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Summary

A caloulaetion IS made of the interference wvelocity on the axis
In the flow of an incompressible fluid past a [ine doublet In a
two-di nensional slotted4l tunnel 4i.e.arecangular tunnel whose shorter
sides are slotted in the girection of the flows The mcthod Of analysis
is basically the same as that used for oylindrioal tunnels by Wight and
=020 « Numerical Solutions are obtained which show that if the width of
(slot t slat) isone twelfth of the tunnel height (e.g. & slots in the
shorter side of a 2 x 4 tunnel), the interference velocity is little
different fromthe aorrespondi ng openwjet val ue » 1,6, no slats = for all
slot/slat ratios greater than /40, Further cnleculations are not poposed
as the izbour involved would be very groat, and also it appears likely that
all oases which give conditions uniformacross the eentre plane of the
tunn?l will also give an interference velocity Which is close to the open
Jet figure.

[ ntroduotion

The idea of reducing W nd tunncl interference, or elimnating it,
by use of a tunnel whose boundaries consist partly of solid walls and partly
of free ;et surfaoesg IS NOt a new one.. Tﬁﬂ probl em has been treated by a
nunber of writers in various countries2s3sks556, though until recently
interest lay minly wwth lifting surfaces, More rooently Wight and Word!

applied the nmethods of Fourier analysis to obtain a mumericnl Solution to
the interference vel ocity on the axis of a oylindricel tunncl with slotted
wal I's and experimental work was carried out which, in part, verified their

conclusions.  The present paper applies the sone technique to the
corresponding two-dimensionol Case.

Not ation
2d slat width
2b (slat t slot) width
2h tunnel  height
u longitudinal velocity conponent due to doubl et
u¥ | ongi tudi nal interferonce VCl 00ity cemponont
XyY 7o running co-ordinates
7 doubl et potenti al 5/
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Notation (contd.)

p* interference potential

£, non-dimensional cc-ordi nates x/h, y/h
& non-di mensi onal co-ordinate =nz/b
W nd/b

Theory of Slotted Tunnel in Inconpressible Potential Flow
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Consader the flow when & [ine doublet 00! is placed on the
centre |ine of the tunnel (Fig. |). PFrom reasons of symmetry it is

only necessarK to consider the flow in the region between two pl anes
parallel to the flow and noxrmald to the |ine doublet, and which bisect

ad Jacent slats. Take axes of reference so that the lane doubl et

ocouples the z-axis,the undisturbed flow is in the x-direction, and
t hese +wo adjacent planes are z = 0 and gz = Zb respectlvely

It will be convenzent to work in non-dimensional quantities
referred either to b or h, the tunnel semi~height, and we take the

new co-ordinates (£,7,8) given by

E = x/h, n = 6 = mz/b .
y/‘h: We/



We also write © = =d/b< = .

It is evident that the interference potential, with all its
derivatives, must be periodic functions of & with period 2x .

The equation of potential flow

¢XJC+ yy+¢zz = 0\

oan then be expressed an the form
’Kh\z

¢§;+¢:f"r‘:+ (--)ﬁoe = 0, XK (1)

\ B/

Ve shal | consider the interference on the flow past a doublet of strength
2rh . The potential g of the undisturbed flow i S given by

p h2x hZ
T 24yt 2, f 2
(&% -n?) - 2%n |
U = By = Pr/ho= - v = £, = /h = ecemeeeeeen
T (24?2’ v WS T
l et @* be the interference potential. Then ne have for our boundary
conditions
(8 + #%) = O 2n o~ > B> W
n=1
. ces (3)
(% + ﬁn)‘n=1 = 0 0<H - w

F* mustal so satisfy the oquatien (1), so that

xh \2
g{é ﬂm'] ( )ﬂee = 0, (4)

The periodic behaviour enforcsd on g* by the boundary
condations suggests the use of a Fourier gosine sevies iN @ to represent
, and We wite

g* (Eym,e) = - wo (Z,m) + = §l by (E,m) cos s8 S (5)
bl w®

where § IS given by

by (&m) = g* (r,n,0) cos sp @ . «os (6)

Equation/
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Equation (4) may then be witten in

