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A oaloulation is made of the interference velocity on the axis
In the flow of an inomsprsssible fluid past a line doublet in a
two-dimensional slotted41 tunnel i*e.amctangular  tunnel whose shorter
sides are slotted in the dii-eotion  of the flow, The mtthod of analysis
is basically the seam as that used for oylindrioal tunnels by Wright and
ward� l Nmerioal solutions are obtained which show that if the width of
(slot t slat) is one twelfth of the tunnzl height (e.g. 6 slots in the
shorter side of a 2 x I tunnel), the interferenoc  velocity  is little
different from the aorrespondi
slot/slat ratios greater than

v;yn-jet  value - i.o..no  slats - for all
Further ociloulations  are not proposed

as the labour  involved would be very groat, and also it appears likely that
all oases which give oonditions  uniform across the oentrc  plane of the
tunnel will also give an interference velocity which is close to the open
Jet figure.

Introduotion

The idea of reduoing wind tunnel interference, or eliminating it,
by use of a tunnel whose boundaries consist poxtly of solid walls and partly
of free jet surfnoes  is not a new one. T
number of \rriters in various oountrfes2a3,

e
if

problem has been treated by a
,596, though until reoently

interest lay mainly with lifting surfaoes. More  rooently Wright and Ward'
applied the methods of Fourier analysis to obtain a numorioal solution to

the interforenoo  velocity on the &s of a oylindrical  tunnolvrith slotted
walls and e~rimental  work was carried out which, in part, verified their
conclusions. The present paper applies the some technique to the
oorresponding twcrdimons5.ono.l case.

Notation
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slat width

(slat t slot) uidth

tunnel height

longitudinal velocity component due to doublet

longitudinal interferonoe  vclooity component

running co-ordinates

doublet potential
plx/
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Notation (contcl.)

#x interference potentlzil

c*rl nonAm3ns~ona.l  cc-ordinates x/h , y/h

e non-dimensional co-ordmate x&J

w xa/b

Theory  of Slotted Dame1 in Incompressible Potential Flow

Consider  the flow when n line doublet 00' is placed on the
centre  line of the tunnel (Fig. I). Ikmn reasons of gmnetry  it is
only necessary to consider the flmr in the region b&mea two planes
parallel to the flow and nom&  to the line doublet, and which biseot
adjacent  slats. 9X&e axes  of reference so thzt the lme doublet
occupzes  the u-axis,  the undisturbed flow is in the x-direction, and
these two adjacent planes are z = 0 and z = 2b respectively.

It vd.l be convement  to work in non-dmensioml  quantities
referred either to b 01* h, the tunnel serm-height,  and we take the
new co-ordinates (&,q,e) given by

E; = x/h, rl = y/h,  e = xz/b . we/
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It is evident that the interfererme  potential, with all its
derivatives, must be periodic functions of '8 with period 2% .

The equation of potential flow

can then be expressed 1x1 the form

We shall oonsider  the interference on the flow past a doublet of strength
2xh. The potential <@ of the undisturbed flow  is .@wn  by

$ = ;i”” he*------  = -------
+ Y2 c2 + ri!

k2 -7-j*)

l . . (2)

u = & = @E/h = - ---------- t
(E2 + r12j2

v = $ = ,$,/h  = i-$f:;zj2

let pi" be the interference potential. Then me have for our boundary
conditzions

@ must also satisfy the equation (I), so that

. . . (4)

The periodjo  behaviour enforced  on plx by the boundary
oondltions  suggests the use of a Fourier cos3m nories  in 8 to represent
pi" # mnd we write

00s se l ** (5)

where  9, is given by

+, (5,d = pl" (&-,?-@I  coy se de . .a. (6)

EquntiolJ
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Equation (4) my then be written in the form

2

&Jr<  + &Jr)q - '!J,  = 0

with boundary conditions

sin sx - sin SLJ
i

p

'bs (<,I) = - pr (<,I) - -------------- +
s

, a'" (<,I) co.3 se de

Now, from (51,

‘hl

,;

