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ABSTRACT 

The boundary interference at subsonic speeds is presented for 
rectangular wind tunnels with perforated walls.    The point-matching 
method is used for the analysis with an equivalent homogeneous 
boundary condition at the perforated walls.   Numerical results are 
given for rectangular wind tunnels having various porosities and 
height-to-width ratios of 1. 0,  0. 8,  and 0. 5. 
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NOMENCLATURE 

Am* Bmi ^mi 
Em,  Gm, )■       Series coefficient constants 

b Semiwidth of test section 

C Cross-sectional area of tunnel 

CD Drag coefficient 

CL Lift coefficient 

Cm Complex series coefficient,  Bm 4 iAm,  Gm 4 iEm 

d Doublet strength,  U V 

h Semiheight of test section 

Im Modified Bess el functions of the first kind 

K0, K\ Modified Bess el functions of the second kind 

M Source strength 

M9 Free-stream Mach number 

n Outward normal to wall 

Q Porosity parameter, (1 4 /3/R)"1 

q Transform parameter 

R Porosity parameter 

S Reference area of model 

s Semispan of wing 

U Free-stream velocity 

u Perturbation velocity in free-stream direction 

V Volume of model 

w Upwash velocity 

x, y, z Cartesian coordinates 

x, r, 8 Cylindrical coordinates 

ß Compressibility factor, (1 - M^2)1'2 

r Circulation about the wing 

Vll 
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6 Lift interference factor, (C/SCL> • (w/U^) 

5} Gradient of 6, i. e., streamline curvature factor, 
(2j3hC/SCLUj ■ (9w/3x) 

es Solid blockage interference, (ug/U,,,) 

ew Wake blockage interference, (u-^/Vji 

X Tunnel height-to-width ratio, h/b 

0 Perturbation velocity potential 

0i Interference velocity potential 

0 m Disturbance velocity potential of model 

fis Solid blockage ratio, es/(es)   (x = 0) 

f2w Wake blockage ratio, ew/(€w)   (x = 0) 

SUBSCRIPTS 

c Closed tunnel 

h Horizontal walls 

v Vertical walls 

Vlll 
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SECTION I 
INTRODUCTION 

The development of large, high subsonic speed aircraft requires 
rather accurate wind tunnel data for aerodynamic design.    Testing for 
such aircraft has normally been performed in transonic wind tunnels 
which have ventilated test sections such as the transonic wind tunnels 
at Arnold Engineering Development Center.   Historically, the per- 
forated walls were developed to minimize blockage interference at low 
supersonic Mach numbers by using a nonlifting,  cone-cylinder model 
(Ref.  1).   As a result, corrections should be applied to the data for a 
lifting model to increase accurate data.    This fact was pointed out in a 
recent study of wind tunnel data correlation (Ref. 2) where it was con- 
cluded that wind tunnel wall effects must be taken into account to im- 
prove the quality of test data. 

It is indicated in Ref.  3 that there was no available analytical solu- 
tion for the boundary interference in a wind tunnel with perforated walls. 
The only existing solution had been obtained by an electrical analog 
measurement (Ref. 4) for the case of a square tunnel with four walls 
perforated. 

The purpose of this report is to present an analytical solution of the 
boundary interference for wind tunnels with perforated walls.    The 
method used in the calculation is the point-matching method in conjunc- 
tion with Fourier transforms; this method has been used previously in 
the slotted-wall tunnel (Ref.  5). 

The material contained in the report serves to complete the review 
and extension of boundary interference at subsonic speeds of Ref.  6 by 
giving results for the case of rectangular tunnels with perforated walls. 
Finally, based on the theoretical calculations,  some optimum configura- 
tions are suggested to assist in designing a perforated wall wind tunnel. 

