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SUMMARY

/ The measurements on three geometrically similar aircraft models
by ONERA are used to analyse lift interference effects in the solid and perfo-
rated wall test sections of the NAE 5-ft . X 5-ft . test facility . The prediction
of the angle of attack correction for both test sections is based on the repre-

4 sentation of the model by lifting lines and the solution of the subsonic wail
interference problem by the finite difference method. The value of the po-
rosity factor ascribed to the test section with perforated walls is checked by
comparing the measured wail pressure distributions with the theoretical ones ,
predicted by the present method. The lift interference effects on models Ml
and M3, having wing span to wind tunnel width ratios of 0.188 and 0.311
respectively, were found to be within the limits of experimental errors. For
the M5 model , having a wing span to wind tunnel width ratio of 0.644 , the
solid an d perforated test section measurements, corrected using a uniform
angle of attack correction , show good agreement up to lift coefficients of
about 0.5.
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RÉSUMÉ

Les mesures effectuées sur trois maquettes d’avions homothétiques
ONERA sont utilisées pour l’analyse de la correction de portance dans les
veines a parois pleines et perforées de Ia soufulerie de 5 pi X 5 pi de I’E.A.N.
Le caicul de la correction d’incidence pour les deux veines est fondé sur la
representation de Ia maquette par des segments portants et sur la solution du
problème de correction des parois en veine subsonique par la méthode des
differences finies. On vérifie la valeur du paramétre de porosité attribué a la
veine a parois perforées en comparan t les distr ibutions mesurées de Ia pression
sur les parois aux distributions théoriques , que la présente méthode permet
de calculer. La correction de portance pour les maquettes Ml et M3 , dont les
rapports entre envergure d’aile et largeur de la soufflerie sont respectivement
de 0.188 et 0.311, était a l’intér ieur des marges d’erreur expérimentales.
Pour Ia maquette M5, dont le rapport en tre envergure d’aile et lai~eur de Ia
soufflerie est de 0.644 , les mesures effectuées pour les veines pleines et per-
forées , auxquelles on a appliqué une correction d’incidence uniforme , ont
assez bien concorde jusqu ’à des coefficients de port ance d’environ 0.5.
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ANALYSIS OF WALL INT ERFEREN CE EFF ’F~CT~ O~ O~~ERA

CALiBRAT ION M OI)ELS IN THE NA E 5-FT. X 5-Fl ’. Wl~~l) TI \ \ E L

1.0 INTRODUCTION

The experimental part of the present investigation was performed in the N AE 5-ft. X 5-ft.
wind tunnel in the winter of 1974-75 as a part of the international program , initiated by ONERA ,
Reference 1. The main purpose was to compare test results on a series of geometrically similar models
from various European and North American wind tunnels in an effort to improve the existing knowledge
of scale effect and wind tunnel interference. The second objective of NAE was to assist Dilworth ,
Secord , Meagher & Associates (DSMA) in fulfilling the contractual commitment to provide training for
one of their clients in testing in a high perfonnance blowdown wind tunnel.

Reviews of results and analyses of the test data from wind tunnel facilities where the ONERA
models were tested prior to NAE can be found in References 1-7.

Of the four aircraft models manufactured by ONERA only three, the Ml , Ma , and MS models
entered the NAE test facility , see Figure 1. ONE RA’s equivalent axisymmetric bodies were not included
in the program , since investigation of lift in terference rather than blockage was of prime concern . The
model blockage ratios , based on the maximum section in a plane normal to the wind tunnel axis (about
50% greater than the fuselage cross-section) are given in Table 1.

The problem of subsonic lift interference on th ree-dimensional models in wind tunnels with
perforated walls has been dealt with in a number of theoretical papers in the last couple of years. An
approximation method based on the Fourier transform technique developed in Reference 8 for solving
the two-dimensional problem , was reported in Reference 9. Since the solution is constructed in the
form of series of velocity potentials , which correct the preceding ones for three-dimensional effects , it
leads to extensive algebra and is difficult to use. However , some evaluated examples and useful tables
can be found in Reference 10. The method of References ii and 12 , based on images in conjunction
with Fourier transforms, is exact and easier to use , but can only be applied if either vertical or horizontal
walls are solid. In References 13 and 14, while still depending on Fourier transforms , the wall interfer-
ence potential is constructed in terms of infinite series, whose coefficients are found by satisfying the
boundary conditions at a suitable number of points selected on the wind tunnel boundary . The idea of
satisfy ing the boundary conditions at a discrete set of points is also the basis of the panel (lattice)
methods. Their application to the wall interference in perforated wind tunnels is described in
References 15-17.

The present report offers an alternative solution based on the finite diffe rence method , which
seems almost ideally suited to tunnels of rectangular cross-section. In connection with the wind tunnel
interference problem , the conceptual simplicity of finite differencing was first appreciated by Rushton
and Laing, Refe rence 18. Solutions obtained by them were based on dynamic relaxation , converting
the steady flow proble m to an unsteady one with a near-critical damping. In the present approach the
resultant system of dif ference equations is solved by the generalized Newton ’s method (successive over-
relaxation) described in Reference 19. The results of computation are used to examine trends in
experimental data and to correct the measurements for wall interference effects.