('q)s)éé + (’\bg)nn =

with boundary conditions

SIN 8t = S
by )z e (g, 1) e oo
8
[aﬁs /6}5 sin sy
-~ = e — | e +
an“ T}=1 \\a'ﬂ T]‘—“1 3
Now, from (5),
W x 1 gin ouw
,@ cog %0 48 = = “PO ------ +
i 8
0
R '
o 1 By SiN eR =
--- co8 S€ @B = m --- _"T77C -
" 31 %_@n 5
1 0y sin (J+ sk
L 2 | B o
x 0 J+s
and where

sin (j =s)a

aAaaaaaaaad

er @ &

Hence the boundary condations (8)

the form

s'»:h\z
- ‘I!)s - 0 |¢0(7)
v/
()
1N s
---- + ( g* (&£31) cos se o
Jo
. to (8)
% X
/ <--.) gos 80 4o
U &n =1
I E LR T LA
. o (9)
SIN g
S-S
gin (J » sy sin (J = s)x
+ -------------------------
J == j-s
} T, 4 =38
(0,3 # s

beoome, oh N = 1,

Sin sk »sSin gy 1 Sinsy 19 [ sin (3 + 8 S|n(3"s)w
=-¢ -------------- '1'-'4) ------ - Z ‘li) ooy o AR - -A-c-n+ """"
@s o} J i
5 T 8 ® 3=1 J+ s ] -S
g of sin a1 Sinem.«sin sy
a1 gn 8 n ° !
1 oos WYy l\sm (J+o)u.) sin(y=su Sln(j-s)ﬂ‘_J
- A= Z Ll en ke B Y et b &L LY S S Al A S, S e bt e - Sk - W W Wl
T J=1 on | +a j-s J -8 J
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or
v ains“fc-sinfw1 Sinsw 1 oo
CELE - Uy 7T 77T -3 a 1
s S o S x =1 U8 &
. ..
0 g 38 sin sw 1 g 1 o Oby g (10
TTT D m e massam - TTT mom E ajs ==t me=
in on s % dn % =1 tn dn
sin ( +s)o sin (J = 8)u
V\hel’ e a -S = - -
J 3+ s j -s

Assuming the variables in q}s t 0 be’ separable, SO that

2 2 2
1%, 1A ( .
X 08 Y, a®  \ b
whence 5
0%, )
Ly = - K X i.e; XS = AS S| n A.ls
ik
and
22 ( / 23 / 2
°Ls J?\2+[Sﬂh\ Y . ¥ B s Af ¥ (Sﬂh)
——— = —— - = coshn + o .
e | \bv ) | s 8 \ b

The particul ar solutions have been chosen to give the correct
behaviour for + with respect to & and g ,

We can thus write £0 / -

/ 5 /soth 2
b, = hK)xs sin A&. coshn ‘\ AS + (-——- o an ee{11)
0

b

Substituting (11) in (10) we get, at n = 1,

b /o \2 . ,
_ > 57h, SIN 8% = SIN SW
BE, Sin A& . cosh 7\+(—-- sdN = = f - - *
8 \ b 8
[}
=R
sin s - i
+oee-e- hK, , sin AE . cochA.3\
0
oR
o
..{)Q
1 > svth2
+ = % oa. | MGy sinAE. cosh A /AT &« | === | L, aA
J5 ?\.j
%o J b
o]

and/
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/
2 snh \? 2 sxh\? 38 sin s
hK'?\_S ?\‘ + — L] Bin 7\.5 [ Sin.h l - - Py d}\, = - owws -
1 \ b b an s
Q t N

. ‘
' o [ oY 2

+ Wag [AT &+ | === | 8in A& . sinh [0\ +
°

b
/

J
sin sx - sin ay \
- L v et e 2o b lhl\..'ko sin hé e Sinh A o dr

8x
Jo
(o)

1 \ 5 snh \2 5 sxh \2
~~Zags | My A+ ~—=] ,asinrEeginh AT 4 | === | o @ . .ee(12)
b

= b
o
Furthernore we can Wite @ and -- iN @ similar Com
Oy
CJ
h
g = 573 = h e_?\'nsin)\éad?\
g+
(]
P ceo(13)
o 2Z1h ~An
- = = -5--—--2- = = h Ae 8in l.); o dh .
n &+

Substituting from (43) in (12) and equating terms in sin AZ,

—————————

_ , , o1h 2
we get (putting B = AS A+ --- ).
J b 0
For 8 = O
) A sin s +sina%; N ! .
aosh g, = @ Cmmee T T emsee. K cosh + o Las, K.:coshy
% 5 - o Bro gty u
L eo{dha)
Y T o= W l
Mg sinh py = N eT L0+ ——eme AKAosinhy\--ZaJoKMsinhuj
% x ] .o o(14b)
For s >0
\ singw sin SW 1 (
GOSh M 2" eomene T cwmnew COSh 7\ + - E a K cOBh M A 15&)
KM’ 8 s 2 o nJ Js "N J
2 Sin sy sinsw 1
©Qa he o ame- - A. K)\O Sinll 7\- @ DDDDDD - - Z FLJ' ajs KA Sinh H
8 an % J J J
.ee(15b)

We/
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We thus have two infinite sets of simultaneous equations for the
singly infinite set of variables X, . It is however apparent from the
derivation of these equations, that neithcr set of equations is sufficient
to determine the K,, uniquely, This can most easily be understood by
considering a similar case of two sets of equations for j variables.
Then the first set would only contain y 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.

