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The methods for estimating interference and corrections due to the walls of a tunnel
have received a new stimulus for development in the last decade!-2. The classical theories
of wall interference used linear homogeneous boundary conditions tc describe the behaviour
of the characteristics of perforated walls. The disadvantage of this appruximation is that the
magnitude of the porosity of the walls, which is necessary for the formulation of the
boundary conditions, is not known a priori and usually varies with variation of the
configuration of the wall, the M number, the Re 1:umber, the geometry of the model and the
load of the tunnel3.

A method for estimating wall interference from the measured parameters of the flow
on the control surface near the boundaries was first proposed in paper (4) for a wing of
infinite span without lift in a two-dimensional flow. In paper (5) the method was extended
to axisymmetric bodies in a tunnel having porous walls. Satisfactory results in estimating
wall corrections to the pressure were obtained up to M = 0.8. In paper (6) the problem was
solved for two-dimensional flow about a wing of infinite span at an angle of attack in an
analogous formulation.

In the classical formulation with linear boundary conditions, expressions have been
obtained by the method of images which determine the downwash of the flow (in the region
of the location of the model), caused by the walls of the tunnel for a wing with lift, papers
(7,9). The simplicity and convenience of this method are obvious. But it is doubtful
whether the natural difficulties which arise when solving the problem of determining wall
interference with a varying parameter of porosity on the surface can be overcome in a three-
dimensional flow using the method of images.

In papers (8,9) the flow characteristics of perforated panels have been investigated,
and a fairly simple method has been developed for determining the parameters of porosity of
the walls. Static pressure orifices over the whole surface of the working section of the
tunnel make it possible to measure the distribution of the static pressure, and hence the axial
perturbed component of velocity. From the well-known parameter for porosity (linking the
pressure on the wall from the side of the flow and the downwash angle) it is possible to
determine the component of velocity which is perpendicular to the wall.

If the procedure for measuring the two components on the control surface near the
walls is followed, there is a real possibility of estimating wall-induced velocities by the
proposed method.

1 Let us consider that the model of the wing located in the tunnel at & small angle of
attack in a subsonic steady non-viscous gas flow. Let us examine the problem to the order
of approximation of linear theory (see Fig 1).
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-~ S wing

Fig 1
In the transformed coordinates (Fig 1)

where c is the maximum chord of the wing, B = \] 1- MZ is the Prandtl-Glauert factor,
and, the flow is described by the Laplace equation for the potential of perturbed velocity
d(x,y,z)

V2d(x,y,z) = 0.

The condition of no-flow across the wing surface, referred to the plane (Y = 0), assumes the
form

od(x,10,z) 1. .
= - ’2 + , ,
y (xz)eSwing) P (fx(x,2) £ k(x,z))

where f(x,y) is the equation of the shape of the mean line of the wing, h(x,y) is the
thickness of the wing relative to the mean line, Sying is the surface of the wing, h,fl« 1.

Let us define the required potential of the perturbed flow @ as the sum
¢(X’Y'z) = (DS(X’sz) + ‘DA(X,Y,Z) ’

where ®s(x,y,z) and PA(x,y,z) are the symmetrical and anti-symmetrical functions
relative to the plane xz, y =0 respectively. From the definition

ad ad o
U=F, V=Ty', W=E—'
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2 The symmetrical potential ®g(x,y.z) satisfies the Laplace equation x,
[ ]
2 =
Vids(x,y,z) = 0, .
and the boundary condition on the body
°
ad(x,10z) - 4 hx(x2)
y (x.zX€ Swing) B
) °
On the surface S (Fig 1) Qg} and %n—s- are known.
From Green’s theorem the following is correct for the potential ®g
1 d 1} 9P(En0)1 ®
di(x.y.2) = o -” { Dy(EN.0) (3’5; _ﬁs%{l}_? dg dg +
Swing
1 d 1} dPEND 1 }
L {oeno (@) - 252 e, . o
S
r=[(x-82+(y-m2+@z-0)2)"%; the suffix T indicates that the flow is bounded by
the surface, S . (See Fig 2.) °
[ ]
®
L
Fig 2 °
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The integral for the surface Swing is, in accordance with symmetry (and by removal of the
boundary condition to the plane), transformed to the form:

L[] {oenn G )-25001 e - L [] 2205
Pving Swing

The integrals for the surface S vanish in the case of unbounded flow. Thus the potential of
such a flow

oExy.2) = j J‘ a¢(§0 9] didC 3)

Swing
Taking (1) to (3) into account, we can write the expression for the wall-induced potential

<I>;(x,y,z) = d%-(x,y,z) - d)g(x,y,z) =

_ ;—nj;f{‘bg@ﬂ";) (Z%% Ts(iﬂl )1 } ds

In a wind-tunnel having a rectangular working section (Fig 2) we obtain for the induced
component of velocity along the axis X in the plane of location of the model (taking

symmetry into account)
U'(x 0,z) = Q%M

'” H. Ug(E,H,0) - Vo(E.H,{)(x - b}&¢+

[(x - £)2 + HZ + (z - {)2]*/?