2.0 EXPERIMENTAL PROGRAM

The main dimensions of the ONERA models and the upstream portions of the stings are given
in Figu re 2 and Table 1. The wing has an aspect ratio of 7.31, a taper rati o of 0.3 and the leading edge
sweep back of 30° . The wing profile is symmetrical , 10.5% thick , which on the basis of pressure distri-
bu tions may be classified as a pea.ky type , Reference 1. The same profile is used for the empennage .
The M5 model is equipped with wing surface pressure orifices at three locations; two on the port wing
and one on the starboard wing as illustrated in Figure 3.

~~~- ~~~~~~~~~~~~
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The loads were measured with three different six-component balances , mounted inside the
fuselages of the models: Ml the original ONERA ~ = 20 mm , N o.4  balance , M3 — the 1-inch Task
Mk XIVB balance on loan from N.\ SA Ames , and M5 — the 2-inch NA F Task Mk X V II JA balance .

The description of the NAE 5-ft. X 5-ft. wind tunnel and its operating parameters are given
in Refe rence 20, but it may be in p lace to summarize the basic characteristics of the two 5-ft. X 5-ft.
test sections , in which the UN ER:\ models were tested. The scheme of the wind tunnel is given in
Figure 4. The downstream portion of the flexible nozzle is used as the solid wall test section in the
subsonic speed range up to about ~l = 0.85 , at which the choking phenomena set in. The transonic test
section , which can be operated up to and beyond M = 1, is inserted in tandem between the flexible
nozzle and the diffuser. The walls are perforated by ½-inch diameter holes on 1.04 inch cen tres in
staggered rows , giving an open area ratio of 20.5%. The flow through the walls into the surrounding
plenum is controlled by ejector flaps at the inlet of the diffuser. Using two 80 inch long rail s with
static pressure orifices , details of which are give1~ in Figure 5 and Reference 21, it is possib le to measure
the static pressure along the centre lines of the top and bottom walls.

The majority of the tests were conducted with five of the original seven settling chamber
turbulence sc reens , two screens having failed during the course of tunnel operation prior to the tests.
However , towards the end of testing the last model (M5), a third screen failure occurred and the
remainder of the M5 test data was obtained with only four turbulence screens. Based on consultations
with ONERA , all tests were perf ormed in the free transition mode.

A graphical display of Reynolds numbers based on the aerodynamic mean chord of the wing
and the M ach numbers covered during the tests is given in Figure 6. For testing in the solid wall test
section the upper limit M = 0.86 app lied , with the exception of model Ml , for which M = 0.92 was
reached. For greater economy , the variation of the Reynolds number was achieved by varying

~agnation pressure during a wind tunnel run , the highest value being given by the stress limits of the
balance or sting. In all tests performed the stagnation pressure was between a minimum of 18 psia and
a maximum of 78 psia (at M = 0.25). I

The balance measurements were conducted using a continuous pitching motion at about
5° /sec., covering the range of angle of attack - 6° to +10° . The pressure measurements on the M5
model and the static pressure rails were obtained in a “step and pause ” program , covering the range of
i ncidence fr om - 3° to +3° , by 2° steps.

The results are presented in coefficient form in diagrams. The reference area S, on which the
force and moment coefficients are based , is defined as the area of the wing plan form , extended to the
model axis. The pitching moment is further non .dimensionalized with respect to the aerodynamic
mean chord E. The position of the force and moment reference point (aerodynamic centre) is derived
from the location of the quarter-chord point on the aerodynamic mean chord as shown in Figure 2.

The drag coefficient is corrected to a base pressure equal to free stream static pressure , this
latter being obtained by correcting a reference static pressure measurement in accordance with empty
test section calibration results. For the perforated wall test section the ref erence static pressure was
the plenum cham ber pressure , and for the solid wall test section a wall static pressure measured upstream
of the mDdel location.

3.0 THEORY

3.1 General Statement of the Lift Interference Problem

For steady incompressible flow over a model in a wind tunnel , the disturbance velocity
potential is governed by the Lap lace eq uation

~~~~ ~~~~ a2~+ — + = 0 (1)
ax 2 ay 2 a~
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where x is the axis of a wind tunnel having a rectangular cross-section of width B and heigh t I-I . Assur
ing the free stream velocity to be of unit magnitude and oriented in the direction of the positive x-axls ,
the model tangency condition is

a~ 1 as
( ‘))• an iv s i  8x

where S(x , y, z) = 0 descril~es the surface of the model and n is the normal , poin ting outward from the
flow field. The boundary condition for perforated wind tunnel walls is assumed to be

a~ a~ (3)
ax an

where 0 ~~ P <° is the porosity parameter. In analogy to the treatment of two-dimensional interference
in Reference 21, we shall often utilize the factor

2
t = — atan P (4)

if

which is more suitable in graphical display s since it varies on the finite interval 0 ~ t < 1.

Wr iting Equa tion (3) as separate boundary conditions for the four wind .~mnel walls , we
obtain

P — - — = 0 , bottomax az

P — + — = 0 , topax clz
(5)

P — -  — = 0 , right
öx d y

— + — = 0 , leftax ~

In order to be able to treat walls which have variable porosity or perforated test sections of
finite length , we shall assume that P = P(x , y, z) is a function defined on the walls.

According to Reference 18, we use the following boundary conditions on the upstream and
dow nstream control su rfaces , norm al to the x-axis: . 

