, 1965
% distributed vortex doublet, ex-
) plicit expressions only for uni-
= formly loaded wings (viz. a
§ horseshoe vortex)
(o= Fourier transformation
(16)
1 wall A.R.C. R & M 3567, 1969
all walls
ventilated Xg{xi';ex doublet along the tunnel
electrical analogue
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A Study of Wall-Interference Effects in a Perforated Wind Tunnel 5

nate, =x/c

u streamwise component of the distur-
bance velocity

Ue free-stream velocity

v component of the disturbance velocity
normal to the tunnel centre-line

w complex potential

x,xy streamwise coordinate

] coordinate normal to the tunnel cen-
tre-line

Ye aerofoil camber

Ve aerofoil thickness distribution

a aerofoil incidence

B Prandtl-Glauert factor, =+ 1—M.3

7 strength of vortex

3 see eq. (2.13)

& solid blockage factor

§ non-dimensional streamwise coordi-
nate, =x/c

$o see eq. (3.25a)

§1,4;. see eq. (3. 13)

& =d/n

A aerofoil-chord-to-tunnel-height ratio,
=c/H

T =rA(E—1)

@ disturbance velocity potential

Subscripts

oo refers to the free-stream condition

0 refers to the free-air condition

1 * refers to the interference effects

II. A REVIEW ON THE BOUNDARY
CONDITION ALONG THE
PERFORATED WALL

The theoretical mean boundary condi-

tion
According to Maeder & Thommen (ref.20),

the flow near a perforated wall is classified
into three categories as follows:

(1) when the holes of the perforated wall
are very small, any flow through them will
occur in accordance with the law of slow
viscous motion. Such walls are properly
classified as ‘porous walls’.

(2) If the hole diameter is still small com-
pared to the thickness of the wall boundary
layer but large enough so that the cross-
flow pressure loss due to viscous action is
insignificant, then the disturbance from the
individual holes will be averaged at some
distance from the wall, still inside the boun-
dary layer, and the flow there can be re-
garded mathematically as one caused by an
imaginary mean boundary at the location of

2.1.

the actual wall.

(3) If the hole diameter is large compared
to the boundary layer thickness at the wall,
each hole has to be treated individually,
considering the past history of the boundary
layer flow.

In most of the existing perforated-wall wind
tunnels, the configuration of the test-section
wall is such that they fall on the category
(2) stated above. The mean boundary con-
dition for such walls has been deduced by
several authors, one of the earliest deriva-
tions being due to Brescia (ref.5). In the
two-dimensional case, the perforated wall re-
duces to a series of transverse slots (or slats).
Neglecting the thickness of the slats and tak-
ing them as a series of flat plates, Brescia
argues that this cascade-like boundary induces
a uniform streamwise velocity increment +u«
at an infinite distance above and below the
boundary under the action of the oncoming
stream ¥V (Uw, V) where u. is given by

U= Kcho (2. 1)
with
K0=tan(%- %) 2.2)

Here L is the length of each slat and D is
the distance between the leading-edges of the
two adjacent slats.

By letting L and D tend to zero simultane-
ously while keeping the ratio between them
constant, he deduces the condition at the boun- -
dary as '

+u=Kyv 2.3)
where the plus sign refers to the region above
the wall while the minus sign to that below
the wall. Note that the uniform velocity com-
ponents V. and u. have been replaced by
the local value v and # at the boundary by
virtue of the limiting process.

It is a usual assumption that the static
pressure in the plenum behind a perforated
wall is equal to the freestream static pressure
inside the tunnel. To incorporate this condi-
tion into his formulation, Breseia superim-
poses an open-jet boundary upon the cascade-

Vo v
U(L‘

Sketch 1
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like boundary and finds that the influence of
the perforated wall on the flow field around
a body represented by a combination of vortex
and source singularities of strength, say, A=
Q@+:iI' is expressed by an image singularity
of strength A where A is the complex con-
jugate of A and r is given as
— 2Ky+1
2Ky—1 °
A mean boundary condition identical to (2.3)
with (2.2) was also obtained by Maeder (refs.
21 & 22) assuming a uniform streamwise velo-
city increment along the slots and enforcing
the Kutta’s condition at the trailing-edge of
each slat. Restricting the consideration to the
interior of the wind tunnel, we thus have the
equation

(2.4)

u+Kv=0 (2.5)
as the mean boundary condition along the
perforated wall. In the derivation of Brescia
or Maeder, the value of the coefficient K is
determined solely as a function of the open-
to-total area ratio ¢ of the wall:

e=1—-L/D. (2.6)
In fact, the usual practice in theoretical treat-
ments of the perforated-wall-interference ef-
fects is to accept (2.5) but leave the value of
K intact so that it is determined by some ex-
perimental procedure to give a certain amount
of compensation for the over-simplifying na-
ture of the mean boundary condition. This is
seen from the following reasoning of (2.5):
the effect of a perforated wall (i.e. an infinite
series of transverse slots) at some distance
from the wall is likened to that due to a series
of aerofoils of infinitesimal chord-length
placed at the location of the wall. The pressure
difference across the aerofoils is proportional
to the angle of attack a=v/(Ustu)~v/Ux:

4C,=-L7P _9g P 2.7)

1 . U
"Z—PUuo
where 2 K is the constant of proportionality,
and p. is the static pressure in the plenum
chamber. On the other hand, the pressure p
is related to the streamwise velocity incre-

ment « via

D S B S (2.8)
l Us? Us
2 Y=

R v

. F

._—¢

P Uco"l‘u

Sketch 2

Now assume that the plenum pressure p. is
equal to the free-stream static pressure pw:

be=p. (2.9)

Then from equations (2.7) and (2.8) we ob-
tain the mean boundary condition (2.5).

The value of K in (2.7) cannot be deter-
mined within the scope of the reasoning given
above. Then the condition (2.7) can be inter-
preted as merely stating the assertion that the
vertical velocity component v at the wall is
proportional to the pressure difference across
it. Since the constant of proportionality de-
pends in reality on the structure of (and the
boundary layer characteristics along) the wall,
the value of K is best determined by some
experimental measures on the particular wind
tunnel one is concerned so as to describe the
interference characteristics appropriately.

For the later reference we remark that the
boundary condition (2.5) is satisfied by con-
sidering a suitable image of the body against
the boundary just as is the case with a closed
or open-jet boundary. This fact is already point-
ed out, e.g., in ref. 4, page 93 and is under-
stood by the following reasoning: the condi-
tion (2.5) indicates that the perturbation velo-
city component in the direction of (cos4, sind)
vanishes identically along the wall where

A=arctan(K). (2.10)

Let us assume that the body inside the tunnel
is represented by a singularity such as a
source, a doublet or a vortex. Consider the
image of the singularity with respect to the
closed boundary. The perturbation velocity
v. due to this image induced at a point P on
the boundary is symmetric, with respect to
the boundary, to the velocity ©, due to the
original singularity. From simple geometrical
considerations (sketch 3) it is seen that
through the rotation by an angle of 2A-r in
the counter-clockwise sense, the velocity vector
ve is brought to a position v in which it be-
comes symmetric to v, with respect to the line
through P normal to the direction (cosd,
sind). Then v represents the effect of the
perforated boundary, for ve+v has no com-
ponent in the direction (cosA, sind). Since
the angle of rotation 2A4-x does not depend
on the choice of a particular point P, the
boundary condition along the perforated wall
is thus satisfied by an image singularity derived
from that for the closed wall through the
rotation of angle 2A-z.