_yT _1y-wWT -
J‘J‘ U (Em,L)(z - L) - Wo(E.n,L)(x a)}dgdn+

AN ORI P DRE

UT(En,L)(z + L) - WIEn,L)(x - §)
21t -U } d&dn ’

4
[(x-E)2+n2+ (z+L)2]2 @

284

where Sj is the surface of the upper wall, Y283 is the upper half of the right-hand wall,
and '2S4 is the upper half of the left-hand wall.
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The symmetrical components of velocity on the surface of the tunnel are determined as
follows:

Ul EnG = %UTENLD + UTE D]
ViEnD = »VIEND - VIEM0];
Wi EnG = LIWTENL + WTEN.D)] .

Bearing in mind the Prandtl-Glauert transformation, and taking (4) into account, we obtain a
correction (for the symmetrical part) to the pressure on the surface of the body

oo L
i _ 1 B2HUT(E.H.{) - VIEH,HDX - §) B
RENET I IL {[(x - 8)2 + B2HZ + PAZ - c>2]3’2} 9

} dédn -

aj~

]‘.’ ]*. {,« B2UT(EM,L)Z - L) - WEE N, L)X - §)
) [(X - £)2 + B2n2 + B2(Z - L)2)32

} ddn. (5

1 ]" ]‘ { B2UT(E.n,LYZ + L) - WIEN,L)(X - &)
mdd [(X - €)2 + p2n2 + BX(Z - L)2)*?

At transition to cylindrical coordinates for axisymmetrical flow from (5) we obtain an
expression for the correction to the coefficient of pressure, as was shown in paper (5)

UTERYE T _VIERIX - &)t
(X - &)2 + p2R2)* [(X - &2 + p2R2]2

cp (X.0) = - PR?
where R is the radius of the cylindrical control surface.

Similarly, in the limit as L. — oo for the integration with respect to { and in the
case of components of velocity independent of this variable, we obtain from (5)

. 2 T oo T B
0y = B [ UG L[ VG D
r J (X-8)2+B2H2 apJ (X -§)2+P2H?

which corresponds to the result of papers (4,6).
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3 The anti-symmetrical potential @ a(x,y,z) satisfies the following boundary
conditions:

(a) on the surface of the body the condition of no-flow, referred to the plane xz, y =0

0Da(x,10,2) _ fxa2)
Yy (x,2)€ Swing) B ’

(b) (the condition is also referred to the plane xz, y =0) - continuity of pressure across
on the trailing-vortex sheet leads to

P a(x,+0,2) 8<I>A(x,-0,z)
ox ox '

and consequently

0PA(x,10,2) _ 0
X - L]
the continuity of the normal component of velocity on the trailing-vortex sheet implies

OdA(x,+0,2) atbA(x,-O,z) )
dy ay ’

o
©) on the surface S %)xA and a—(gnﬁ- are known. Similarly for the symmetrical
potential

e I | { oatng (Z1)-224E00 1} g,

Swing +Sn

s jj {o1Eno(L])-2aEnd 1] 4

The integral over the surface of the wing and the vortex sheet is transformed in accordance
with anti-symmetry to the form

L [ {eaeno (FD)- 224500 1] geqc -

Swmg +Sn

d _
2n ” (DA(&oO yz+(i_§)2(1+ xré)dédl;. )

Swing
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In the case of unlimited flow, the integrals for the bounding surface vanish leaving for the

potental the following expression

1 ,[ J' 3L (%.0.0) y

X8
y2+(z—§)2(l —2)ded; . @)

¢§(x,y,z) =
Swing

Taking into account (6) to (8) we have for the wall-induced potential .

Ol(xy.2) - Ph(xy.2) =

®i(x.y.2)

acp(aoc) x—E
an” A yz+(i-§>2 (1+ =) atar +
wing

L[ {smeno(3D- 2500 Ho o

From the condition of no-flow

B_(?A%E&z_) y[d) (x,10,z) - oF (x,iO z)] =0
y (x.z)(e Swing) x.z)€S
and taking (8) and (9) into account we obtain

” A(§0C) ] 1+ x-& \dE,dC—

(z-§)? ‘\[(x—f;)? + (z_c)zl
Swing
.n C) 1
_2;3; { H [‘DA(QT\ o1 ]dS =0.