-~

- i
— = 0 , upstreamax

(6)

a~— = 0 , downstream

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ ___-
~~~~~~



Conditions (6), which specify that the x-components of disturbance velocity vanish , appear as a very
natural choice , especially when the control surfaces are sufficiently far from the model. However , an
exp lanatory remark is needed. In the case of solid wal ls , P 0 , Equations ( 1), (2), (5) and (6) describe
a Neumann problem. From Equation (2) it follows for the integral of the normal derivative over the
body surface

f — d S = 0  (7)
~ an

and hence by Equations (6) the compatibility conditions for the Neumann problem are not violated.
This means that in the computation we can approach the solid wall conditions by simply diminishing
the porosity factor P -~ 0 without the need to modify the upstream or downstream conditions.

In cases where Equation (7) does not hold , such as the computation of wake blockage effects ,
Equations (6) contradict the compatibility conditions for a Neumann problem , and other , more suitable
forms of upstream or downstream boundary conditions should be used , see for example , Reference 11.

Following common practice , we shall find the approximate solution of the wall interference
prob lem by setting

(8)

where f is the far field potential of flow past the model in free air and g is the interference potential,
which is assumed to be harmonic in the entire wind tunnel interior. Subsequently

(9)

calculated at the position of the model represents the angle of attack correction.

It is important to note that in the process of the construction of the wall interference
potential g, the field Equations (1) and (8) and the wind tunnel boundary conditions , Equations (5)
and (6) are used , but not the model boundary condition *, Equation (2).

In view of the fact that the far field potential f is in the first approximation proportional to
the lift force on the model , it is convenient to normalize &~ acco rdingly to form the upwash factor

A ag
= — —  ( 10)

SCL az

where C1 is the li ft coef f icien t , S is the model reference area (on which CL is based), and

A = B H  (11)

* The loss of the inner (model) boundary condition is a typical feature of outer solutions in perturba-
tion theory . However , the re is no other rigorous justification available yet for the above wall inter-
ference concept.



_ _ _ _ _ _  - -
~~~

- 5 -

is the cross-sectional area of the wind tunnel. Once 60 is evaluated , &~ is giVcn by

L~. a = C L~~~~6 O (12)

Since t~a is proportional to S/A it follows from Table 1 that for the same CL and &~,, the angle of attack
correction on the M3 and Ml models is only 23.4% and 8.6% respectively of that on the M5 model.

The corresponding corrections to the lift , drag, and pitching moment coefficients are, to the
first order of ~~

= 0

~ CD = C L &~~~~CL~~~~ö O (13)

Over the linear portion of the lift curve, see Figure 7, the slope is

- acL CL
— 

a — a 0

where a,~ is the zero lift angle. For the difference between the corrected and measured lift curve slopes
it follows

acL CL CL CL /acL\ ~~
— = - ___ - L~a - ( — 1  —

aa a - a0 + &~ a - a0 (a - a ) 2 \ a~ / CL

Substituting for E~a from Equation (12) we finally obtain the approximate formula for the correction
to the lift curve slope

acL /acL\ 
~= ( 1  — (14)

\aa/ A

Here and in Equations (12) and (13) the angle a is, of course, in radians.

Similarly to the upwash factor , one often introduces the streamline curvature factor , see
References 22 and 23,

HA a2 g (15)
CL S ax az

which is the measure of the streamwise variation of t~a. The variation of L~a along the wing chord may
be interpreted in terms of wall induced distortion of the camber of a thin wing, and used to derive
residual corrections to CL and CM . Since the residual corrections evaluated in such a way usually fall
well below the level of experimental errors, we shall assume that Equations (13) hold.

Also, if the flow environment of the model in the wind tunnel should resemble that in free
air, b~ has to be kept close to zero. The extent of the spanwise variation of Aa , which for a wing of

-
~~~~ ~~~~~~~~~~~ ~~~ -• ... : •  
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moderate to high aspect rati o is in this regard perhaps even more importan t , can be best examined by
direct evaluation of &,~ along the span.

To compare the measured wall pressure distributions with the results of present theory , we
use the linearized formula

C = - 2 ~~~ (16)
ax

which holds with sufficient accuracy at large distances from the model. In order to be consistent with
the evaluation of the angle of attack correction , which is also derived from a first derivative of the
disturbance potential, we introduce the wall pressure factor

6 = — ~--- (- 2~~~~= -  2— - (~-~~+~~~ (17)
SCL \ 3xJ SCL \ax ax/

Once is evaluated , tne pressure coefficient follows from the formula

S
C~ = CL ~~~~ (18)

3.2 Representation of the Model

The far field associated with the lift fo’- a swept wing of moderate to large aspect ratio can in
a simple way be repkesented by a lifting line placed along the quarter chord line of the wing. The load
distribution is assumed to be elliptic , and no account is taken of separate lift contributions from other
parts of the model , notably the tail surfaces. The model is further assumed to have spanwise symmetry
about the x-z plane (zero yaw).

With these simplifications we may represent the model by discrete horseshoe vortices lying
on lines inclined to the y-axis at sweep angles r as indicated in Figure 8. The wing semi-span b/2 is
divided into N equal interval s, at whose centres

Yk = + 

(19)

= Yk tan

are placed horseshoe vortices described by the potentials

‘/k z r x - x ~ 
-.1

f = — I i  + _______________________ 
I (20)k 