I
prx 009 se de = - '&

sin SW I
--m--m  + -

x 9 -3x j
0

-i

sin (j + 9)~ sin (j - 8)
-----__---e + -----------

jtu J - 8 1

1%

i

a,# I q>. sin m - sin s.0
--- co9 se de = - --- _-----_-----L--
all = 311 9w r-

I a+j

i.

sin (j + s)w sin (j - s)o sin (j - s)n
- - c --- ___________-  + ------------  - ----e-----v-

n: j a7-i j+s 3 -9 j-s

and where
sin (j - 3)7I
------------ q

i or.  , j = s

j - u p,j # 3

. . . (7)

.*. (8)

1.. (9)

Hence the boundary condztions  (8) beoome,  cn 11 = 1 ,

sin ~12 - sin SW 1 sin 50) 1 O'
Q& = - p, --------------_  + - qJ, ------ + ; j"=, I$

(j + S)~~ sin (j - s)~
-_-----  +

s 7t s b jts j-s I
--------

Qb 2% sin 570 1 sin sx - sin 9~
--- = - -- ---mm-  + c +, ---- _ ---------
an aq 9 5 c

sin (J + 3)w sin (J - 83X, sin (j - s)7cc‘
c---------  + ------_- _------

j t a j-s 3-s
1
J .
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ain s?f. - sin SW 1 sin su
q, = - $ --------------- + - q. -- ---- + 1 "c"  a

s 7c s A J=, js 'b

a ‘lis 3$ sin SW 1 qjo 1 r.3
---v-w  + - --- - - c ajo --- + ?f

":bJ
--- = - -_

a17 an s x ar,  x j=l 211 arl

sin (j c s)ti
where

Sin (J - s)u
'js = ------------ + ---------___

J+s j - s

Assuring the variables in ljs to be'separable,  so that

‘1s = ⌧s (<I  ys (�I?) l

then from (7) we get

whence

and

a2x,
m--m =
32

- A2X i.eb XL? = As sin h<

. . . (IO)

The particular solutions have been chosen to give the correct
behaviour for li, tith respect to E and q a

+x __-
2

Ts sin AE. cosn~~ . a . ..(I11

0

Substituting (11) in (10) vie get, L?t q = 1 ,

i
P
5, sin A< . coah

LJO

sin 5% - sin SW
rdh = - $ ----- ----- +

8

sin sw
+ ------

m
. ooshh.dA

1
+- Ca sink<.  CC& .dh

71 j Jb



a@ sin sw
- mm ------
an 8

Furthermore we oen write &4 and -- in a sinilar  fwm
aY

c3

29 26 Ijh
es  =  - m-_---w  ; - h
a?J E2 + q2

sink5  .dk .

a . . ..(lZ)

. ..(13)

Substituting from (13j in (12) and equating terms in sin.AC;  ,- -____._
wch 2

we get (putting pa = A2 + --- ).
J ob

For s = 0

5s
qJsh p, = e -A

sin sw sin sw 1
. --em  -- + ---em-  Kho cash h + - Ca

s sx x j js %j cosh + j

. ..(44a)
1

sinh  h - -

7c
c ajo  KQ sf.nh  ☺☺j

⌧ j . ..(14b)

For s >O
-h sin SW sin SW I

5x5 cod?  L$=e m-m---  + --_---
cm. Iiho

cash A + - c a
9

?c j js KhJ cash  Pj . ..(15a)

0 q he-k

sin w sinw 1
----se  - A Kb  Shh A . ------ - - C p&j aj, Kh

☺

si& p

s 57. i⌧ j
3

. ..(15b)
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We thus have two infinite sets of simultaneous equations for the
singly infinite set of variables &s . It is however apparent from the
derivation of these equations, that neither  set of equations is sufficxent
to determine the Kb  uniquely, This can most easily be understood by
considering a similar case of two sets of equations for m variables.
Then  the first set would only contain r independent equations, and the
second (m - r) . A linear combination of the two would in general,
contain m independent equations. We shall assume that the same is true
of these infinite sets of equations, <and.  shall combine the two sets.