(p.v. appears to represent ‘principal value’ but how it is defined is not clear. Editor)

Performing the integration by parts in the second term of the equation obtained and
representing the integral for the surface S as for a working section of rectangular section
(see Fig 2), taking anti-symmetry into account, we arrive at an equation which determines -
the anti-symmetrical part of the wall-induced potential.
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p.v. IAEH0.0) - ) _
x _U o (z - C)2 \[? )2 Py d&dl =

Swing

| { , H2 - (z - {)? x -t
= —— UAGHD = | 1 +—== +
21(-!-‘" [H2+(Z—C)2] V(X-§)2 + H2 +(2_C)2

H2(x - &) ]+
T2+ o€ [(x-E2 + HZ+ (z-(2)0

VIEHHH
A v
+ TR §)2]3’2 } d&dl +

+-— U 1d[ 2Nz - ( x & )-
“{ AGNL 2+ (- )2]2 Vix-8)2+n2+(z-L)2

S 3

~ @-Lix-%.n ]+
N2+ (z-L)2) [x - &2+ n2+ (z - L)2)??

WiEn.L) .1
x-82+nZ+(z- LVP”}d@“+

»—II{UHbl) D ( L )+
1/24 [7] +(Z+L)] (X— )2+n2+(z+L)2

z+Lx-9.n ]+
Mer G+ L2 [x-E2+n2-(z- L)2]"2

WiEn.L) . n
&dn
[(x-8§)2+n2+(z+L)2]>2
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The anti-symmetrical components of velocity on the surface S are determined in the
following manner:

UL €n0 = %[UTEND - UTEMD]:
VA &L = 2[VIEND + VIE D]
Wi EnL = 2[WTEND - WIE D).

The right-hand part (we denote it F(x,z)) of the equation obtained is the downwash of the
flow induced by the walls of the tunnel in the region of location of the model. The
a¢i

magnitude -—EAA- represents the intensity of the vortex doublets, which satisfy the condition

of no-flow on the wing in the presence of walls.

The equation obtained may be interpreted as an equation of the potential of flow near
the wing.

For a compressible gas, after the Prandtl-Glauert transformation in equation (10) and
taking into account that c; =2 ?'-;- we obtain

L .[J pA(é 00 = ]dgdg = Fcomp(X,Z)

(Z-0)? 2 4+ B2 2
" o C VX - 82+ B2z - 0)

1
F (X,2) = —
comp! by

§ =8
[~ Se—

H2-(Z-()? X-&
{ [B[m +(Z-0 (1 X_t)2e prmzs gz 02)+

BH%(X - &)
"THZ+ (Z- 02 (X - €)2 + p2H2 + P2(Z - 0217

VA(EN,{BH
"X 07 + B2HZ + BUZ - 022

} dEdl +
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12 1
AT M(Z-1) (X-8 ‘
= J'T{U}@,n,u[ = TP (1+ )— ’
21! 0 B[Tl +(Z-L) ] \/(7)(_‘5)2... B2n2+ B(Z_L)Z o
4
Z-DX - 5fn
TTmZeZ-L)?] (X- 872+ B2+ BAZ - 127 |
[ J
2n(Z + L) ( ) (X-8 ).
B[n2 + (Z + L)2}? \RX _E)2+ B2n2+ BAZ + L2/
'
@+ XX + 5pn ]
T [n2AZ + L2] [(X - £)2 + P22 + BAZ + L)
@
swWTEnL [ Bn ]
GO £)2 + B2 + BAZ - L)2]*"
° |
Bn ] }
+ d&dn ,
[[<x o7 b2+ gz + LA
..... an
where Feomp(X.Z) is the downwash in the flow of a compressible gas. PY
As a whole, the correctien to the pressure coefficient on the surface of the model
investigated in the wind-tunnel, assumes the form
ci(x.2) = ¢l = XDl XD ¢
P Y=+0 Ps
4 Formula (5) which defines the symmetrical part of the correction to the pressure °
coefficient, and formula (11) for downwash of the flow in the numerical calculation are
represented in approximate form
Nx Nz °
Foomp(X.2) = ——Z;, E}(UA LA+ VR, - Big) +
=]
Lx Ly ®
ZMZ_I lZ‘,(UAkl Dy +Wh, |- Cig) ; (12)
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1
cps(X,Z)

where
1

2z
[
]

+(Z- §j+n)Ri-m,j+n /Gj-m -y In

BiJ=zl:‘lA:

m=0

)
Lol
[

m=0 n=f

11 '
Cil = 2, Zkﬁl}n—ﬂ [1“

i,j

w
M-

1

3
I
=]

Lib Trans 2201

>
-
M-

[

:IM_
[=]