~~~~ (y - Yk ) + z2 
[ 

‘~/(x - X k )
2 + (y - Yk )2 + z2j

The vortex strength ‘Yk is set equal to the area under the load distribution curve , corres~onding to the
k.th interval , see Figure 8. For elliptic load distribution 

~~~~ 
is obtained (apart from a multiplicative

constant) as a diffe rence of two circular segments constructed at the end points of the k-th interval:

1 N - k  N - k  fl7N k\ k
= — arcos - /1 - ( -- — )

2ir N N ‘/ \ N / (21)

k = 

. •~~~~~
• •
~~

•• • . • . 
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Utilizing the spanwise symmetry of the model

X~ k = xk

Y -k = Yk (22)

‘V - k = ‘Yk

we obtain the free air potential f of the entire model by summing all contributions:

N
• = 

~ 
(~~ 

+ L~ ) (23)
k =  1

Using E quation (21) we evaluate the circulation

N 1
I = 

~ (‘Vk~~~ 7- k )  = —

k = 1  2

Since by the Joukowski theorem generally

F = ~~-SC L

we find that the above representation of potential f by Equations (20) and (21) corresponds to the case
SCL = 1.

Referring to Equations (10) and (15), the corresponding interference factors are computed as

ag
(24)

~ =HA —~—-~- (25)
a xa

Similarly, from Equation (17)

= - 2A (
~ 

+ (26)

3.3 Finite Difference Equations

The equations of Section 3.1 are approximated by second-order accura te finite difference
equations. The grid is organized as shown on the example k = 2, m = 4 in Figure 9. The finite differ-
ence analogue of Equation ( 1) is

I. -~~~ ~~. ~~~
-.. 

- 
-

- - -  —-- - --- -- _ _ _ _ _ _ _
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r~ gI (fl~ + l ) ( k + ~ + r~ g~~ 1~ ~~1)  + r~ g1 + g1 +

r1 g1 + + r~ g1 + + I )  + r~ g, + ~m + 1)  (I~ + 1) = 0 (27)

where

= r/ (E~x) 2

=

(28)
r~ = r/ (~ z)2

= - ~ 
[~i~~x~ + 1/(~y)2 + l/ (Az) 2]

The finite differei~ce forms of Equations (5) are

g~ ~~ + 1) (k + 1) — g1 — (m + 1) (k + 1) g1 + 
— g1 -

P 2L~x 
- 

~t~z

g1 + (m + + ~ 
— g1 — + 1) ~~ + ~~ 

g1 + 1 — g1 —

P 
~~x 

+ 

~~z
(29)

g , + ( m + i ) ( k + 1 ) gi _ ( m + 1 ) ( k + 1 )  gi + ( m + 1 ) — gi - ( m + 1 )
P 2~ x 

- 
2~ 

= - F R

gi~~ (m + 1 ) ( k + 1 )  gi + ( m + 1 ) ~~ gi — (m + 1 )
p —+

2i~x 2~ y

where

af af
FB P — - — , bottom

ax az

af af
F-1- = P — + — , topax az

af af 
(30)

FR = P— -  — , righ t
ax ay

df af
FL = P — + — - . lef t

ax 8y

are evaluated from Equations (20)-(23).

~~~~~~~~~
. -

~~- —— ---
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-
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Similarly, Equations (6) y ield

g i + ( m + I ) ( k + 1 )  g1 ( m + 1 ) ( k + l )
__________ _______________ - F1-

(31 )
g i + ( m + 1 ) ~ k + I  gI _ (fl~~+ I ) ( k + 1 )

-
~~~~~~ 

= - F D

where

af
Fu = — , upstreamax

(32)
af

FD = — , downstream
ax

3.4 Relaxation Procedure

The equation for each mesh point can be written as follows

aj — (m + 1) (k I )  g1 - (m + I )  (k + 1) + 
~~ - Oil + I) g1 - ~~ + ~ > +

aj j  g 1 1  + g1 + aj + j  g 1÷ 1  + aj + ( ~~~+~~) g j + ( ~~~+~~) +

(33i
aj + (m + 1) (k 1- 1) g1 + (rn + 1)  (1( + 1) = b1

For interior points, Equation (33) is identical with Equation (27). For boundary points , however , the
exterior points have to be eliminated using the corresponding boundary conditions. Thus , for example ,
on the bottom left edge , the terms g1 - and g1 + m + 1) in Equation (27) are eliminated using the first
and the last of Equations (29). Similar steps are taken for all 6 sides, 12 edges and 8 corners. Basic
assumption for this approach is, of course , that the solution exists up to the layer of the eliminated
(virtual ) points . Using the concep t of images, it can be shown that this is certainly true if the smallest
distance of the model from the boundary is bigger than max (z~x , L\y, L~z).

For the disturbance potential f represented by Equations (20)-(23), a complete spanwise
symmetry of the wind tunnel flow is obtained if

P (x ,y , z) = P (x , -y, z)

In this case a significan t reduction in the number of equations is achieved by cutting off the righ t hal f
of the wind tunnel by the reflection plane x , z , as shown in Figure 9. The finite diffe rence equation to
be considered for points in the x , y plane is Equation (27) where g1 + (m + ~ 

substitutes g (m + I

The system of linear algebraic Equations (33) is solved by the generalized Newton ’s meth od
(successive over-relaxation) described in detail in Refe rence 19. Denoting by the superscript + the
updated value we obtain the iteration formula

‘~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
~~~~~~~~~~~~~
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= g~- ~~~a1 ( In  + 1 ) 1 k  + 1) g î  (0 1  + i~~~k + I )  +

aj — ~~~ + I )  (in + I )  + a, — g~ •~ + g1 +

(34)
; + 1 g 1 + 1  + a j~~1 0 1 ÷ 1 1 g 1~~101~~ 1 1 +

(in + 1 ) 1 k  + 11g 1~ ( i l l  + 1 ) 1 k  + I )  — b1]

which is applied to all mesh points in the sequence i = 1,2,... , n as indicated in Figure 9. The relaxa-
tion factor oi is fo und by experimentation in the range 0 < w < 2.

Using Equations (27),  (29) and (31) it is easy to show that the matrix of the system (33) is
diagonally dominant if

fAz Ay\
Ax ( minl — , -—l (35)

P 1

In this case a fast convergence of the iteration scheme is obtained for the values .o> 1 (over-relaxation).
If the above inequality does not hold , convergence for moderate values P may still be obtained ,
especially when taking a suitable w < 1 (under-relaxation), but in general , the success of the method
becomes less certain. The method fails if P —~ oo , that is when approaching the open jet conditions *,
since the reduction of spacing Ax -÷ 0 is not feasible.