SECTION II 
GENERAL ANALYSIS 

The field equation of an inviscid, irrotational fluid for subsonic flow 
in terms of the perturbation velocity potential <j> in cylindrical coordinate 
is 
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The boundary condition for a perforated wall is derived in an aver- 
age sense by Ref.  7.    The average velocity normal to the wall is 
assumed to be proportional to the pressure drop across the wall.    This 
leads to the boundary condition 

dcp       1  dq>       _ 
>      + Ö   *      =   ° <2> dx       R  on 

where R is the porosity parameter which is an empirical constant and 
has been measured in Ref.   1 for a sample of wall.   In this report,  a: 

related porosity parameter is introduced as 

Q - (l + |)   X <3> 

where the value of Q = 0 corresponds to a closed wall and Q = 1 to an 
open wall. 

The linearity of the field equation and its boundary condition permits 
the perturbation potential to be separated into two parts as 

V  - <Pm   + <P± (4) 

where 

<Pm ■ the disturbance potential caused 
by a model 

<PA = the interference potential induced 
by the tunnel boundary 

A doublet and a source are used in the calculation of solid and wake 
blockage interference,  respectively.   A horseshoe vortex is used as the 
mathematical model for the disturbance1 potential in the calculation of 
the lift interference.    Since the singularity satisfies Eq. (1), the field 
equation and boundary conditions for 4>i become 

( a aa      a2        a       l   a2 >        0 

dx2 + or2 + rar + r2 o6
a    * " (5) 

!Ü + I ^2i = .   (Ü5i + I ^HL) (6) 
6x R on dx R on 

The interference potential <i>i may be obtained by a Fourier transform 
in conjunction with the point-matching method (Ref. 5). 

For rectangular test sections where the vertical walls and hori- 
zontal walls have different porosities, the transformed solution 0j of 



AEDC-TR-70-67 

the interference potential may be written as a series solution with un- 
determined constants in the form 

cp±   =   2^,    [Clm  cos  m9   +  C2m  sin  me ]   Jm   (^") (7) 

m=0 
where 

qx 

cp.   =  (2TT)~*    J      cp.   e    3b dx (8) 

-00 

The undetermined constants Cim, C2m are determined by using the 
transformed boundary conditions 

bß o^i / bß 3£ 
-  iq cp.   ± — -^— = -   (-  lq cpm   ± — TT—)   at  y  = ±b        <y> 

x    RV ^y m    Rv ^y 

bß o^i __      bß o^m 

"  iq 'i  ± E^ V = ~   ("  ^ *»  ± % ^   ^  Z  = ^      (10> 

where 
00 i SüS 

cpm =  (2TT)~*   J     cpm e     pb dx (ID 

The series solution, Eq. (7), is truncated at a finite term,  M.   A 
set of simultaneous linear algebraic equations can be obtained by sub- 
stituting Eq.j (7) into Eqs. (9) and (10) and selecting 2M discrete points 
uniformly distributed along the boundary.   Improved accuracy is 
achieved,  however, by selecting more than 2M points along the boundary 
and calculating Cim,  C2m by satisfying the boundary condition in the 

least-squares sense.    Once the transformed potential,  </>i,  is obtained, 
then the interference potential in the physical plane is determined by 
the inversion formula. 

00 _i M 
cp±  = (2TT)2     /      cp±   e       ßb  dq (12) 
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SECTION III 
SOLID BLOCKAGE INTERFERENCE 

For solid blockage interference, the model is represented by a 
three-dimensional doublet.   The disturbance potential of the model at 
the origin in cylindrical coordinates is expressed as 

d 

4TT     /     2 Q2    2\ (x~  +  ß^r*) 

The strength of the doublet, d, is related to the model size by the 
relationship 

d  = U V (14) 

where V is the volume of the model. 