In complex variables a rotation by an angle
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A
L£)
boundary P,
| /2
v x—2A
Sketch 3

of 6 implies the multiplication by the factor
¢'%. Hence the complex potential w due to the
image in a perforated wall is obtained from
the complex potential w, due to the image in
the closed wall by multiplying the latter with
the factor eis:

w=e' 1w, 2.11)

where
S=r—2A, (2.12)

Note that a rotation in a velocity vector is
equivalent to the rotation in the correspond-
ing complex potential of the same amount but
of the opposite sense since the complex velo-
city is u-iv.

From (2.10) and (2.12) we have

K+t: . (2.13)

—1

et =

On the other hand, we have seen in eq. (2.4)
and in the paragraph preceding it that Brescia
obtained the factor r taking exactly the same
line of thought. The coefficient K; in the fac-
tor 7, which corresponds to our €%, is, however,
accompanied by a factor of 2 unlike that in
our ‘expression (2.13). The source of this dis-
crepancy has not been identified in view of
the fact that the theoretical value of K is
irrelevant to the actual calculation of the in-
terference effects because what is used in the
calculation is the relation (2.11), the value of
0 (or r)to be determined by some experimental
procedures.

2. 2. Experimental facts about perforated

wall characteristics

Turning back to the mean boundary con-
dition (2.5), we now examine its validity in

the light of experimental facts. Experimental
investigations of the boundary condition along
perforated walls have been conducted by sev-
eral people including Stokes et al. (ref. 23),
Maeder (refs. 21 & 22) and Chen & Mears
(ref. 24).

The experiment reported in ref. 23 was made
using 2 inch-square piece of 0.35 inch-thick
Plexiglas as the perforated material placed
along one of the test-section walls of a 3 inch-
square supersonic wind tunnel. The hole dia-
meters ranged from 0.018 inch to 0.039 inch
with corresponding open ratio from 14.8% to
36.5%. The results showed that a logarithmic
plot of the pressure drop Ap across the materi-
al against the normal velocity vn through it
indicated a slope of 1.3 at a free-stream Mach
number of 1.3. It might be argued that this
relationship is fairly close to the linear one,
dpocvy, and thus lends support to the validity
of the boundary condition (2.5). It should
be noted, however, that the experimental set-
up, as can be seen from the above descrip-
tion, is rather remote from the actual condi-
tions encountered on the test-section walls
of conventional perforated wind tunnels. For
one thing, the hole diameters are too small to
be the representative of the actual condition,
which is of order of 0.6 inch. For another, in
view of the difference in the development of
the boundary layer along the boundary between
a solid wall and a perforated one (e.g. refs. 20
& 25), the state of the boundary layer on the
2 inch-square material may be quite different
from what is found along the actual wind tun-
nel walls, which, as will be seen in the sub-
sequent paragraphs, may lead to a conspicuous
difference in the wall characteristics.

In refs. 21 & 22, results are given of meas-
urements for a single transverse slot of 1inch
width and for a variety of perforated sheets
of 4inchx5inch size fitted into the test-
section wall of a 4 inch X8 inch low speed wind
tunnel. Fig.1 shows the measured results for
the single transverse slot while Fig.2 for the
perforated sheets, both being taken from refs.
21 & 22, Fig. 1 illustrates that the mean
boundary condition (2.5) describes fairly well
the actual situation for single transverse slot.
For a perforated boundary, the curves in Fig. 2
show essentially linear relationships between
4C, and v,/Uw, but there are appreciable dis-
placements of curves to the right of the origin,
which are the larger for the smaller values
of the open ratio o. Maeder argues (refs. 20,
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4G, (%)

40

T

20

i (%)

Fig. 1 Characteristics of a 1-inch Transverse Slot -
(reproduced from refs. 21 & 22)

4C(%)
8 /V /v
4 // Xfol -
/x’0
s
s ey Z-= T 4 8 iy
Lx/,«‘;\f i (%)
-~ x/b/v/‘?/ —4 o G 220%
=<2 <7 -8 x ¢=22%
v v o =46%
Fig. 2 Characteristics of Perforated Sheets
(reproduced from refs. 21 & 22)
Test 1
21 & 22) that this shift is due to the turbulent [T T T T T
mixing along the perforated boundary. This
explanation sounds plausible but 1s difficult to Ny
explain the larger displacements for the smal- N
ler open ratios. Presumably other mechanisms f
are also operating, but it is probable that the W
turbulent mixing is the major cause of this L -t
shift. In the two experiments referred to = 25 26—
above, the measurements were taken at the
tunnel-empty condition. Chen & Mears, on the
other hand, measured perforated-wall char- Test 2 o
acteristics with an aerofoil installed in the test emee=s-oooo=ooco o Syt = I
section (ref. 24). :

In their experiment, the roof of the solid-
wall test section of a 22 inchx32inch low
speed wind tunnel was removed and a per-
forated sheet of 22.5% open ratio (0.25inch
hole diameter) was fitted into the place. The
effective height of the test section was then

2

Sketch 4
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12 | 4Cp (%)

A Test 1 8t
o Test 2
4__
Y
=~ (%)
6 8

Fig. 3 Characteristics of Perforated Sheets under the
Influence of an Aerofoil Model
(reproduced from ref. 24)

4Cy (%)

S*uncontrolled

15

10

Fig. 4 Comparison of Perforated Wall Characteristics Determined under

Constant and Variable Boundary Layer Thicknesses
(reproduced from ref. 26)

This document is provided by JAXA.



10 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-252.

4C5 (%)

o (%)

A—A Section

Wall Geometry

Fig. b Perforated Wall Characteristics for Various
Boundary Layer Thicknesses
(reproduced from ref. 26)

20 inch. A half Joukowsky aerofoil of 24 inch-
chord and 4 inch-thickness was placed on the
lower solid wall as shown in Sketch 4.

Part of the measured results is given in
Fig. 3.

The marked nonlinearity of the 4Cp~vn/Us
curves in Fig.3 makes a sharp contrast with
the results obtained by Maeder (cf. Fig.2).

The reason for this difference has not been
identified partly because detailed experimental
conditions such as the geometrical structure
of the perforated sheets are not given for
the experiment reported in ref. 21. At least,
however, two factors are conceivable as the
possible sources of discrepancy. The first is
that the disturbances created by the aerofoil in
Chen & Mear’s experiment may have been too
large compared with those encountered in the
usual wind tunnel experiments since the aero-
foil-thickness-to-tunnel-height ratio amounted
to 0.2. The second is that the geometrical
structure of the perforated wall relative to the
thickness of the boundary layer along it is
thought to have been quite different in both
cases. That the effects of boundary layers on
the perforated-wall characteristics are serious
is seen, e.g., from the review given by Luka-
siewicz (ref. 26). Figs. 4 & 5 are quoted from

ref. 26, which were constructed by Lukasie-
wicz taking data from the work due to Chew.
(W. L. Chew: AEDC-TN-b5-44)

The usual experimental procedure of ob-
taining 4C,~v,/U= relation was to change
values of 4Cy and va/U~ by altering the wall
inclination and the plenum chamber suction
pressure while maintaining a constant flow
speed within the test section. Fig. 4 indicates
that caution must be exercised in interpreting
the data obtained under such circumstances.
The boundary layer thickness is not controlled
in such procedure and the results may be such
as the curve shown by the solid line in Fig. 4.
Each experimental point defining the curve
may correspond to different boundary layer
thicknesses. If, on the other hand, the boun-
dary layer thickness is controlled in obtain-
ing 4Cy~vn/U= curve, the relation may be
such as shown by the broken line in Fig. 4.
In Fig. b the curves 1 to b correspond to dif-
ferent boundary layer thicknesses, on each of
the curves the displacement thickness 4* of the
boundary layer being kept constant. The value
of d* for each curve is given below together
with the ratio of * to the hole diameter d.

