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Summary.—Approximate formulac for the interference on an aerofoil
in a rectangular wind tunnel have been known and used for several years.
More accurate formulae have been developed by Terazawa and Rosenhead,
but their results are given in very complicated forms which are unsuitable
for numerical computation. In this paper Rosenhead’s formulae are reduced
to a more convenient form and numerical results are derived for square and
Duplex wind tunnels. The correction to the approximate formula is
comparatively unimportant for a square tunnel, but important for a Duplex
tunnel.

1. Introduction.—Formulae for the interference on the character-
istics of an aerofoil in a wind tunnel of rectangular section, based
on the author’s approximate theory (Ref. 1), have been known
and used for several years. More recently attempts have been made
to increase the accuracy of these formulae by a closer analysis of
the problem. Terazawa (Ref. 2) has developed the analysis
rigorously for an aerofoil with constant circulation across its span
and has determined the mean value of the induced velocity
experienced by the aerofoil. Rosenhead (Ref. 3) has repeated
Terazawa's analysis for uniform loading, obtaining the same result
but in a very different mathematical form, and he has also developed
the corresponding analysis for an aerofoil with elliptic distribution
of lift across the span. These authors have not deduced general
numerical values from their formulae, and indeed Rosenhead’s
formulae are not suitable for numerical computation unless the

of the aerofoil is only a small fraction of the width of the
tunnel. In this paper the formulae given by Terazawa and
Rosenhead are examined and recast into a form suitable for direct
numerical computation, and the numerical results are derived for
the two shapes of practical interest, the square and the rectangle
whose width is double its height.

* R.A.E. Report December, 1931.
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2. Uniform loading—Let v be the upward normal induced
velocity, due to the constraint of the tunnel walls, at any point of
the aerofoil, and let—

v L S
il o - e o SCETRNE DRI O ¢
where C is the area of the tunnel section, S the area of the aerofoil,
and &, its lift coefficient.

The formula of the approximate theory, as used at present,
represents solely the value of v at the centre of the tunnel and is
derived from the assumption of an aerofoil of very small span.
This formula may be expressed as—

bad = 2
A% '?ozz{i‘é'f‘zﬂpglm].. e oy (2)
ere—
A= M

Thus 4 is the ratio of height to breadth of the tunnel, and the two
important practical values are :—
Square i=1 ¢ =0-00187 | %
Duplex A=§ ¢ = 0-04321 9
It is then found that 7, has the same value 0-274 for both tunnels.
Terazawa calculated the value of » at any point of the aerofoil,
on the assumption of uniform loading, and deduced the mean value
across the span. After a slight algebraic adjustment* his result
may be expressed in the form—
= l o
"= %70 | "°8 Sin 7o

w
+ 2 (—ptilog
nesl

1 — 2¢® cos 2no | g™ 5

(=g | ©
where ¢ is the ratio of the span of the aerofoil to the width of the
tunnel, or—

a‘=g§ o i <X o ¥ o' (6)

Rosenhead, attacking the same problem on rather different
lines, obtained a result which is indeed identical with Terazawa's
but is expressed in a very different form as follows :—

= i % o\
=g Zmrmis) - o - @

* Terazawa’s ¢ is the square root of ¢ as used by Rosenhead and throughout

this paper.
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where— -
5 Qusr < i
o= E i) - o e ®
and*—
Qu=2(2m + 1)1 Pa + (—)° (20)m+1 R,
Pu.= § ?—l(n-l-ll (9)
4ptm+1ge
R- pf-:‘l 1+9’

Both expressions (5) and (7) for the value of 7 are highly complex
and inconvenient for numerical computation, but Rosenhead’s
formulae can be reduced without difficulty to a more convenient
form. After substituting the expression for f,, and collecting the
coefficient of o™, we obtain-—-

) Qu
2) B @mEi2n -2 F 1)l
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i O, o™=
iy §.,(2m+2)1
since— ( 2)1
m 2,”.{_
ZEmr)iEm—2mrni=2""
Now—
2 Pao™t! . wa
e m+1  Bsnno
and—
© Ry (Zmo)mtt % 4@ = (dnpa)mes
IR o e 3 ¥ Rl Ry U )l 7
o 4 ¢
= 2 et e
& _8pg» (sin mpo\?
*E,qu( =)
Hence finally— .
I Fl w0 Mn Sinuptf'
= w24 S R(E)

and this form is suitable for direct numerical calculation with
any value of ¢ owing to the rapid convergence of the terms of the
series. When o tends to zero, this formula gives the value g, of
equation (2) as derived from the approximate analysis.

* Correcting an obvious misprint in the index of 2 & in equations (3) and
(5) on page 143 of Rosenhead’s paper, which gives (27 4 1) instead of
(Zn 4+ 274 1).

(11482) Wi 180/6009/2075 500 882 Hw, G.7/1
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8. Elliptic loading—Rosenhead has also developed the analysis
on the assumption of elliptic distribution of lift across the span of
the aerofoil, and his results may be summarised as follows. At

any point y of the span—
A3 I g .
”='En(“2¥!_i(3) W

where—
4 2 ® s 2 O
‘ﬂ=;‘ > ,§(2!'Q-i—+l)! '%) (sin 0)”4-"‘0
.t 2Qn . 2 S
- aeem(@) - (12)
Writing—

y=ssingé,

the mean value of 7, weighted according to the lift distribution
across the span, is .