Because of the symmetrical property of a rectangular test section 
and the model disturbance, the transformed solution #^, Eq. {7) re- 
duces to 

00 

*i  -        ü        Cm  Jm   <?> C0S ra6 

m=0,2,4 
(15) 

where 
C     = A     +  i   B [ici m m. m llb' 

The transformed model potential,   0m,  is 

«     -  i        d 1     if     fV\ 
*-~   7S^ is K° V} <17> 

The undetermined constants Cm = Am + i Bm may be obtained from 
the equations given by substituting Eqs. (15) and (17) into the boundary 
condition Eqs. (9) and (10).   The simultaneous equations used to calcu- 
late coefficients Am and Bm by means of the point-matching technique 
are listed in Appendix I.   Then, the interference potential may be ob- 
tained from Eqs. (12) and (15) as 

00 oo 

™ P   b 0    m=0,2,4 

BmCOS   <f£>   + \sin   <f£>)   1  d<* <18) 
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The solid blockage factor is defined in terms of the interference 
velocity us as 

u~       1  btp-t 
CS-F = ü5T <19> 

Values of the solid blockage factor es (with a constant factor ß^b^/V) 
and solid blockage ratio fts = £s/

es, c are presented in Figs. 1 through 
3 (Appendix III) for test sections with various height-to-width   ratios 
and all walls of equal porosity.   The term es> c is the solid blockage 
factor at the model position for a closed tunnel.   For the case of the 
vertical and horizontal wall porosities being unequal,   Qv ^ Qn, the 
solid blockage factor for various height-to-width ratios is shown in 
Fig. 4.   It may be seen from Fig. 4 that proper combinations of porosity 
on the horizontal and vertical walls can be chosen to give zero blockage 
interference.   These combinations are shown in Fig. 5 and indicate the 
blockage is insensitive to the porosity of vertical walls for the height- 
to-width ratio less than 0,8. 

The longitudinal gradient of the solid blockage factor is expressed 
as 

de        1   du 
—^ =± —^ (20) 
dx        U dx 

and is shown in Fig. 6 (with a constant factor ß^b^/V) for tunnels with 
all walls of equal porosity. 

SECTION IV 
WAKE BLOCKAGE INTERFERENCE 

The model used to represent a wake is a three-dimensional point 
source.   The potential of the source in free air is given by 

,       .                           M cp  (x.r)   =  

[xa + ß2raf 
where the source strength, M, is related to the model drag by 

«--UCDS' (22) 
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The transformed model potential,   <?ni' is given by 

TTV^      °  * } (23) 

The transformed interference potential,  0j, has the same form as for 
the solid blockage case,  Eq.  (15).    The solution for ^j is found as 

00 CO 

cp  (x,r,6)   --2-—  I ) IC—O   cos m9 
2n23b -» b ZTT ?D 0    m=0,2,4 

rqx S2E)1 
Bb;J 

Am  co"<f£>   "  Bm Sin^)j   * (24) 

It should be noted that the transformed disturbance potential 
Eq. (23) is different from that of the solid blockage case,  Eq.  (17),  by 
a constant factor.    Hence, the equations to calculate the coefficients 
Am and Bm are the same as those for the solid blockage case listed in 
Appendix I. 

The wake blockage factor is defined as 

u„,       1  dcp, w * (25) 
'w    u     u ax 

and the wake blockage ratio fiw is defined by fiw = ew/ew c where ew c 

is the wake blockage factor at x = 0 for the closed tunnel.    Results for 
the wake blockage factor and blockage ratio are shown in Figs. 7 and 8. 

The wake blockage factor,   ew (Eq.  (25)),  approaches zero as 
x ■» - a for all Q > 0.    For Q = 0, Eq. (25) gives a finite negative value 
for ew as x •* - »,  which is inconsistent with the boundary condition. 
Therefore,  for the case Q = 0,  a correction must be added to the free- 
stream potential,  shifting the curves for €w to zero for x -* - «>.    Con- 
sistent with this,  curves of Figs.   7 and 8,  which include the closed 
tunnel case as an endpoint,  reflect this discontinuity of the solution as 
a function of the boundary condition by means of dashed lines near Q= 0. 