Fig. 6 shows that the nonlinearity in the
relation between 4Cp, and v,/U. increases as
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curve No. d%(in.) o*/d
1 0.0535 0.428
2 0.0680 0.544
3 0.0827 0. 662
4 0.1246 0.995
5 0.2990 2.39

the hole diameter 4 becomes smaller relative to
the boundary layer thickness. Although these
data are in fact obtained with 60°-inclined
holes as is shown in the sketch inset in Fig. b,
qualitatively similar results are expected from
the experiments for normal holes.

2.3. Determination of the mean bounbary
condition

One may conclude from the experimental
facts outlined in the preceding sub-section the
following:

(1) as far as Fig. 1 indicates, the mean
boundary condition for a transverse slot is
represented fairly well by eq. (2.5).

(2) In view of the results shown in Figs. 2,3
and 5, the perforated-wall characteristics
may not be represented by those of a series
of transverse slots even in the two-dimen-
sional situation.

(8) Perforated-wall characteristics depend
critically on the geometrical structure of the
wall, such as the wall thickness, the hole
diameter and the hole spacing, in relation to
the state of the boundary layer along the
wall. If, for instance, the hole diameter is
too small compared with the boundary layer
thickness, the characteristics will exhibit
marked nonlinearity.

(4) Even when the characteristics are essen-
tially linear, the actual perforated-wall con-
dition is different from eq. (2.5) in that the
4Cy~vp/Uw curve passes through 4C,=0 at
a positive value of v, (i.e, there is a flow
from the inside of the test section into the
plenum chamber when the pressure differ-
ence is zero), a fact which, according to
Maeder, is attributed to the turbulent mix-
ing along a partly open boundary.

Thus it is desirable that the mean boundary
condition for a perforated wall incorporates
the possible nonlinearity in 4Cp~vyp/U« curve
and the ‘turbulent mixing’ effect. Of the two,
the nonlinearity makes the theoretical treat-
ment of the interference analysis almost im-
possible whereas the inclusion of the ‘turbu-
lent mixing’ effect may be relatively feasible
since the resulting problem can be dealt with

still within the scope of the linearized wall-
interference theory. If, however, the ranges
of the variation of 4Cp, and vs./U~are small,
it is expected that the relation between them is
represented fairly well by eq. (2.6) by adjust-
ing the value of K appropriately. The valid-
ity of this conjecture may be proved or dis-
proved by determining the value of K from
particular experimental data and by seeing
then whether this value of K also produces
congistent results for other experimental data.
In doing so, errors arising from other sources
in predicting the characteristics of the flow
field inside a wind tunneél must be kept suffi-
ciently small so that the main portion of the
discrepancy between the prediction and the ex-
periment, if any, may be attributed to the
defect in the construction of the theoretical
model for the calculation of the wall-inter-
ference effects.

In the following section a theoretical proce-
dure is established for the wall-interference
calculation using the mean boundary condition
given by eq. (2.5), which is supposed to be of
sufficient accuracy in deciphering the inter-
ference effects upon the pressure distribution
on an aerofoil.

III. FORMULAE FOR THE CALCULA-
TION OF TWO-DIMENSIONAL
WALL-INTERFERENCE EFFECTS
IN A PERFORATED
WIND TUNNEL

3.1. Preliminaries

Let us fix the coordinate system within the
test section of a wind tunnel so that the x-
axis is aligned with the centre-line of the
tunnel directed downstream and the y-axis is
taken upward. Let H denote the test-section
height. The interference problem within a
perforated wind tunnel is then formulated
using the disturbance potential ¢ as

plp=0 @3.1)
with the boundary conditions
dp dp _H
and
dp ¥ _ __4H
2 K2 =0 at y= 5 (3.2b)
which are the reiteration of (2.5). Note that

for the lower wall, the normal velocity direct-
ed towards the outside of the tunnel is given

by —op/0y.
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The interference potential ¢, is defined as
the difference between ¢ and ¢, where ¢, is
the disturbance potential at the free-air con-
dition. Since ¢y satisfies the Laplace equa-
tion, the formulation in terms of ¢ is as
follows:

pre=0, 3.3)
991 Oy _ ( 9o o
ot K= (g K 5))
at 'y=-2H , and (3.4a)
91 _a_‘/i__(_aﬂ 9o
%_K 9y dx —_Ka—y)
at yz——?—. (3.4b)

To facilitate the use of the convenient re-
lation (2.11), we introduce a complex vari-
able notation z=zx+iy. Consider a complex
potential wp, due to a singularity such as a
source or a vortex in the free-air located at a
point z=2y=x0+1y, given as

d'w‘o a

dz 2—2

(3.5)

where a is a real constant when the singular-
ity is a source while it is imaginary when
the singularity is a vortex.

According to the relation (2.11), the image
potential wey of w, with respect to the upper
wall of the test section is given by

dwOU is a
= - 3.
P i powrsrry ; mvvn s A

whereas the image of wp with respect to the
lower wall is

dwoL_ . a 3.7)

Bl

dz z2—[xo—i(H+yo)]

where the minus sign preceding 6 in (3.7)
is due to the fact that the normal to the lower
wall is directed downward (cf. eq. (3.2b) ), and
the bar over a indicates the complex conju-
gate. Considering the successive images of
woy, wer, and so on, we obtain a sequence of
image potentials from which the interference
potential w, is derived as a series of them:

dw, aets + de ¥
dz  z—[x+i(H—yo)] z—[zo—i(H+0)]
(@ e 1) eis (@ eit)e s

et iCH w0l | 2—lzo— i2H—v0)]
[ (3;i};)e—£a]eia [ (&—efi;;) eid]e-is
2 [mt i3H—v0] | 2— 20— BHF 7))

= e(?n-l)ia e-(3n-1)i3
=a ,§1[z—§o—(2n—1) iH+z—Eo+(2n~l) iH]
oo eﬂnia e-Snia
+a“):=]1[ 2—zo—2niH + z—zo+2niH:|'

(3.8)

Suppose that ¢, on the right-hand side of
(3.4) is given as the real part of w, defined
by (3.5). Then the solution ¢ of (3.3) with
the boundary condition (3.4) is identical with
the real part of wy given by (3.8).