The derivatives needed to evaluate the interference factors, Equations (24) and (25) are approximated
by the central formulae

ag l [  1
= 

~~~ 
- g1 

I] 
(36)

a2g 1 [
ax az 4Ax Az ~~ i + l + ( m + 1 ) ( k + 1 )  - -  

~~ I - 1 + ( 0 1 + 1 ) (k + 1 )  
-

(37)

g1~~ - I rn  + ( I l k  + ~ 
+ g1 

~ (111 + 1 ) 1k  + I )

The pressure factor , Equation (26), is obtained by evaluating af/ ax  from Equations (20)-(23) and by
approximating

ag i r  1
2Ax [~i + (m + I I  (k + I )  — g1 - (in + 1) 1k  + 1)] (38)

* Similar symptoms can also be detected in the circular wind tunnel theory , Reference 8, where the
lift interference potential becomes discontinuous on an interval of porosities containing the point
P = °°. The physical reason for this behaviour is that the pressure dependent boundary of an open
jet deflects far downstream in the presence of the lift force on the model. The confinement of the
open je t by a cylindrical or prismatic boundary is hence not physically reasonable.
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The wind tunnel parameters entering Equations (2 4 ) - (2 6)  art’ (symmetrical case )

II = mA z

B = 2kA y (39)

A = 2km AyA z

3.5 Calculation for the M5 Model

Calculations were performed for the configuration corresponding to the M5 model in the
NAE 5-ft . X 5-ft . wind tunnel . In the computational space , the parameters of the wind tunnel were
B = H = 1. The model was represen ted as described in Section 3.2, taking N = 10, r = 26.73~ and
b = 0.644. The left half of the wind tunnel was specified by -4  ~Z x ~ 4 , 0 ~~ y ~ 0.5, -0.5 ~ z ~ 0.5 ,
choosing Ax = Ay = Az = 0.1, which resulted in n = 5346 equations. In accordance with the length of
the perforated test section , it was assumed that P) 0 for x~ ~ 1.2 and P = 0 for 1.2 < x~ ~ 4. The
computations were performed for the values of the factor t , Equation (4), increased by steps of 0.1.
The initial guess was g, = 0, i = 1, . .  . , n. The convergence was checked every 10th iteration and the
computation terminated when the absolute value of the difference between the right and left sides of
Equation (33) was less than 0.001 for all i = 1, .  . . , n. The relaxation factor was selected as o~ = 1.5
and reduced successively by 0.2 until convergence was obtained. Table 2 indicate s the resultant
relaxation factors and the number of iterations needed to achieve the required accuracy. It may be
observed that divergence problems arise in accordance with the criterion (35) once P >  1. For
porosity factors higher than those listed in Table 2 the convergent solution may be obtained by reducing
Ax at the cost of an increased number of equations, but , as men tioned be fore , the method is not expected
to work near the open jet conditions, t -~~ 1.

Figures 10(a)-(b) show the resultant upwash and the streamline curvature factors , calculated
from Equations (24) and (25) at the wing tip

b
y = ~~~~= 0.322

the centre of elliptic load distribution

b 4
y = — —

~~~~~ 0.137
2 3ir

and the wing root

y = 0

For the evaluation of the angle of attack correction from Equation (12), the most represent-
ative value of 6~ is that associated with the centre of the load distribution. The spread of values 6~
between the tip and the root of the wing characterizes the non-uniformity of the wind tunnel flow over
the model (wall induced wing twist). It is seen that for the solid wall test section , t = 0, the 709~
difference in ö~ between the tip and the root of the wing is quite extreme , but the situation improves
greatly as t increases up to about t = 0.7. The streamline curvature factor 6~ , exhibits a similar
improvement as porosity increases. However , for uniformity of the wind tunne l flow it is necessary
that ~~ 