— 4 fr
n=—j~ neos*é dé
o

2 2 o F 2n .
=27 ngo———(z’;‘),(g) (sin ¢)™ (cos ¢)? d ¢

21 2 ® Iy o\
a3 n§°(2n+1)|(§) (sin ¢)=+2d ¢

1= L g\
=z;n‘§urum;(z) TR

In order to reduce this result to a more convenient form it is
convenient to consider separately the parts of 7 due to the coefficients
Py and R,. Substituting for /s, and collecting the coefficient of
o™ the first part of 7§ becomes—

N g\ m (2m+ 1)1
h 2-‘7_'5lr|§-:-'npm(Z) ngunl(ﬂ‘i"l)l(m'—ﬂc)](fﬂ—ﬂ--}—l)l

and after summation with respect to # we obtain—

M (2m + 1)1 (2m +2)! g\
ﬂl:ﬁ}‘mgnmlﬁm%-1)!(m+1)!(m+2)!P"(1) e )

The series in this expression is a function of ¢ only and converges
with reasonable rapidity. The result may be expressed as—

7, = A F(o) o o .. (18)
and numerical values of F(o) are given in the accompanying table.
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TABLE 1.
Values of F(o).
' F(a) o F(a)
0 0-2618 0-5 0-280
0-1 0-2624 0-6 0-290
0-2 02645 0-7 0-304
0-3 0-2679 0-8 0-325
0-4 0-2730 0:9 0-358

Turmng next to the second part of 7, mvolvmg the coefficients
Ry, it is best to start with the expressions for 7] and l,, as integrals.
Collecting the coefficient of ¢*®, we obtain—

=2 [ & (P Ra(wa)

Z (ma)h—h+8(m¢)h +2
,_0(241 + 1) (2m — 2n+ 1)1

2L Ry

X{(Slnﬂ+51n¢)"+’—(ﬂn9-8in¢)"*’}
sinfsingdbdd
But from the analysis of the previous section—

o " R-xh+l o Spq’ mi?
R o 3 p_|l+q"( )

dbdé

sinfsin g dbdg
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where—
W =sin? {}n p o (sin 0 4 sin ¢)} — sin* {§ # po (sin 0 — sin ¢)}
= sin (z p o sin 0) sin (7 p o sin ¢)
Also—

j:”sin(apasino)sinodo=’2—‘—1,(npa)

where ], is the Bessel function of the first order, and thus the final
expression for 77, becomes—

R =t SR
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On comparing this result with the second part of formula (10),
which gives the value of 7 for uniform loading, it will be noticed
that the only change is to replace sin x p o by 2 J, (= p a). The
series of 7], converges rapidly and can be easily evaluated. Numerical
vatl;;f of the required Bessel function are given in the accompanying
table.

TABLE 2.
Values of { ], (= o)/m o }*

¢ {jn{’w’”’”]’l a { Jylmo)jao )
0 0-250 0-6 0-095
0-1 0-244 0-7 0064
0:2 0-227 0:8 0-038
0-3 0200 0-9 0-020
0-4 0-167 1-0 0-008
0-5 0-130 1-2 0-000

The final value of 7, due to elliptic loading, is—

% 5 P Jx("?ﬂ)}’

—RF(0)+2::1P§'1+?,{ e D
and numerical values can be derived by assistance of the subsidiary
tables 1 and 2.

4. Discussion of results—The formulae (10) and (17) can be used
to derive values of % for any rectangular wind tunnel, but the only
two shapes of practical interest at present are the square (1= 1)
and the Duplex (4 = {) tunnels. Numerical values for these two
tunnels are given in Table 3 and are shown graphically in the figure.
The difference between the values deduced from the assumptions
of uniform and elliptic distributions of lift is not great, but there
is an important difierence between the two shapes of tunnel. The
value of 7 increases with the span of the aerofoil in a square tunnel,
the increase being 12 per cent. of the initial value for a span of
0:7 b and elliptic loading, whilst in a Duplex tunnel the value of 7
decreases and reaches a minimum value, 33 per cent. below the
initial value, for a span slightly less than 0-8 b.

The corrections to the aerodynamic characteristics of an aerofoil
tested in a wind tunnel, to deduce those which would occur in free
air, are expressed conveniently as—

Au*—:ég

Ak,,-_-agkg

Ry,
iy o S 5
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and it has been shown in another paper (Ref. 4) that the best value
to assign to the coefficient § is the weighted mean value of y
calculated on the assumption of elliptic distribution of lift across
the span of the acrofoil. These corrections are small in all practical
applications and it usually suffices to know them with an accuracy
of + 20 per cent. On this basis the approximate value of 3 (0-274)
would suffice in a square tunnel, since the span of the aerofoil will
not exceed 80 per cent. of the width of the tunnel, but in a Duplex
tunnel it is necessary to take account of the decrease of the value
of & revealed by the more detailed analysis, and in all cases the best
course is to take for 4 the value of ¥, at the appropriate value of
2 s[b, on the basis of elliptic distribution of lift.
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TABLE 3.
Values of 3.
b= h. b=2h
2 s/b.
Uniform Elliptic Uniform. Elliptic.

0 0-274 0-274 0274 0-274
0-2 0-276 0-275 0-254 0-258
0-4 0-284 0-281 0-214 0-225
0-5 0-292 0-286 0-197 0-208
06 0-305 0-295 0-185 0-194
0-7 0-326 0:307 0-181 0-185
0-8 0-362 0-327 0-188 0-183
0-9 0-435 0-359 0-219 0-189
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