It is convenient to determine the range of
variation of the parameter § before proceed-
ing to the evaluation of w;. From equation
(2.10) it is seen that the angle A assumes the
following values for the closed and the open-
jet boundaries:

z/2 for the closed wall (K— o),
- {0 for the open-jet boundary (K=0).
(3.9)
Correspondingly the limiting values of & for
these cases are, from (2.12),
0  for the closed wall,
I= {n for the open-jet boundary.
(3.10)
The value of & corresponding to a positive
value of K falls within the interval 0<d<=.
Hence it is sufficient to consider the value of
wy for the range 0<6<n.
Now put
3 e3n-1is e—(in-1)is
S‘=,§1[z—§o—(2n—1)iH+z—zo+(2n—1)iH]
© (z—ZFg)oos(2n—1)8— (2n—1)Hsin(2n—1)8

=2
=1 (z—z)*+[(2n—1)H]P?
(3.11)
and
oo eﬁnta e—mi;
S’—nzz:l[ z—zo—2niH T 'z~—zo+2niH]
—2 P":"; (z—2p)cos 2nd—2nH sin 2nd 3.12)

n=1 (z2—2z0)*+ (2nH)?
The series S: and S: can be expressed in terms
of elementary functions by invoking either the
Mittag-Leffler’s theorem in the theory of func-
tions or the analytic continuation of the Four-
ier series expansion of the function e°* in the
interval (0, 2x).
Thus putting
2—2p 22
2H O T I

(3.13)

§1=x

and

k=0/x, (3.14)

we obtain the following expressions for S,
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and S;:
for 0<d<x:

r  eB-Dg
2H cosh (el) ’
e3¢y 1

x
Sz (2, zg) ZW{m—g}, (3.163)
for 5:6:

Si(z, z9) =— (3.15a)

Si(z, o) = H tanh (&y), (3.15b)

Si(e,20 =gt @) — 5-];  @.16b)
and for d==:

Si(z, 20)=— tanh &), (3.15¢)

81z, %) =557 {ooth(e,) _ é—} (3.160)

Using S, and S, w; is written as

B (0, 2) =, (2, 20 +aSa(z, ). (3.17)

3. 2. Basic formulae

In a rigorous approach, the aerofoil could
be represented by a distribution of vortices
along its contour and the interference velo-
city would be obtained by a superposition of
element interference velocities determined
from the application of (8.17) to each of the
element vortices. This approach, however,
entails a considerable amount of computation,
which does not seem warranted in view of the
inference that the interference characteristics
at a point near the model can be calculated
with sufficient accuracy employing the linear-
ized-theory approach. This inference is based
on the following speculation.

The interference effects are identified with
the change in the state of the flow field near
the model which is caused by exacting a con-
straint due to the presence of the tunnel wall
"upon the flow at the position of the wall. To
what extent would this change be affected by
the error due to the replacement of the actual
model with the system of singularities which
is obtained from the linearized theory? Let
¢ and ¢ be respectively the chord-length and
the maximum thickness of the aerofoil. At
points where the constraint due to the tunnel
wall is imposed on the flow, the ratio of the
error referred to above in the disturbance
velocities to the magnitude of the disturbance
velocities themselves is at most of the order
of (c/H)t/c), which is less than 1% in the
usual test conditions. It is likely that the

effects of the tunnel wall are felt at the model
position to much lesser degree than at the
position of the wall itself. Hence the rela-
tive error in the interference effects at the
model position introduced by replacing the
actual model with its linearized-theory repre-
sentation is considered to be of a magnitude
much smaller than the order of (c/H)*t/c).

Therefore we may fall back on the thin-
aerofoil theory and use the results obtained
up to the relation (3.17) in order to derive
both the blockage and the lift effects on an
aerofoil mounted to the wind tunnel along the
line y=y,.

Let the origin of the coordinates be such
that the leading-edge of the aerofoil is located
on the y-axis. The free-air potential w, due
to an aerofoil is given within the scope of
the linearized theory as

wn(es 90 =2 [a(@0) +ir (a0 Vog (e—z)dzo

(3.18)
where g(z;) ane y{x,) are the strengths of
source and vortex respectively, located at a

point x=x,. For the free-air condition they
are given by

d:
q=qo(xo)=( = )Fm (3.19)
and
— 1¢c /&
7=7r0{x0) = cx':o{d-i-—ﬂ—go céf
(%)
adxr Jz=¢ }
X—e dé (3.20)

where @ denotes the incidence, ¥; the thickness
distribution and y. the camber of the aerofoil
respectively.

The complex velocity Vo=up—iv, is then

Votes 10 == la(a) +ir(en 1.2 &

. (3.21)

Comparing (3.21) with (3.5) and referring to
(3.17), we see that the interference velocity
Vi=u;—iv; corresponding to the free-air velo-
city V, is given by

Vie; vo) --U—{S 2(z) L5 (2 20) + 51 (=, zo) )

—i Suf(xo) [S1(=, 20) —Sa (2, 20) ]d-"?o].

(3.22)
Except the case where y=y,=0, the imagi-
nary parts of both S;+5; and S5;—.S; are non-

vanishing, which implies that the thickness
part of the aerofoil gives rise to v which ex-
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presses the combined angle-of-attack- and
streamline-curvature effects, while the inci-
dence-camber part contributes to u: which in-
dicates the blockage effect. In other words,
coupling takes place between the thick-
ness term and the lift effects, and between
the incidence-camber term and the blockage
effect. In the majority of the two-dimensional
tests, however, the model is mounted to the
wind tunnel along the centre-line of the test
section, in which case we may put =0 so
that in calculating the interference effects at
the aerofoil position (y=wg), both S:; and S,
become real numbers thus leading to no coupl-
ing.

Restricting ourselves henceforth to the case
where y=7,=0, the velocities Vy=uy—ivy, and
Vi=wu—iv; at the aerofoil position are obtain-
ed from (3.21) and (3.22) respectively by
taking the limits as y—0:

L0 @ sign) + 1 § LB g,

r(xo)
0 T—Xy

d.’ﬁo}

(3.23)

~i{g@sign@) —+

provided z lies between 0 and ¢, and

Vil(z, 0)_ 1 Sc e2e=Dgg
7z [ T 25 }d"’

U. Ho ) sinh (22,)
i (c ekt 1
+ﬁ507“”°)[m ze.)]“”:"
(3.24)

where sign (y) is equal to 41 or to —1 ac-
cording as the limit is taken keeping y posi-
tive or negative, and where & is defined by

(3.14) while f denotes the Cauchy integral.
&y is given by

XT—Zy
oH

Hence the disturbance velocity components u
and v within the tunnel are written as

§o=x (3.25a)

u _ tytur

U  Us

e’(:—l)fn 1
+—ﬁ§oq ("‘°)[ sinh (2£) zeo]d“"’

Mt (2)sign@) +— § ) ) daz,

and
v _ vtn 1 T(xo)
D= @sign () — 5 § L dx,

e?(fo

1 (¢
"ﬁsoﬂ""” [ sinh (25)
Let &, ¢t and 2 be defined as

25“ ]a’xo

x

, t:——'?— and 1=—. (3.25b)

H

Rewriting in these variables # and v become

L—r@siemm+ = § 1D a

S q(t)[ e —;]dt (3,262)
and
B q@sigmm)— § 1O
‘ r >[ smht'—-?]d‘t (3.26b)

where t=rA(§—1).
Since the boundary condition along the aero-
foil surface is

A o () —at e
U. = dz S8 dz

@3.27)

we obtain, by equating (3.26b) and (3.27),

dy,
a®=(%), ., 3.28)
and
107 ! dy.
(3.29)
where
er' e (&= 1
K¢ 0= grime—n1 =CE=D
=42 -’é (32—1) (6—1)
+2'~’—%{ c(x2—-1DE- (3.30)

Equation (3.28) shows that the source strength
q(® which represents the effect of the sym-
metrical part of the aerofoil is still given in
terms of the slope of the aerofoil thickness
just as is the case in the free-air condition.
This is also true for an aerofoil mounted at
any off-centre position. On the other hand,
equation (3.29), which is an integral equa-
tion for the unknown ~(t), indicates that the
vortex strength ~(t) is affected by the pre-
sence of the tunnel wall, the effect being mani-
fested through the second integral on the left-
hand side of (3.29).