The distribution of wake blockage ratio along the centerline of a 
tunnel is presented in Fig.  9 for various tunnel height-to-width ratios. 

Although the correct values for ew approach zero as x -» - <» for all 
values of Q, the rate at which ew approaches zero is extremely slow for 
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values of Q less than about 0. 2.    Therefore,  in application,  for a given Q, 
one should use the value of wake blockage ratio, fiw,  found by taking the 
difference between the value of fiw at the desired tunnel reference posi- 
tion and the corresponding value of ^w at the model position, x = 0. 

The wake blockage factor for a square tunnel with various values 
of porosity of the vertical walls is shown in Fig.   10.   The longitudinal 
gradient of the wake blockage factor 

de 1  du w w 
u ax <26> 

is shown in Fig.   11. 

SECTION V 
LIFT INTERFERENCE 

The lift interference is calculated using a horseshoe vortex to 
represent the wing model.   The potential of the wing with circulation r 
at the origin is given by 

Ts sin 0       rs sin  8 x  
m      2TT      r 2TT      r       (x2 + ß2r2)*      ^^      **«     (27) 

The value T s is related to the lift of the model by 

rs  - CT   S U/4 (28) 

Since the disturbance potential has been written as two terms,  one 
independent of x and the other dependent on x, the interference poten- 
tial may be split into two parts as 

vi  = *ix*r'ö>   + <Pi2(x»r>6) (29) 

The potential <Pi,,  induced by $mii  *-s found as 

»ix = 7T       E     Dm rm sin m9 (30) 
2TTb m-1,3,5 

The transformed potential,  0j2,  attributable to <f>m2> i-s reduced from 
Eq. (7) 

00 

*i2 -       L        Cm  Im(?)    Sin m9 (3D 
m=l,3,5 

where 
C    = G    + iE in        in m 
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The transformed potential of #m2 °f E(l- (^7) *s 

5      - i(rs  3/TTV2TT)  KI(^)     sin 8 (32) 
"2 b 

The coefficients D^,  Gmj and Em may be obtained from the equa- 
tions given by substituting Eqs.{31) and (32) into the boundary condition 
Eqs. (9) and (10).   The equations used to calculate the coefficients by 
means of the point-matching technique are listed in Appendix II. 

The interference potential may be obtained from Eq. (30) and the 
inverse form of Eq. (31) 

Ts tp. (x,r,8)   =   
1 2nb 

m=l,3.5 

Dr* sin m8 m 

CO ™ 

0    m=l,3,5 

+ \ sln<ff> ] <* 

The lift interference factor,  6, is defined 

(33) 

,s cL VJ7ST p \f (34) 

and the streamline curvature is defined \ '^^A /?    * 

The lift interference factor and its distribution along the centerline 
are shown in Figs.   12 and 13 for tunnels with all walls of equal porosity. 
Figure 14 shows the lift interference for vertical and horizontal walls 
of unequal porosities.   It may be seen from Fig.   14 that proper com- 
binations of porosity on the horizontal and vertical walls can be chosen 
to give zero lift interference.   These combinations are shown in Fig. 15 

8 
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and indicate the lift interference,  similar to the solid blockage,   is in- 
sensitive to the porosity of vertical walls for the height-to-width ratio 
less than 0. 8.   The streamline curvature at the model position is shown 
in Fig.  16. 

SECTION VI 
DISCUSSION AND CONCLUDING REMARKS 

All numerical results presented herein were determined by using 
ten terms of the infinite series and twenty points along one quadrant of 
the boundary; only one quadrant was required because of the symmetrical 
property of this problem.   In order to examine the accuracy of the 
present method, the case of closed vertical walls and perforated hori- 
zontal walls has been calculated and compared in Ref.  8 with the results 
obtained in a closed form by another method.   The comparison indicates 
excellent agreement for the case of a square or nearly square tunnel and 
satisfactory agreement for the case of test sections having height-to- 
width ratios around 0.5.   Similar results have been noted for a slotted 
wall tunnel as previously reported in Ref.  5. 