Daviding (14b) and {15b)by pg , and adding to (14a) and (15a)
respeatively, we get

K=0 W A
----- + » tanh A K)\o cosh A = e (2w- =)
i b ;
+ = L a:, Kys cosh p 1 o =i~ ves(16
Jo "N J
and ~ A
2 A\ osin s
Ky oosh py = € 14 == -"77"-
Us 5
A tanh A\ sin sw 1 hy tanh A
{1 - - /Ky\ocosh Hg ===== -t = Tay K?\,j cosh By 1 = erccm—eean
Hy 57 T ) Mg

eeo{17)

It is opparent that tho inclusion of oceffioients like cosh, pj

which become large for quite small values of By is going to complicate
the numerical work and we substitute

f':\j = K\'j cosh My e(18)
whence
1 z 2 oo sin Jo By tanh A
"l--(‘l-tanhh)%\o.,"(2@-1!)"'—2 ------ By [1 = =Emememnen
% j ®J=1 J A
«.(19)
and / .
7\/ A sin &y / A tenh A sin aw
.ﬂ\ - G- k‘l + - (ST T .g 1 RS [ ————
A
. Mg sX
+ = I 83s ’ghj T o mcmrmesenas ), 8 2 1
x J=1 My
0e+{20)
where
sin (J + s)a: sin (3 » 8)w
Byg = === I I
(J + S) (J - s)
and P
2 Jah\ 2
P_j = ’\\7& + K"g-

Once/
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Once the K have been found from (18), (19) and (20) we can
obtain #* using (5)and (11)

(o]

h
FE(E,n0) = - [\ Koo sinA & s cosh An. dn
™~
Jo 2
2h oo .
+ -- z ces se . I\As Sinh(g . OOSh usn . dh '0.(21)
% s=

. . . . O .
fromwhich we obtain the axial interferenoe velocity u¥

X e

x 108 1

LI = - Myg 008N & o dA
h ¢& 10 T

o

2 oo
+ = X gos s , AKyg cos A& . dA essf22)

® 8=1

Mumeraical Solution of the equations

No general nethod of solution of gn infinite set of equations,
such as (19) and (20), iS knowm, and it remained to be seen if it was
possible t0 obtean a good approximtion by solving a finite pmumber of them
for the corresponding number of variables. This was done by the
Mat henatics Division, NP.L.  The equations were found to be highly
convergent, the solutions obtained frem 7,44 and 413 sets-of equations nat
bei ng significantlydi fferent. e final.calculationswore done with13 setsof equations
The val ues of K, . obtained from (18}, (19) and (20) are given an Table 1,
for the case whewa b/ h = 1/12,

Teble 1

0 r T
2.328 2.297
5 1.616 1 o566
1.064 1.007
1.0 0.6376 0.6228
041’-68 037}414-
145 2511 02210
01503 «1290
2.0 00893 507}4_9
0528 «OL34
25 0031 2 «0251
:0185 O
3.0 0109 00825
0064 +O0LTY
365 00375 200272
+0022 200155
4.0 0013 » 00088
+0006 +00050
L.5 0003 r00015
+0001 »00008
5.0 20000 « 00004

The/
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The ¥ were all found to be neglagible for § » 1 | and so
we get, from(z'zi\'j

N
1
X
u oz 7-; : }3\00037\.{5,.&7\ . es(23)
Yo
The numerical values of this integral for ¢ = 1/2, 1, 3/2

are given in Tnble 2 (on page 11).

Open Jet Tunnel

I'f the upper and |ower surfaces of the tunnel are free jet
surfaoesso that, in the above notation, w =0, it is apparent from

(14} and (15) that

?\ -2rnh
Ko = = mhe™ sech A 2 cmceeeo
62?\' + 1
KAB = 0 5 > 1
(ve] ,
A cosh
Wt o= 55" ar ..-( 74)
- 2 e A .
o

To gvaluate the above Integral, gonsider the integral of

....... taken round the contour C of Fig. 2.