In the usual situation, the aerofoil-chord-
to-tunnel-height ratio » is a small quantity,
and we may expand «4(f) in a power series
of A:

7O =ro(t) +71(8) - A+ 12 () - 22+ 3.3D

Substituting this expansion together with
(8.30) into (3.29), we obtain the following
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system of equations from which 7y, 71, 73, are
determined successively.

_1 () dye
0 e P dt—— + dx’
_1Ift n@®
fo Y dt—xS ro(8)dt,
_____1_ 1 7
= fo = dt_xg r(t)de

+—£(3£’ —I)S ro(t) (6—1)dt,

fo ?(tz dt =x s:r,(t)dt

+2ae-n| no e-na
0

x2 1
+-;.)-x<x=—1)§ ro(t) (6—2)3de
- 0

etc. (3.32)
To accommodate the Kutta’s condition at the
trailing: edge, each of rn’s must satisfy the fol-
lowing condition:
1a(1)=0 for all n=0,1,2, .-,

Since a solution of
1 f(t)
}-f dt=F (&)

for a function F (5) continuous in (0,1) is
given (e.g. ref. 27) by

R i F(s) C
fO=-= f\/ I—s t— s Vt(l—t)

w1th an arbltrary constant C, the explicit
forms of 7o, 71, -+ are successively obtained
from equations (3.32) with the condition
(3.33). They are )

To(t)=\/1: {
ne= J—“‘(Cl ——),

—_ 9x34+1 2
ra(8) = ~/1 t 2{ k24 — 3:1;-1 ‘o
_ 3x2-1 . 3x3—-1 (a ;
()

35341 241
Ts(t)’_.\/l £ 3{ £t a+ —‘"l—-g*—*cs

(3.33)

dyc
.f’\/l—s( t ):-“ ds}’
(3.34a)

(3.34b)

+%—Ca— 5:;;—1 “-(% ot xia_l ‘s
3x2—1 -1 a
Y a)t— 6 (cl——2—)t2},
(3.344)

and so on, where

_l 1 dy.
a= ﬁ'S ‘\/l—s( = )sgc:ds, (3.353)

S */1—s( —-—)( ‘f;: )x=csds (3.351)

and
10 /5 1 1\/dy.
—;SOJ-ITE(S,—ES— g)( drx )zsct ds.
(3.35¢)
Put
A r0KE Dd=ato, 500
DT ’ —go gl ds
d
+ g3 gg S8+ (3.37)
and define 4o and 4y, by
da=—gq,, (3.38)
d d
Z;(dyc)znce‘:m—d—gf(l—e)
+g3: ;is 801-8+.-- . (3.39)
Then (3.29) is expressed as
7(2)
§°$ : dt=— (a+da)
HZataw] . @0

In (3.29), the case of i=c¢/H—0 corresponds
to the free-air condition. Comparing (3.40)
and (3.29) with A=0, we see that the aerofoil
in the tunnel behaves as if it were placed in
free-air with an incidence a4-Aa and the cam-
ber y.+4y.. In other words, A and 4y, denote
the wall interference effects on the incidence
and camber respectively. The coefficients g,
g1, -, which give da and 4y, are obtained
by substituting (8.34) into the left-hand side
of (3.37). Thus we have

2
da= x(cl—%) (x2) +( 9x4;—1 o—

3k —1 22 +1
- ‘6 Cz)(ﬂ)z-%lf( 3;— a

#41 B-l 7x=+2a)
2 T T T 144

X (x2)3+0 (2%

3x24-1 c
12

and

(3.41)
Ay, (33— 41 —1
c —{ 12 ( )(xl)’+ ( x72 *

5x34-1 21
— 57:-;- o— 56 c,)(ﬂ)s}e(l_g)

+ _E("lg_l) (c,_%) ()33 (1—8) +O (2%

(3.42)
where the symbol O(4*) indicates terms at
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most of the order of i

So far the solution of equation (3.29) has
been treated and the lift effects da and dy.
are obtained as above. We now turn to the
evaluation of the blockage effect which mani-
fests itself through the streamwise inter-
ference velocity u.. '

Within the frame work of the present for-
mulation, the ‘wake blockage’ -cannot be ob-
tained since the presence of the wake is not
taken into account at all. In the usual situa-
tion of tests for streamlined bodies, however,
this effect is extremely small and we may
safely neglect it compared with other inter-
ference effects.

The solid blockage, on the other hand, is
readily calculated from the expression (3.24)
for V.. Denoting the solid blockage factor
(the ratio of u; to the free-stream velocity
U.) by &, and employing the notation de-
fined in (3.25b), we have

2 1 els~Dr 1 d
= SoQ(t)[ sinh (r) _Tc—] 2
Expanding the function in the square bracket
in (3.43) into a power series of A, we obtain

e,=1{[-21‘(1c3— 2+ %) (=)

(3.43)

K SW
6= (=2 (D]
D E-p @ }+O(1‘)

(3.44)

where Sy is the aerofoil sectional area:

SW=2Scy;dx (3.45a)
0

and My is the aerofoil-thickness moment of
area about the leading-edge:

MW:ZScx»ytdx. (3.45b)
]

Equation (3.44) shows that up to the third
power of 2, ¢ varies linearly with 2 in the
streamwise direction. We can devide ¢; into
the average blockage factor % over the aero-
foil chord and the term c(de;/dx) which repre-
sents the buoyant effect due to the stresm-
wise pressure gradient:

Eg= 411: (A:’—Zr-}--:,z),-)%- (z2)2
3 Sw _, Mw
e (=) (= 2) (S -2 2 (r?
+0(2) (3.46)

and

e B 1) -2 300,

dz
(3.47)

These formulae agree with the results of
ref. 5 except the term proportional to Mw,
which has been neglected in ref. 5 because
there the aerofoil was replaced by a concen-
trated singularity.

Equations (3.46) and (3.47) together with
(3.41) and (3.42) give a complete description
of the interference effects within the range
of the present formulation.

3.3. Comparison with the concentrated-
singularity approach

In the usual procedure of the conventional
wall-interference theories, the aerofoil thick-
ness is replaced by a doublet situated at the
centroid of the aerofoil in obtaining the solid
blockage effect whilst the effects on the in-
cidence and camber are computed using a con-
centrated vortex located at the centre of pres-
sure on the aerofoil.

The expressions of the interference velo-
cities due to these concentrated singularities
are readily obtained by putting

q(x0) =7r*’ (29— Te) (3.48a)

and
7(x0) = (/2 Ux)3(xo—xp)  (3.48b)

into (3.24), where 7, denotes the radius of
the circle represented by the doublet, z. and x,
the x-coordinates of the centroid and the cen-
tre of pressure respectively, I" the circulation
around the aerofoil, d(x) the Dirac’s delta
and &(x) being its derivative.

Denoting by #; and 9, the interference velo-
city components thus calculated, we have
d
a.‘l'o

Iy (z) = — Uwro’{ [S1(z, 20) + Sa(z, 2] }z

0=T¢

_ . _’l 3{—1— els=1X¢e _ este }
=Uor ( )52 snhG,) sl
(3.492a)

and

T)l(x) =—‘12:",—[Sl (x’ Io) ——Sﬁ (-T"y IO)]SQ*ZP

I 1 esép

=ﬁ[’e§ ~ SRy ] (3.49)
where

T—X r—x
§e=r-—1r— and {p=r 7 (3.50)

The expressions (3.49 a, b) are valid for both
x=0 (closed-wall) and =1 (open-jet boun-
dary). Note that for the latter case, a uni-
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form normal velocity component I'/(2H) has
been superimposed on ¥; to offset the non-
vanishing lim ¥; so that the uniform flow far

To—co
upstream becomes parallel to the tunnel axis.