Dividing  (14b) and (15b)by  ps  , and eddlng  to (14a) and (I!%)
rcspeotlvely,  we get

:

x-w w
----- + - tanh A cash  h = 0-+’  (20- n)

St 71

Kho
i

1
+-Ca

x.j
j. Ku cash  p

and
j

s in  su
Xhs  oosh ps = e 4% - - - - - -

3

/ A  twlh ^\ sin SW 1
- -------- Khooo& cl3 ----mm  + - r a

PS 3%
~ J js %j c03h  pj

It is apparent  that tho inclusion of oceffioients like Gosh.  nj
which become large for.quite  small  values of pj is going to complicate
the numerioal  work and we substitute

. ..(18)

whenoe

A&  =  Icxj  cash  Pj

A) $,. = e-A  (2~  - x) +

where

Rnd

. ..(I91

sin Eu*)
---e--

3

sin (j + 3)~ slrr (j  ” 3)w
ajs  = -..-------c +  - - - - - - - - - -

(j  + 3) (3  -~!I



Once the KM have been found from (18), (19) fml (20) we can
obtain j?jx using (5) and (11)

J O

2h 03
+ -- .7 cos se .

r-

I& sinA< . oosh psq . dh a.421)
?F  s-=1

from which we obtain the axial interferenoe velocity ux

..,(22)

IYumerioal Solution of the eauations do

No general method of solution of m infinite set of equations,
such  as (19) and (20), is known,  and it remained to be seen if it was
possible  to obtam  a good approximation by solving a finite number of them
for the corresponding number of variables.
Mathematics Division, N.P.L.

This was done by the
The equations were found to be highly

comer&ant,  the solutions obtained frnm 7, 11 and 13 sets-of equations nnt
being si@ficnntly  different. !he findl.calculationswcm  done mithl3setsofe~tims
The values of so obtained frcnn (18), (19) ard (20) are given m Table 1,
for the case where  b/h = l/12.

A “cho  (w = 3x/4) -K’Kho  (w = 77t/S)
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 7L *

.5

1 .o

1.5

2.0

2.5

3bO

3.5

4.0

4.5

5.0

2.328
1.616
1.064
“;“$

4
.2511

:g:
.0520
a0312
00185
.01oy
.0064
.00375
.0022
.oo13
.0006
.0003
.OOOl
.oooo

2.297
I a566
1.007
0.6228

2%
.I 290
8749
.0434
.0251
.0144
.00825
.00474
a00272
bOO155
a 00088
,00050
r00015
r00008
.00004

The/
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The K
we get, from (22 r

were all found to be nsgllgible for j >I , and so

UX
1 i‘co

= ,’  , ~oCOsh&-.ax . . ..(23)

The numerioalvalues  of this integral for j = j/2, I, j/2
are given in Tnble 2 (on page 11).

Open Jet Tunnel

If the upper and lower surfnoes  of the tunnel are free jet
surfaoesso that, in the above notation, w = 0 , it is apparent from
(14)  and (15) that

'the = - he-'scoh h = $::;

ux =
x Gosh< *

-2

1
-_ -----e2’+  1 ah

0

To cvaluote  the above Integral, oonsider  the integral of
ai5.z

------- t&on round the contour C of Fig. 2.
e2z + 1

(0,r.n’).
y= n

1c

)

1

(0,o)
y= 0

. ..( 74)

FIG 2

Then/
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Thqprovided  the oontour is sultably  indented round the pole
at (0, in/Z) , we have

,152
------- dz = 0.
e2z + 1

ia.

15x
2 ----- dx _ e*c

.i<x e-0

e2X + 1
i

---mm..-  dx - i
,2x + 1

_____-__  dy -
e2Q + 1

in R (0, iz/2) = 0

0 0
. ..(25)

where R (0, ix/2) is the residue  of -------
e22 + 1

at (0, h/2) y whence

R (0, ix/2) = - &e-&c.