(0, 7) A

(0,0)

FiG 2

Then/
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~ Then, provided the oontour is suitably indented round the pole
at (0, in/Z)", we have

iz
"""" dgz = O
622 + 1
C
1.7,
,-\D’J =9 o
lix /\ ellx N e~ &Y _
—— C """ dx - e-fma: [T e dx - i - dy - In R (O, i“/a) - 0
2% + 1 / e?X + 1 e + 1
o} U0 Uo
.+e(25)
o2
where R (0, ix/2) is the residue of o, at (O, iz/2) ; whence
gc” + 1
4
R (0, ix/2) = = 3e"F&,
Al so 1+e253’=1+cosay+isin2y
= 2 cos y, eV
Substituting these in (25), we get
£3
A olix it . VF eSN (cos y = i sin y)
(1-edn§)/ ------- dx = = -=¢ + 1 | memmmmcceevrrccee - dy
! 62X ¢ 1 2 2 con y
Yo o
Taking the imaginary part
A : 28
) sin x w1 _
(‘l -em@) / mbeeen GX = = - g ﬂé:+ -}/ & gydy
| sz + 1 2 !
Lo l[0
x .. - e™&
= - = 02% 4 e
2 2&
Whenoe
Vo sin x & 1 =
------- dx = = = - coscch ¥R¢& «so(26)
g% + 1 28 4
2
Finally, diffeventiating (26) Wer.t. &
o0
2
¥,008 X& 1 i
e*4dl ax = « 2%+ B8 ocoscoh & . coth Fxg. ' o
U o]
so that from (24)
1 2
w* = -~ = .» posgoh ¥% & . coth 3% & - .es{28)
£ b

Closed/
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C osed Tunne

For a cl osed tunnel =R,
2%
KJ\ = xe"M cosech A = empe—— \,
o e2h L 4 |
ke itn(29 )
o, - ysa |
cd
whenoe . Y A\ cos AZ (30)
u = 2] eecewcecae d?\’ . ek 30
827\ -1
YR

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

1 %2 2

ux = é-é - -2-: coscch -;—'Kg _30(51)

The results of equations (28) and (31) are not new, having been
obtai ned before by the nethod of images?, %ut the analysis i & given here
since it does give an indication of the correctness of the method.

Results

The nunerical values of w* , the axial interference velocity, for
the oasesdiscussed are given in Table 2, and plotted in Figs., 3 and 4.

Table 2 Values of u and u*
Lkl e --;F-----D—-PF--‘ -"-/-,E F]U h 3/2 h
u (for doublet) 4.00 1.00| 0. 444
w, w =0 (free jet) -0.33 | -0.16 | -0.036
W = 3w/h -0.30 | -0.17 | -0,049
w = 7r/8 -0.28 | -0.16 | -0.055
w closed tunnel) | +0,73 | +0.54 | +0.35

|y - c

It can be seon frem Fig. 4 that there are insufficient values
calculated to give any reliable values for w at which the interference
IS zero, but this value is certainly greater than 0,975%.  The inference
fram this is that the slot/slat ratio for zero interference Must bo | ess
than 1 : 40 and might easily be 1: 100 or even [ess. The smal| sl ot
widths arising fromsuch a ratio woul d hardly be praotioable, and in such
oases Vviscous effects woul d probably play such a large part near the wall
that the potential flow calculations would not be valid, For slot/slat
ratios greater than 1 : 40 the flow near thc axis is, to all intents and
purposes, the some as would be obtained in o free jet. It 18 also worth

not i ng/
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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
at x = -- |. At this point, however, the interferenoe is 80 small

2
as to be insignificant.,

Anot her inportant point is that the results are independent O
z; d.othereisno 'ripple', or variations in the interference potentials
on the axis due to the mxed boundary* Thas arises fromthe fact that the
B g {s > 0) are all zero. I't weuld appear to be at |east likely that

whenever ¢ is small enough to produce smooth flow on the &xas (independent
of z), then under suoh conditions the flow on the axis will always behave
ina free jet,

Thig result is in acoordnnoe with the results already obtained by
Pistolesi?s® in the consideration of the interferenoe on a |ifting surface
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 wasfound that
if the value of the slot/slat ratio was kept unaltered, the interference
correction begame more end nore like the free jet correction asthe number
of slots was increased. Simlar results are obtained with the flow of
fluids through s grating, and also the behaviour of sound waves under
simlnr conditions ® it being found in both these cases that the effect of
such gratings is far less than their solidity would suggest. The crude
approximation that the interference is directly proportional to the
slot/slat ratio, ig quite usel ess and m sl eading,

[t is worth noting that the effect of oonprcssibility, to the
first order as oaloulated from Prandtl-Glauert theory, is to increase tho
effective magnitude of the doublet, and 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 applys

It would be useful and interesting to calculate the axial
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
resul ts. Thero is.every reason to believe fromexperinments that freo
j et behaviour persists even when there are just two or three slots. | t
woul d appear, therefore, that the salue 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 gree Jet interferenoe
oharaoteristios, though with inproved behaviour '
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