Congruent with the approximation in which
the aerofoil thickness is represented by a
doublet while the incidence and camber by a
vortex, it is a practice to calculate the solid
blockage #;, the buoyancy effect d#l,/dz,the in-
cidence change ¥, and the streamline curva-
ture effect d0,/dz, all at the mid-chord position
T=Tp.

Tus we have, to the first order of (zn—z.)/H
and (zm—zxp)/H, the following:
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Comparing (3.61 a, b) with (3.46) and (3.47),
we see that 7, and zn correspond to Sy and
MW as

PO Im—Te 41— My
o and 1-2 oo
(3.53)

On the other hand, since

Ir=2 UwScr(x)dx
0

=2wac{(% —Cl) —%(%— Cl) (=2)

+(3x’+1 141 _ 3x2—-1 )
8 T 16 T 12z @
X (), (3.50)

comparison of (3.52 a) and (3.41) shows that

the two expressions agree with each other up
to the order of (w\)* if the following relation
holds:

— [ (3-1)nwar
¢ S:To(t)dt

whereas the comparison (3.52b) and (3.42)
indicates that

e (s

{ roteyar

if both be to coincide up to the order of (x\)*.

(3.552a)

c

Using the relations

1
and

xm—xpz%c(l-{-ti %) (3.56)
L

(3.52) can be rewritten as
3__
A _ —2[%-{-11' 31 <1+4 Cm )1] (3.57)

CL 96 CL
and
1 dyelc _ [35’—1
crea-o- Ta ™Y
k(x3—1) Cn ,]
T 9% (1+4 Cr ‘)(ﬂ)
(3.58)

where Cr, is the lift coefficient and Cm is the
moment coefficient about the quarter-chord
point.

This concentrated-singularity approach re-
quires the values of 7o, I” and z, to be given
from other considerations. For the latter two,
it is usual to connect them with the measured
values of Cz and C, via the relations (3.56).
For the former, on the other hand, there are
many alternative expressions so far proposed
corresponding to various cross-sectional shapes
of the tunnel test section. (e.g., see ref. 28)
With the thin-aerofoil approach taken in the
present paper, on the contrary, no data are
needed in computing the wall-interference
characteristics except for the aerofoil geo-
metry and the value of the factor «.

The difference in the calculated results be-
tween the two approaches can be identified
by collating the formulae (3.46), (3.47), (3.41)
and (3.42) with (3.51a,b), (3.57) and (3.58).
Although the difference has been obscured by
the introduction of Cr and C, to replace I'
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and z,, the less accurate nature of the con-
centrated-singularity approach is illustrated
through the conditions (3.55a) and (3.565b).
We observe that if the relations (3.56) are to
be used with the measured values of Cp and
Cn then the centre of pressure x, should be
given by

%&:S:tr(t)dt/S:r(t)dt

ie. by using 7(¢) and not by using 7rt) as
has been done in (3.556a). Also, the discrep-
ancy between (3.55a) and (3.55b) reveals
the fact that the accuracy of the formula
(3.52b), and hence possibly of (3.58), is not
guaranteed beyond the leading term in either
expression.

IV. APPLICATION TO THE NAL
2mXx2m TRANSONIC
WIND TUNNEL

4.1. Experimental set-up

The purpose of the present investigation is
to find the value of the porosity parameter
P, which is defined as

P=1/K (4.1)
and which is related to the factor ¢« via

P:tan(% ) (4.2)

for the transonic test section of our 2mx2m
wind tunnel and see whether this value is con-
sistently applied to the calculation of the in-
terference characteristies.

For this purpose, data are assembled for
the pressure distributions on aerofoils meas-
ured within the Tunnel at various Mach num-
bers and incidences.

The prototype test section of the Tunnel is
of the type whose four walls are perforated
at about 20% open-area ratio with 12mm-di-
ameter normal holes through the 12-mm-thick
wall plate.* ) '

Two aerofoil models of NACA 65215 and
NACA 64A214 sections both of 350mm chord-
length were installed to this test section span-
ning the full breadth of 2m. A kind of mask-
ing tape was applied to the inside of the side
walls to seal them thus rendering them ef-

* Later, a variable-open-area-ratio test sec-
tion has become available which enables us
to set the open-area ratio at an arbitrary
value between 0 and 8% independently for
each of the two horizontal walls as well as
for the vertical walls.

fectively closed walls.

Later, this test section was furnished with
four aluminium plates, each of which was
superimposed on each of the four walls, with
the objective of making the test section a
variable-open-area-ratio one. These plates
have the same perforation geometry as the
test-section walls and can be slid relative to
the walls so that the effective open-area ratio
is varied continuously from 20% to 0.

‘A .third model of 10.5% thickness ratio and
400 mm chord-length, named Model 70811, was
tested in this version of the test section by
setting the side-wall-open-area-ratio. to- zero.
Fig. 6 shows the test section installed with
this model. Ref. 29 is to be referred to for
a detailed description of the Tunnel, and ref.
30 for a description of the aerofoil section
used for the Model 70811.

The gapsibetween the model ends and the
side walls were carefully sealed using rubber
gaskets to prevent the upper surface flow from
communicating with the lower surface one.
As a check of the two-dimensionality of the
flow, the chordwise pressure distribution at
the quarter-span station was measured on the
Model 70811 and was compared with that at
the mid-span station. Fig. 7 shows one of the
results of the comparison where the solid lines
indicate the mid-span distribution while the
small circular symbols represent the quarter-
span distribution.

As is seen from the Figure, the two-dimen-
sionality is thought to be good for this test.

4.2. Method of analysis

The analysis given in Section III has been
carried out under the assumption of the in-
compressible flow. Obviously the interference
effects depend on the Mach number and so
does the porosity parameter P=1/K.

The effects of compressibility in the inter-
ference calculation can be taken into account
via the Prandtl-Glauert transformation, which
is considered to be a good approximation in
view of the argument given at the begmmng
of 3.2.

The wall-interference problem in a: compres-
sible flow is written as

p— p— —_ 2
B2 al,‘,+ =0 (p=vVI—M.?), (4.3
¢ aso {90 a¢o>
FrE R vy (a.zi %y
at y::t—?. (4.4)
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Fig. 6 The test section of the NAL 2mx2m
wind tunnel with the Model 70811 installed
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o Model 70811
R M..=0.593
Ageo=2°
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Mid—span Pressure Distribution

o Quarter—span Pressure Distribution
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Fig. 7 Two-dimensionality of the Test Data

According to the transformation, the solution cot(—zr-« m)-—ﬁK 4.8)
oz, y; K, H) of the above equation for a o M= :

given aerofoil is related to the interference p4 observing from (4.5) that c¢/H=21 should
potenal ¢i(¢, 7; Ki, H) in incompressible low  pe replaced by c/(BH)=4/8, we therefore ob-

for the same aerofoil via tain from (3.41), (3.42), (3.46) and (3.47) the
1 . following formulae for the wall-interference
o(zv; K, H):ﬁsoi(&’% PR, PH) h effects in compressible flow:
X 2 9
<45> Aa:—fl—<cl wﬁ) (ﬂ])+%<9xl+la—gxzle1
Consequently, the velocity components are P 2 B 8 12
; 3k2—1 i [ 26241 241
written as . /cz6 c2>(7r2)2+—:;~3< ,ng._ 61+E1; .
1
u(x, ?/):‘}‘g“ui(xyﬂyi {BK: 5H> (4.6) k2—1 Tr242
and A R VY “) (@)
3 =T 3 5 Ky H 4.
v(z,y) .'U <-T By; BK,BH) (4.7 +——1;~O(24), (4.9)
where the subscript ¢ denotes the quantity in g
incompressible flow. Ay, “{ 3k2—1 1/ B a)( 23
Putting c |1z 737&61 7))
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Suppose that the value of the porosity pa-
rameter P=1/K is known for a Mach number
M.. Then the value of the factor &; is deter-
mined from eq. (4.8), and the interference
characteristics for the Mach number M. are
calculated using eqs. (4.9) through (4.12).
Conversely, if the interference effects are
known for a Mach number, then the value of
the porosity parameter for that Mach number
can be obtained by retracing the above proce-
dure.