= constant and 6~ = 0 all over the wing. Unfortunately, from Figu res 10(a)-(b) it appears that
these conditions cannot be met simultaneously. As a result , the flow over the model in a wind tunnel

~~~~ ~~~~~~~~~~~~~ - . -
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of ~~~~ present type is always to some extent non-uniform , and it should be no surprise that in some
cases the representation of the lift interference by a single angle of attack correction is not adequate.

It is interesting to compare the present results with some known exact solutions. In the case
of solid walls, we may use the infinite series solutions by Theodorsen for a rectangular test section and
a model represented by a horseshoe vortex of infinitesimal span , located on the wind tunnel axis .
From Reference 22 it follows , for B = II , that

ir 00 n
= — + it 0.137 , t = 0

24 ~ • ~~~ + 1

1 00 [0.5 - (-i)~ 
00 m 2 — 2n 2 1

= — 
~ I + (-1)~ ~ 

— I 0.236 , t = 0
2ir ~ = 1 L ~~~~ ITt = I (m 2 + n 2 

)
512j

From Figure 10(a) it is seen that Theodorsen ’s value is very close to our solution for &,~ at the load
distribution centre of a finite span wing. For ~ in Figure 10(b) Theodorsen ’s result is closer to our
wing tip solution. However , no conclusion can be drawn from this since , clearly, we are comparing
two diffe rent flow cases.

For comparison with the perforated wall computations , we may use the Fourier integral
solu tion s of Refe rence 8, obtained for an infinitely long circular test section and a model represented
by a horseshoe vortex of infinitesimal span , located on the wind tunnel axis. From Figures 10(a)-(b)
it is seen that the circular test section theory approximates our numerical result for a square test section
adequately, ex cep t perhaps fo r high er po rosity , where the effect of the finite length of the perforated
test section becomes important. Reference 15 shows that even the spanwise variation of &~ can be
extracted from the circular test section theory reasonably well.

3.6 Compressibility Transformation

To account for the firs t order effect of compressibility at subsonic Mach numbers , we assume
the governing equation in the linearized form

(40)

wh & r~’

~ =V
’1-M 2 (41)

T i t  G wther t -Pr andt l-Glauer t  transformation

x
(42)

p

wh~re y, z , and Ø are kept invariant , see Refe rence 24 reduces Equation (40 ) to Equation ( 1). Here ,
and in wh at f ollows , the symbols with a ti lde denote the compressible flow variables which are subject
to the transformation .

- -
-~~~~~ ‘.
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Assuming the boundary condition for a perforated wall in the fo rm

P — + — = 0 (43)
a~ an

where i~ is the porosity parameter in compressible flow , we arrive at Equa tions (3) -(5) by taking

P
(44)

The upstream and downstream boundary conditions (6) are retrieved immediately in the compressibility
transformation.

The length of the porous part of the wind tunnel transforms according to Equation (42).
Similarly, for the transformed sweep angle we obtain

1
tan r = — tan ’1i~ (45)

where ~ is the actual sweep angle of the wing.

In this way the compressible flow problem is reduced to the incompressible one we have
solved above. Since the disturbance potential 0 is invariant under the transformation , we obtain from
Equations (10) and (15) the relationsh ips between the interference factors in compressible and the
transformed (incompressible ) flows

(46)

..
6~ = j - (47)

Because of the identity (46) we shall retain the symbol &~ for the upwash factor in the compressible
flow. Referring to Equations (17) and (42) we obtain the pressure factor

—

( 48)

which expresses the well known relation between the pressure coefficients in compressible and incom-
pressible flows under the Goethert-Prandt l-Glauert law.

Using the values in Figure 10(a) and Equations (4), (41), and (44), the upwash factor for a
circular test section is plotted in Figure 11 as a function of M , for various values of P. In connection
with Equation (12) the graph may be useful for estimation of the angle of attack correction on models
of moderate span in a perforated square test section.

However , in order to calculate the lift interference on a model of a large wing span to tunnel
width ratio , for which the circular wind tunnel theory is less appropriate , we have to carry out the
compressibility transformation and numerical calculations as described above.
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Figure 12 pre sents the results of computation for the MS model in the NAE 5-ft. X 5-ft . test
facility having solid walls , P = 0, and perforated walls , P = 1.2. The latter value of the porosity factor ,
associated with the 20.5~ porous walls in the ran ges 0.25 ‘~~ M ~ 0.85 and 4 X 106 

~~ Re ~ 5 X 10’ ,
was fou nd by evaluating the pressure distributions measured along the wind tunnel walls and by com-
par ing the force coefficients measured in the solid and perforated test sections.

Based on the difference between the upwash factors at the tip and the root of the wing we
may concl ude that the porous wall test section establishes a much more uniform flow over the model
tha n the solid wall test section does. The curves for the centre of the load distribution are quite well
approximated by the curves in F~gure 11 obtained from the circular test section theory. The angle of
at tack cor rect ion is positive for P = 0 and negative for P = 1.2 , a fact which wi l l be verified by the
experi menta l data discussed in Section 4.0.

4.0 ANALYSIS OF EXPERIMENTAL DA’rA

The results given here represent only a small portion of the entire experimental data obtained
from the ONERA model tests, Reference 25.

Figures 15(a)-(f) contain plots of drag coefficients at zero lift versus stream Mach number.
The agreement between the data obtained in the solid and perforated test sections on models M5 and
M3 , having block age rat ios 0.79% and 0.18% respectively,  leads to the conclusion that blockage effects
on ONERA models in the Mach numbe r range 0 ~ M ~ 0.85 are insignificant. Interestingly, some
discrepanc ies appear at low Mach num bers for the M l m odel where , j udged by the blockage ratio of
0.07% , they are least expected. However , it should be noted that , for a sting mounted model , the
blockage ra tio of the model is not the only factor determining the blockage . In the case of the Ml
model it is th e long sting, having the blockage ratio of 0.09% , and the sting support system which
account for most of the blockage interference on the relatively small model , see Figure 1. However ,
since we have not succeeded in explaining the drag discrepancies quantitatively, the Ml model data is
not considered for model to model comparisons.

In contrast to the drag vs. Mach number data , the plots of lift curve slope vs. Mach number
in Figures 16(a) -(f), even though display ing larger scatter , do show wall interference effects which
increase with the size of the model. The slopes aC L/aa were evaluated from the measure~. discrete
values of CL and a, an example of which is given in Figure 18, using linear regression in the interval
_ 5 0 