13
X l
EE(USH VT B{J)‘f
L Ly
;Ezl: skl - J+w3kl Q) a3

Z Z - 1)n+m [_ |+m(Z C n)/GJ n] +

m=0 n=0

Ri+m.j+n -(Z- Cj+n)
Ri-m.j+n -(2Z- Cj+n)

B

@G X -8 ]

(- n+m arctg [ H R

i+m,j+n

Z 2 (- Dn+m {ék”,,[(z Ly/P} - (Z+L) p2] _
m=0 n=0

1 | 2 24 .
-(Z- L)Qlu-m,l+m/p 1t (Z+ L)Qk+m.l+n P 1 } ’

ka am - (X&)
Qk+m,l+m (X E’k+m)

2
In Qk+m,l+m + (X N ék-m)

QI%&»m,l+m - (X~ ék-m)

|

(Z- C|+n)(x gH»m)]

xm;n

(- 1)m+M arctg

D™ | Z -G B~ R |
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1 1
(= Z Z (~ 1ym+n { arctg [—"——L—m'n(x —kcm) -

- (Z-~L)Qf,m 1
— arctg _..nl+n(x '“2§k+m) } :
(Z+ L)Qk+m.l+n
11
Gy = Z Z (- ymn {lﬂ I Blien + Qll:+m,l+n I +In l Plpen + Q12(+m,l+n ' };
m=0 n=0
Gj = H2+(Z-§?;
Rj = V(X-g)2+Pp2H2 + B2AZ-E)2 ;

Pl = nf+(@Z-L?;

P} =n?+@+L)2;

Q, = VX -E2+ BT+ BAZ-L)2 ;

Q@ = VX -8+ BT+ BAZ + L)2 .

Nx, Nz and Ly, Ly are the number of sub-divisions on the horizontal and lateral
vall respectively (see Fig 2), the values of the components of velocity are taken in the
centres of the rectangular sections. In the analysis of expressions (12) and (13) the question
ar.ses of the quantity of sub-divisions and the dimensions of the region on which the sums
are 1lculated.

It is seen directly from equations (5) and (11) that the region of integration around
the points in question may be truncated, since the sub-integral expressions tend to zero as -:—
at r— o,

It was shown in paper (7) that for linear boundary conditions (Darcy type)
perturbations from the walls may be represented by discrete features. The flow field
induced by the walls, was modelled by a combination of horseshoe vortices and sources,

without going into details of what porosity the walls possess. By performing an
investigation of the accuracy of the integration and by virtue of the linearity of the flow, itis

Lib Trans 2201

\va v

« A,




UiNL VIR L)

15

possible to estimate the necessary quantity of sub-divisions of the surface of the tunnel 5o as
1o obtain satisfactory results both in the case of arbitrary models and boundary conditions.

Let us examine a working section, having a rectangular section of half-width
L = 1.5 and a semi-height H = 0.86L . The central horseshoe vortex of semi-span
a = 2L is located such that the vortex filaments extend to infinity parallel to the axis X
from points having the coordinates (0,0,-a) and (0,0,a).

The disposition of the four horseshoe vortices, which represent the perturbation
from the walls is determined by mirror imaging of the central vortex from the lateral walls,

In Fig 3 for the perturbation modelled by four horseshoe vortices in sections along
the X-axis there are shown for comparison both the calculated and ‘exact’ values of the
downwash of the flow with varying sub-divisions in the process of integration. A
satisfactory agreement in the region of the 'ncation of the model is already attained for
X1 =-~2a and X2 =2a (coordinates of the ..eginning and end of the integration) and
Ny =Lx=10, Ny =2, N, =3 . Fig 4 illustrates the calculation of the symmetrical
correction from a perturbation of a source-sink type. In the case of direct measurement of
the component of velocity on the walls, it is necessary to allow for the accuracy of the fixing
instrument. An approximate model of the measurement instrument was selected for
estimating the accuracy.

The magnitude of the measured parameter U = Ug + bS', where Ug is the precise
value of the magnitude, b is a constant, S’ is a random magnitude generated by the
operator of the random numbers 0 <S < 1. If it is assumed that the parameter of porosity
is measured by the same instrument, then for the magnitude V = kU we have
V =V +2bS'. For the determinations of b on Fig 5 there are shown the distributions of
the components measured by the proposed instrument of the axial velocity on the upper
wall.

The mean-quadratic deviation amounted to 0 =6.9% and ¢ =3.4% . On Fig 6 for
sub-division of the walls into sections, as demonstrated on Fig 2 there are given the results
which illustrate the influence of the mean-quadratic error of measurement of the parameters
of flow on the mean-quadratic error in calculation of the downwash of the flow and of the
axial component of velocity in various sections along Z . In the case of error of
measurement of the parameters on the control surface of oy < 5% , the error for the
calculated magnitudes of wall-induced velocity amountsto 05 10% .
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