Now the interference effects are found by
comparing the measured values with the ‘true’
values of lift, moment, pressure, and so on.
Thus the problem of finding the value of the
porosity parameter is reduced to that of find-
ing the true values of these quantities in re-
lation to the associated measured values.

For the purpose of finding the true value in
the pressure distribution on an aerofoil, a theo-
retical procedure has been developed based on
the works reported in refs. 1 and 2.

This procedure predicts the flow velocity V
along the aerofoil surface via the formula

V 1+ [(V/Ux);V1+6'—1]/By

U ~1+ (6/Bw)?
where ¢ denotes the aerofoil slope, (V/U«)
the velocity (ratio) on the same aerofoil sub-
merged in incompressible flow which can be
calculated to the desired accuracy by, e.g.,
the Theodorsen-Garrick procedure, and where
By is the Wilby factor given by

By =+ 1= Mot (1= MaCps)

(4.12)

(4.13)

using the pressure coefficient Cy; in incompres-
sible flow:
Cpi=1—(V/Usx)

The effects of viscosity, on the other hand,
are taken into account through the ‘boundary-
layer camber model’, i.e., by modifying the
aerofoil incidence and camber conforming to
the displacement effects of the boundary lay-
ers on the aerofoil surface.

A detailed description of this procedure is
given in ref. 32, hence no further accounts
will be given here. But it is noted that, as
has been demonstrated in ref. 32, the proce-
dure, provided the flow on the aerofoil is sub-
critical and attached, enables one to calculate
the pressure distribution on an aerofoil with
an accuracy of less than about 2% error in
the value of the lift coefficient in the usual
situations, and of at most about 5% error in
a most critical condition. Since the wall-
interference effects amount to around 20% or
more in the values of lift for the usual situa-
tion of tests made in the 20% open-area-ratio
test section of our 2m Xx2m wind tunnel, the
procedure is thought to be accurate enough
to impart reasonable accuracy to the value
of the porosity parameter determined by tak-
ing the pressure distribution calculated by it
as the ‘true’ value.

The value of the porosity parameter, there-
fore, is determined in the following manner
for each of the experimental pressure distri-
bution data: the theoretical pressure distribu-
tions are calculated for an appropriately
chosen range of #; taking into account the
wall-interférence effects by correcting the free-
stream Mach number against the blockage ef-
fect using (4.11) and modifying the aerofoil
incidence and ecamber according to (4.9) and
(4.10). Then the measured value of the lift
coefficient is compared with the theoretical
ones thus calculated. Finally the value of «;
(and hence of the porosity parameter P) is
fixed to the one for which the theoretical lift
agrees with the measured one.

4. 3. Results of analysis

We note that in the procedure outlined in
the preceding sub-section, only the lift data
are explicitly used in finding the value of
r;. Hence the validity of the present wall-
interference calculation scheme is judged, on
one hand, from the value of &; determined in
the manner described above and on the other,
by comparing the experimental pressure dis-
tribution with the theoretical one, the value
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Fig. 8 (a) Pressure Distributions on Model 70811, M..=0.5, a=2°
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Fig. 8 (b) Pressure Distributions on Model 70811, M.=0.6, a=2°

of the lift coefficients in both cases coinciding
with each other.

The figures to follow illustrate part of this
comparison. Figs. 8 (a) to (¢) show the re-
sults for the Model 70811 at an incidence of
2° for three different free-stream Mach num-
bers. To obtain the theoretical lift coefficients
which are the same as the experimental ones,
the values of #; had to be taken as 1.22, 1.25
and 1.22 for Mach numbers 0.5, 0.6 and 0.7
respectively. The corresponding values of the
interference effect in the incidence, which is
by far the largest among the four interference
effects,* are given in each of the figures as
Aa,

Now from the stand-point of the wall-inter-
ference characteristics, a perforated test sec-
tion is thought to behave as an intermediate

between the closed wall and the open-jet boun-
dary. Then x; should satisfy the inequality
0<%<1 in view of its definition (4.8) since
the porosity parameter P=1/K is zero for
the closed wall and is infinitely large for the
open-jet boundary, in between being always
positive. A value of «; greater than unity
corresponds to a negative value of P (or K).

* The following data may be of use to illu-
strate the order of magnitude of each of the
interference effects, which correspond to the
case shown in Fig. 8(b):

(1) 4x=-—0.96° against the given geometrical
incidence ageo=2° thus reducing the effec-
tive incidence to the sheer 1.04°.

() dye/c=—0.0023£(1—£)—0.0005&*(1—£).

(8) &,=—0.0012.
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Fig. 8 (¢) Pressure Distributions on Model 70811, M.=0.7, a:=2°
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Fig. 9 (a) Pressure Distributions on the NACA 65;-2156 Model, M..=0.5, a=0°
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Fig. 9 (b) Pressure Distributions on the NACA 65,2156 Model, M.=0.6,4=0°
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Fig. 9 (d) Pressure Distributions on the NACA 65,215 Model, M..=0.46, a=4°
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Fig. 10 (a) Pressure Distributions on the NACA 64A214 Model, M.=0.46,a=4°
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Fig. 10 (b) Pressure Distributions on the NACA 64A214 Model, M. =0.6,a=4°
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Fig. 10 (¢) Pressure Distributions on the NACA 64A214 Model, M.=0.65, a=4°
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Referring to the boundary condition (3.2), a
negative value of K implies a flow through the
boundary in the direction inverse to the pres-
sure gradient across it. Recognizing the ac-
curacy of the theoretical method of obtaining
the pressure distribution and hence the lift
coefficient, one is led from this observation to
doubt the validity of the boundary condition
(8.2), or equivalently (4.4), for the perforated
test section.

Before discussing the matter further, let us
have a look at the results for the other two
aerofoil models. Figs. 9 (a) to (e) show the
case of the NACA 65:-215 model. Of these,
(a) to (¢) are concerned with the case of 0°
incidence while (d) and (e) are of 4° incidence.

As is seen from the values of x; given in
each of these figures, there is a wide scatter
among them, which are essentially to be de-
pendent only on the free-stream Mach number.
(In the present situation the Reynolds number
and the state of the boundary layers along the
tunnel walls are almost uniquely determined
by the Mach number.)

In fact the theoretical data shown in Fig. 9
are somewhat less reliable than those in Fig. 8
because, as is seen from the experimental
pressure distributions, separation of flow,
though in a small scale, has taken place in
the cases of Fig. 9 (a) to (c) near the trailing
edge of the model, and because with the cases
of (d) and (e) the flow is on the verge of
a large-scale separation on the rear part of
the upper surface. In both of these circum-
stances part of accuracy may be lost in the
theoretical method. However, the inconsis-
tency in the values of ; is far greater than
what can be attributed to the uncertainty in
the theoretical prediction.