It is interesting to note that zero interference can be obtained by the 
proper combination of porosity in the horizontal and vertical walls as 
shown in Figs.  5 and 15.   The solid blockage and lift interference may 
be eliminated simultaneously at Qn and Qv = 0. 45 for a square tunnel. 

The interference factors are presented for rectangular wind tunnels 
having various porosities and height-to-width ratios of 1. 0,   0. 8,  and 0.5. 
The application of these curves to the tunnel data correction may be 
found in Ref.  6. 
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APPENDIX I 
EQUATIONS FOR EVALUATING THE SERIES COEFFICIENTS Am AND B„ 

The following set of linear algebraic simultaneous equations is used 
with the point-matching technique to calculate the constant coefficients 
for the solid blockage and wake blockage interference solutions given 
in Sections III and IV. 

M 

E 
m=0,2,4 L 

v1- V mb :os K^h!3!] 

+ cos (m0) cos 0 I    . [3£] -BmQvcos(m0)Im(3£j 

=  (1 - Qv)cos 0 Kl(2£) 

M 

y 
m=0,2,4 L 

AtoQv cos(m0)Im(3£]+ Bm(l - Qv)[§cos [(»rDe]^) 

+ cos (m0) cos  0 Im+1 |2£j 

where 

r = r 

0=0. 

" QvK0 

M 

I L m=0,2,4 _ 
V1 V in[(m-l)0]lm(SE) 

+ cos(m0)sin 0 Im+1(^f) 

BffiQhcos(«0)Im[3g =   (1 - Qh)sin 0^(21] 

13 
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M 

I 
10x0,2,4 

Vh cos(m0)l    3*    + a   (l V 

i qr in[(m-l,0]lm(^ 

+ cos(m0)sin 9 Im+1(^j - - Vol3!) 

where 

r ■ rt 

0 - 04 

14 
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APPENDIX II 
EQUATIONS FOR EVALUATING THE SERIES COEFFICIENTS Dm, Gm, AND Em 

The following set of equations is used to calculate the constant co- 
efficients for the lift interference solution given in Section V. 

M 

nt«l,3f 5 
Vmnxm sin [(m-1) o] 2 sin 0 cos 

where 

r » r 

0  a   Q 

M 

E L—i      D mrm cos [(m-i.)0| 
1,3,5    m L J 

sin 0 cos  6 
 X  

where 

M 

r « r. 

0 - ©t 

m«=l,3,5 

+ sin(m9)   cos  0 I m+1 PE]]-W«»M«.PE|] 

-  (1 - Qv)sin 0 cos 0 K2(3|] 

15 
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M 

L        EmQv -in(rtj ^(Sf] + Gm(l - Qv) fein [(»-1) e]ln(3|) 
l .7 «; _ L m=l,3,5 

+ sin (m0) cos 0 Im+1 ß^\ - " Qv 
sin ° «lPII 

where 

r = r. 

0 = 0. 

where 

M 

Y.   vi-v[§«M»KFI) 
1.3.S L L m»l,3,5 

+ si» (me) sin 8 I^iPg]- SA sin(»e)In(3f| 

- - o - V [5^1 PS) -si"2 8 ^l3!)] 

H 

m=l,3,5 
Vhsin(m0)Im(2|)  +Gm(l-Qh) 

[§cos[{m-l>e]lm(3|] + sin(m0)sin 0 Im+1 

where 

■ - Qu sin 0 K. 

r =. r,. 

9    8    0. 

16 
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APPENDIX III 
ILLUSTRATIONS 

The following figures contain the results for the interference 
factors.   In particular,  Figs.   1 through 6 contain results for solid 
blockage interference,  Figs.  7 through 11 contain results for wake 
blockage interference,  and Figs.   12 through 16 contain results for 
lift interference. 
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