~~ a ~ 10 . By capturing about 10 data points inside such a wide inte rval , i t was possible to keep the
standard error relativel y small — about the size of symbols in Figures 16(a)-(f) — which is essential for
detecting small interference effects. On the other han d , we are aware that the result obtained by
ave raging over the above interval may not exactly represent the true value of the slope at C1 = 0. In
fact , observing Figure 18(a), it appears that the tangent to the C1 vs. a curve tends to vary rap idly in
the vicinit y of CL = 0. The data given in Reference 25 shows that this phenomenon seems to be
characteristic. Nevertheless, the expected trends of aC LJ aC~ with a large dip near M 0.92 are still
retained , as may be verified by comparing with graphs in Refe rences 5 and 6.

Figures 16(a)-(f) compare the data from the solid and perforated test sections , for the same
model and the same Reynolds number. In the case of the M5 model , Figu res 16(a)-(b), it is seen that
solid walls yield distinctly higher values of aC 1/aa than perforated walls. For models M3 and Ml ,
Figures 16(c)-(f ), the effect of wind tunnel interference is inconclusive , masked by experimental errors.
This is particularly disappoi nt ing in the case of the M3 model where , based on the ratio S/A in Table 1,
the difference between the solid and perforated wall data should stil l account for 23.4% of that on the
M5 model. The value 8.3%, associated with S/A for the Ml model , indicates that from a practical
point of view the measurement should be free from lift interference. Unlike the blockage interference ,
we may assume that the sting and the sting support system do not contribute to the lift interference ,
since at low angles of attack they do not generate a significant lift force. Unfortunately, no valid
compar isons between the measurements on m odel M5 and model Ml could be carried ou t because of
the large difference in Reynolds numbers , see Figure 6. We shal l, therefore , base our analysis on
comparisons of measurements on the same models in solid and perforated test sections.
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Figure s 17(a )- (b) show the lift curve slopes for the M5 model corrected according to
Eq uation (14) and the calculated upwash factors in Figure 12, corresponding to the cent re of load
distribution. The vertical line segments are traces of the symbols as they moved from the uncorrected
to the corrected positions. It is seen that the negative corrections for solid walls and the positive
corrections for perforat e d walls bring the data into fairl y good agreement. In Figures 17(c)-(d ) a
,imilar procedure was carried out for the M3 model. In view of the smallness of the corrections , the
effe ct on the \13 model is much less pronounced. The corrected left curve slopes for model Ml are not
included , since at the scale used they would look identical to the uncorrected slopes in Figures 16(e)-(f).

To further substantiate the choice P = 1 .2 for the perforated wall test section and check on
the validity of Equation (43), we compare the measured wall pressure distributions with those calculated
from Equation (18). Figure 13 illustrates the wall-model M5 configuration and Figures 14(a)- (b) the
wall pressure dis tributions for two typ ical Mach numbers and four levels of angle of attack. Besides the
investigated case P = 1.2 , the calculations are also performed for P = 0 to indicate the extremum of
which may theoretically be reached at the walls. It is seen that the wall pressure s measured along the
perforated walls roughly correspond to those computed for P = 1.2 , bu t in general , the measuremen t is
far less rewarding than the earlier one reported in Refe rence 21 in connection with two-dimensional
testing. The relati vely large scatter of the wall pressure data is believed to be due to local flow non-
uniformities originated by the perforations. Since in three dimensions the model pressure disturbances
decay much faster with distance from the model than they do in two dimensions , they are attenuated
to lower levels at the distant wind tunnel walls , and appear to be relatively more perturbed by the
perforations. On the other hand , the low level of model pressure dist urbances in the vicin ity of the
walls indica tes that the wall induced effect on a three-dimensional model is correspondingly small, and
that the re is no real need to determine the porosity factor with great accuracy.

Figures 14(a)-(b) suggest the presence of small blockage effects in the zero lift case (t he
measured points indicate C~ t 0) and the presence of asymmetry at higher CL (th e magnitude of C~ isgreater on the bottom wall than on the top wall). The latter observation is in agreement with earlier
findings of Reference 21 that Equation (43) onl y approximates the true behaviour of a perforated
wall. Because of the large experimental scatter , however , the present wall pressures could not be
analyzed in greater detail.

Figures l9(a) .( f) show a typical selection of lift vs. corrected angle of attack data for the M5
model. The angle of attack correction , evaluated from E quation (12) and Figure 12, is displayed as a
horizontal line segment attached to each symbol. The correspondence between the corrected data
from solid and perforated test sections is seen to be very good up to about CL = 0.5. As C~ in creases,
the inadeq uacy of a un ifo rm angle of attack correct ion , particularly for the solid wall case , is readily
apparent from Equation (12) and Figure 12. However , based on the magnitude of the spanwise
variation of the upwash factor , we expect that the perforated test section gives a more reliable result
even at higher CL , whereas in the solid wall test section significant spanwise twist is induced.

Figures 20 and 2 1(a)-(g) give a similar selection of drag polars. The uncorrected data in
Figure 20 indicates an appreciable difference between the measurements in the solid and perforated
test sections , which in Figure 21(a) is reduced by applying the correction to the drag coefficient
according to Equa tion (13) . The line segments attached to the symbols again indicate the magn itude
of the corrections. From Figures 21(b)-(g), show ing only the corrected data , it is evident that it may
again be difficult to establish agreement between the measurements if C L > 0.5.

~ n in teresting demonstration of the discrepancies between the data from the solid and per-
forated test sections at C 1 > 0.5 is found in the graphs of the pitching moment versus the lift co-
efficient in Figures 22 ( a) - (d) .  In the context of the present theory, neither CM nor CL are subject to
wall corrections , see Equation ( 13). It is observed that the good agreement between the solid and
perforated test section data at ~v1 = 0.254 disappears at M = 0.505 and 0.705 to reappear at M = 0.840.
Discrepancies of somewhat smaller magnitude , but not diminishing with the S/A ratio , can also be
observed on the pitching moment coefficients for models M3 and Ml, see Reference 25. This seems to
exclude the possibi li ty of exp lai ning the diffe rences between the solid and perforated test section data
entirely in terms of wall interferenc e effe cts. Since the pitching moment is more sensitive to local