For the case of the NACA 64A214 model
shown in Figs. 10 (a) to (c¢), the intention to
match the theoretical and experimental lift
coefficients was abandoned in view of the ir-
regularity in the experimental pressure distri-
butions on the rear part of the lower surface.
Instead, an attempt has been made to bring
the theoretical pressure distributions on the
upper surface to coincide with the experimen-
tal ones as close as possible by adjusting the
value of &;.

If it were attempted to match the values
of the lift, much greater values of x; than
those given in Fig. 10 would have resulted
since the theoretical lift values are still al-
most 309 larger than the experimental values

even after the correction of the incidence cor-
responding to those values of x; given in the
figures.

4. 4. Discussion

Before launching the actual calculation of
&, it was expected that the values of x; ob-
tained from the data on the three different
aerofoil models for the same Mach number
would coincide with each other since the poros-
ity parameter P, and hence i, was thought
to depend only on the free-stream Mach num-
ber. It was further anticipated from the de-
finition (4.8) that the variation of & with
the free-stream Mach number M. would re-
semble the curve given by

v/ 1—M..3 tan[ (7/2) x;] =const

because the porosity parameter would not vary
appreciably with the free-stream Mach num-
ber as long as the latter was kept within a
reasonably small range well below unity. As
a matter of fact, the calculated results have
come against these anticipations as was al-
ready seen in the preceding sub-section.

Then, what is to blame for this contradic-
tion? To identify the source of the contra-
diction, we first list the chief ingredients of
the present wall-interference analysis as fol-
lows:

(1) The basic model for the interference cal-
culation, i.e., equations (4.3) and (4.4).
(2) The method of solution for the interfer-

ence model, i.e., the thin-aerofoil approach

described in the sub-section 3.2.

(8) The experiments.

(4) The theoretical calculation of the pres-
sure distribution on an aerofoil in compres-
sible viscous flow, i.e, the method given in
ref. 32.

Of these, neither (2) nor (4) are likely to
be so inaccurate that they would cause the
glaring inconsistency in the values of & which
is actually experienced.

For the experiments, a degree of uncer-
tainty is admitted about the data on the
NACA 65215 model, which were obtained
under somewhat incomplete conditions. That
is, the sealing of the side walls may not have
been complete due to peeling off of part of
the tape caused by a strong pressure differ-
ence across the walls. The ineffectiveness in
sealing, however, would reduce the value of
the lift coefficient at a given incidence and
Mach number, and hence would lead to a
greater value of &;, the trend which is con-
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trary to the observation that the values of &
obtained for the NACA 65:-216 model are con-
siderably smaller than those for the Model
70811 and the NACA 64A214 model.

Besides the incompleteness in the sealing
of the side walls, it was already noted that
some inaccuracy might be involved in the
values of r; for the NACA 65:-2156 due to the
separation of flow near the trailing edge.
Again this inaccuracy would not be so serious
that it could evoke such wide disparity in
k; as was actually observed. Thus the only
one remaining suspect is the boundary con-
dition (4.4).

As was already remarked, a value of «;
greater than unity indicates a negative value
of P, which in turn implies a flow through
the boundary in the direction reverse to the
pressure gradient across it provided the as-
sumption (2.9) is valid. For the moment let
us assume that (2.9) holds approximately true.

Referring to Figs. 2 to b, we see that a por-
tion exists in the curve between A4Cp(=—2(u/
U.)) and v along a perforated wall where P
(=4C,/(2v/Ux))becomes negative. The exis-
tence of this portion is, according to Maeder
(ref. 20), due to the turbulent mixing along a
partly open boundary. In view of an evi-
dence (ref. 31) that as far as the interference
characteristics are concerned, a 20% open-
area-ratio wall is effectively quite near to the
open-jet boundary, it is very likely that this
mixing effect does exist along part of the
horizontal walls of the present 20% open-
area-ratio test section.

If the relation between 4C, and v is such
that the ratio 4C,/(v/Ux) is negative on the
portion of the test-section walls which would
exert greatest influence upon the flow field
around the model, then the deduced value of
x; would become greater than unity.

In short, we may claim that probably less
inconsistent results would be obtained from
an analysis made along the line of the pres-
ent one if a proper account is taken of the
fact that the curve of 4C, against v does not
pass through the origin but that there is a
portion on the curve where 4C, is negative
while v is positive.

A possible way of realizing this supposition
is to assume the boundary condition in the
form

u+Kv=C 4.19
instead of (2.5), where C is a positive con-
stant which depends mainly on the structure

of the perforated wall and the Mach number
within the test section.

As for the assumption (2.9), we have scarce
evidences with which to prove or disprove its
validity. It is generally recognized that the
static pressure in the plenum chamber away
from the test-section walls is almost equal to
the free-stream static pressure within the test
section at the tunnel-empty condition. The stat-
ic pressure in the plenum just outside the test
section would not differ much from that far
from the test-section walls, and the differ-
ence, if any, would not vary appreciably along
the streamwise direction. Then the difference
could be accounted for by choosing the value
of the constant C in (4.14) appropriately.

The propriety of the form (4.14) and of the
above conjecture about the validity of (2.9)
can be attested by seeing whether the bound-
ary condition (4.14) gives consistent predic-
tion of the wall-interference characteristics
with appropriate values of K and C, which
can be determined from an analysis similar
to the one taken in the present calculation.

V. CONCLUSIONS

(1) Analytical expressions of the wall-in-
terference effects within a perforated wind
tunnel were obtained for subsonic, two-dimen-
sional cases based on a linearized-theory ap-
proach, which was reasoned to be of sufficient
accuracy for the resolution of the interference
effects on pressure distribution data.

(2) Combining the analytical results with
the experimental data obtained on several
aerofoil models, an attempt was made to de-
termine the value of the porosity parameter
for the 209% open-area-ratio test section of
the NAL 2m X 2m transonic wind tunnel from
the condition that the theoretical value of the
lift coefficient was to agree with the experi-
mental one.

(3) Although the theoretical pressure dis-
tributions calculated using the wvalue of the
porosity parameter so determined were
brought to close agreement with the experi-
mental ones measured on the aerofoil models,
it was found, on the one hand, that negative
values of the parameter, which had been sup- -
posed to be always positive, were resulted in
a few cases, and on the other, that there was
a wide disparity among the values of the
parameter obtained for several cases corres-
ponding to different aerofoil models and to
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different angles of attack for each of the
models tested.

(4) Since the porosity parameter is
thought to be only a function of the free-
stream Mach number once one sticks to a
particular test section, the disparity in its
values derived from a variety of cases ob-
viously indicates the failure of the approach
taken thus far.

Possible causes of the failure were listed
and examined, and the boundary condition in
the theoretical model of the interference cal-
culation was identified.

{5) An understanding of the genuine con-
dition along a perforated wall was sought by
consulting the literature on the experimental
observations of the flow in the neighbourhood
of the perforated-wall boundary.

As a result, it is suggested that the rela-
tion

u+ Kv=C>0

will be more appropriate as the boundary
condition than the

u+ Kv=0

which has been adopted in the conventional
theoretical model. Here C is a constant to be
determined, just as with the coefficient K,
from an experimental procedure for the par-
ticular test section one is concerned.

This renewed form of the boundary condi-
tion can explain, for instance, why the anom-
aly took place in some occasions that nega-
tive values were obtained for the porosity
parameter with the conventional boundary
condition.
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