Also 1 + e2jY  = 1 + 00s 2y + i sin 2y

= 2 cos y.eiy ,

Substituting theso  in (25), we get

Taking the imaginary part

Whenoe

i

\""  s3.n x &- 1 x
------- dx = - - - oosooh &Jt<
e2X + I 25 4

do
Finally, diffewntinting  (26) m.r.t.  3

\W x 00s g, 1 .2
-_------ dx = - --- + - -e2X + 1 2E2 oosooh . 00th 3x5.8 *IC< l ..(?7)

so that from (24)
1 2

ux - -- cosqoh  $-7i<  l cotkl  $n E ,

=i> 4 . ..(28)

ClOWd/



- II -

Closed Tunnel

For a closed tunnel w = ?r ,

whenoe

The integral in equation (30) can be evaluated by the same method as in
the previous section to obtain the result

2
ux = --<; - ‘Ir ooscah2  $K<

r.429 1

.*.(30)

. ..(31)

The results of equations (28)7and  (31) are not ne.vI having been
obtained before by the method of images , but the analysis is given here
since it does give an indication of the oorreotness of the method.

Results

The numerical values of ux , the axial interference velocity, for
the oases discussed are given in Table 2, and plotted inFigs. 3 and 4.

Table  2 Values of u and ux

-__-_--____--_L--_-_---------.
x

_-_-F---

'12 h
____---_

u (for doublet) 4.00

ux , w = 0 (free jet) -0.33
w = 3d4

74
-0.30

w = -0.28
w = x (closed tunnel) eO.73

__----_

----------------
h 312 h

e ---- - -..------- r

1.00 0.444

-0.16 -0.036
-0.17 -0,049
-0.16 -0.055
+0.54 +0.35

em-----  --c-----

It can be sex frcm Fig. 4 that there are insufficient values
calculated to give any reliable values for W at which the interference
is eero, but this value is certainly greater than 0~97.5s. The inference
frcnn this is that the slot/slat ratio for zero interferenoe must bo less
than 1 : 40 and might easily be 1 : 100 or even less. The small slot
wzdths arising from such a ratio would hardly be praotioable, and in such
oases viscous effeots would probably play such a large part near the wall
that the potential flow calculations would not be vclid. For slot/slat
ratios greater than 1 : 40 the flow near the axis is, to all intents and
purposes, the scme as would be obtained in o free jet. It IS also worth

noting/
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noting that the slight reduction in interference that is evident near the
body due to the slotted walls, is lost further from the body

3h

c :i
atx= -- . At this point, however, the interferenoe is 80 small

2
as to be insignifioant.,

Another important point is that the results are independent Of
2 ; ire. there is no 'ripple', or variations in the interference potentials
on the axis due to the mixed boundary* Tnis  arises from the fact that the
ss (s > 0) are all zero. It wruld appear to be at least likely  that
whenever UJ is small enough to product  smooth flow on the axis  (independent
of z), then under suoh conditions the flow on the axis will always behave
in a free jet,

T 's result is in acoordnnoe with the results already obtained by
Pistolesi5S Pin the consideration of the interferenoe on a lifting surfaoe
i.e. due to the dipole trailing vortex system. (This paper is not available
in this country, but the results are discussed in Ref. 6.) It was found that
if the value of the slot/slat ratio was kept unaltered, the interference
correction beoame  more end more like the free jet correction as the number
of slots was increased. Similar results iare obtained with the flow of
fluids through a g sting, and also the behaviour of sound waves under
similnr conditions 6 , it being found in both these cases that the effect of
such gratings is far less than their solidity would suggest. The crude
npproximntion that the interference  is directly proportional to the
slot/slat ratio, io quite useless and misleading,

It is worth noting that the effect of oomprcssibility, to the
first order as oaloulated from Prandtl-Glauert  theory, is to increase tho
effective  magnitude of the doublet, end hence of the interference velocity.
To this first order, the solution is altered in magnitude but not in form,
end the general conclusions reached in this paper should still applyr

It would be useful and interesting to cclculate  the nodal
inturfcrenoe velocity for different slot/slat ratios, with fewer slots -
but the labour  involved is so great as to be out of proportion to the
results. Thero is,cvery  reason to believe from experiments that freo
jet behaviour persists even when there are just two or three slots. I t
would appear, therefore, that the ~x~lue of a slotted wall  tunnel so far as
interference effeots are concerned lies not in produoing a tunnel with no
interference, but rather in producing one with

5
ree Jet interferenoe

oharaoteristios, though with improved behaviour l

References/
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