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changes in pressure distributions than the lift force , it is not unlikely that the observed effect is partl y
due to the difference in the flow quality of the two test sections.

Interesting observations can also be made by inspecting the lift coefficients of the three
instrumented wing sections of the M5 model , shown in Figure 3. The section lift coefficients CLI,  CL., ,
and CL3 , obtained by integrating the pressure s at sections 51, S2, and S3 respectively, are plotted
against the model lift coefficient CL at M 0.504 , 0 .705 , and 0.840 in Figures 23(a)-(c). If &~ ware
uniform over the wing span then , in the absence of other wind tunnel wall effects, the lift coefficients
from the solid and perforated test sections would form a single line for each model section . It is seen ,
however , that for CL > 0.5 this is not alway s tro t and that the discrepancy first occurs at the most
outboard stations.

To study this phenomenon we present in Figures 24-26 the detailed pressure distributions at
the wing sections Si, S2, and S3. The pressure u~rves at M = 0.504 . Figures 24 (a) -(c), indicate that by
increasing the model lift coefficient C~ the supercr it i& -al flow , C~, K C , occurs first in the tip region of
the wing (section Si) and then gradually spreads to the root (sections S2 and S3). The supersonic zone ,
located near the leading edge of the wing, is termin ated by a shock wave and a large isentrop ic recom-
pression , which is characteristic of a peaky type profile. As far as the comparison between the data
from the solid and perforated test sections is concerned , we may note that at M = 0.504 the flow is
essentially attached and that both sets of pressure curves display a great deal of similarity. As a result ,
the section lift coefficients CL I ,  C L~~ , and C13 form single lines when plotted against the model lift
coefficient C1 in Figure 23(a).

At M = 0.705 , Figures 25(a)-(c), there is a marked departure from the similarity between the
pressure curves at the section Si , when the model lift coefficient CL is above 0.5. The solid wall data
exhibits a decrease in the maximum suction pressure, a flattening of the pressure curve over the upper
surface , and the divergence of the trailing edge pressure , which are typical of rear separation. The
symptoms of rear separation can also be found on the Si pressure curves associated with the perforated
test section. It is rather unf ortunate that the measurements in the solid and perforaLc~d test sections

• were not carried out at the same model lift coefficients, so that it could have been demonstrated more
clearly that the rear separation in the perforated test section occurs at a higher value of C1. Neverthe-
less, the resultant difference between CLI from the solid and perforated test sections is sufficiently
apparent from Figure 23(b) . The flow tends to stay attached at the wing sections S2 and S3 and hence
the section lift coefficients CL2 and C13 in Figure 23(b) do not display dependence on the type of the
wind tunnel test section. Based upon an examination of Figure 12, the above effect may partly be
attributed to a large spanwise variation of the upwash factor in the solid wall test section , giving an
excessive angle of attack correction in the tip region of the wing, but also, as mentioned earlier , to the
difference in the flow quality of the solid and perforated test sections. Once large regions of separated
flow on the model exist , the correlation of the test data from diffe rent test sections is uncertain .

At M = 0.840, Figures 26(a) .(c), the flow is supercritical at all angles of attack. The rear
separation is observed at sections Si and S2, and as a result both CLI and CL, in Figure 23(c) depend
on the type of the wind tunnel test section once CL > 0.5.

In the absence of surface flow visualization we did not attempt to analyse the pressure dis-
tributions in greater detail. The corn 3lexity of the flow over the wing of the ONERA aircraft model is 

V

best documented in Reference 26 , v,here both pressure measurements and flow visualization results are
discussed.

5.0 CONCLUSIONS

1. The measurements in the NAE 5-ft. X 5-ft. test facility on the ONERA calibration models
M5 and M3, having blockage ratios of 0.79% and 0.18% respectively, did not show sign ificant blockage
effects for Mach numbers below 0.85. The discrepancy between the drag coefficients from the solid
and perforated test sections for the Ml model , having a blockage ratio of 0.07% , is not fully exp lained.
Presumably, there exists a certain optimum size of the model for achieving the most reliable wind

~
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tunnel measurement. Based on the analysis of the ONERA models , it is suggested that the model
should have a wing span to wind tunnel width ratio of about 0.5 and a blockage ratio of about 0.5%. V

2. The lift interference effects on models Ml and M3 , having wing span to wind tunnel width
ratios of 0.188 and 0.311 respectively, were found to be with in the limits of experimental errors. For
the M5 model , having a wing span to wind tunnel width ratio of 0.644 , the solid and perforated test
section measurements , corrected using a uniform angle of attack correction , show good agreement up

to lift coefficients of about 0.5.

3. For the MS model at lift coefficients higher than 0.5 , the correlation of the test data from
the solid and perforated test sections is less satisfactory if a uniform angle of attack correction is
applied. Based on computations by the present finite difference method , the test section with 20.5~4
perforated walls is expected to produce a more uniform distribution of the angle of attack correction
along the wing span , and hence to yield more reliable test data than the test section with solid walls.

4. The wall pressure measurements can be used to check on the value of the porosity parameter
ascribed to the perforated walls, with the aid of the present finite difference method . The discrete
disturbances from the perforations prove to be a much greater obstacle in utiising the wall pressure

measurements than is the case in two-dimensional testing.

5. The correlation of test results from different wind tunnel test sections , and the evaluation of
wind tunnel wall interference, become uncertain if large regions of flow separation are formed on the
model.
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TABLE 1

PARAMETERS OF ONERA CALIBRATION MODELS

IN THE NAE 5.FT. X 5.VF. WIND TUNNEL

Model b b/B S/A D 
Blockage

MS 38.66” 0.644 0.0569 4.89” 0.789~

M3 18.67” 0.311 0.0133 2.36” 0.184%

Ml 11.29” 0.188 0.0048 1.43” 0.0687.

sting 2.00” 0.087’~

TABLE 2

NUMBER OF ITERATIONS FOR THE EXAMPLE IN SECTION 2.5, ~ x = ~ y = L~z

0)

t P
1.5 1.3 1.1 0.9 0.7 0.5 0.3

H 0.0 0.000 40

0.1 0.158 40

0.2 0.325 40

0.3 0.510 30

I . 0.4 0.727 30

0.5 1.000 30

0.6 1.376 div div 50

0.7 1.963 div div div 70

0.8 3.0~’8 div div div div div 110

0.9 6.314 div div div div div div 120

~~~~~~~ _ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ : 4 . _ ~
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