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SOME DEVELOPMENTS IN WIND TUNNEL DESIGN

1. INTRODUGTION:
The Wind Tnnnel is a well established aerodynamic tool for

" solution of many complex problems which arise in the &asign of alreraft.

The increasing speeds and altitudes of flighk,have had their effect

on the development and design of serodynamic test facilities. Thus

transonic flight called forth the ventilated well Wind Tunnel while

now the possibilities of hypersonic and sub~-orbital flight'havs

smphagiead the need for hyparsenie high enthalpy shock tunnalae

Another area which i# developing quite rapidly is ﬁh@ VIOL/8TOL

field where aireraft lamding and take-off speeds are sought to be

made independent of runway 1imitatiana. in ﬁarm& of Aerodynamie

Test Facilities this latter development ¢calls for low speed Wind

Turnels with exceptionally smaéth alr flow at speeds of the order of

10 - 15 ft/sec. and test $aﬁﬁiﬂﬁ’$izﬁﬁ in the neighbourhoed of

16 £t x 15 ft. This talk is concerned with two specific problemss
(a) The use of ventilated walls for reduction of 1ift inter-

ferenae effects in law~$paa& Wind Tunnels,

~and (b) Some problems which arise in the design of a VTOL/STOL

| Wind Tunnel., o |

| Both of these have arisen out of recent work in the Department of

Aeronautics, Indian Institute of Secilence, ﬁangalara»

2. USE w vmmn.msn WALLS FOR ,stmcm& INTE;R?ERENGE IN_A_LOW

Ventilated walls were originally davalaped in regponse to the
Mach No. limitation which a conventional high speed Wind Tunnel suffers,
l.04 ehﬁking and large interference éffee#s as the free stream Mach No.
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approaches 1.0. &dtually the basic prineiples af-the semi~open
type of test section have been known for a long time but it is only
with the development of transonic Wind Tunnels ﬁh&tfsﬁff&aiantly
detalled understanding of the flow phenomenon been achieved. It is
well known that at low speeds the interference effects in a‘élasaé and
open type of test section aras of opposite sign and f&ughly‘aqﬁai in

magnitude. | | : T
The streamline patterns around | : | Yﬁ:&ij{ P2
a wing in free flight differs |
from one produced by the same ? ‘
wing in a confined space be-
catse the streamlines in a - FREE AR ———————
wind tunnel are aangtrained by f :::::::::yjjkﬁ%““ —
the boundary of the Teat Secw | Rg*f”j:S;z;%fEéfé;;f“*““_v
tion. The veloclty perturba~- 3 — e e
~ tion produced by the wing | - ———————— | OSED JET |
‘ ! TIIIIIIITIITIIIT FTTTTTI?TTTI 777777777777
slowly dies off in the lateral | ==
éir&atianr ‘ %%E::;ﬂﬂﬂ#
Closed Jets ; _ [p s S N
If the Wind Tunnel is a close | TT—
one the flow mast be tangenw- | m‘; ___________________
“tlal to the wall, If U, = sweren | R ‘_QPEELJ,—EJ

frae gtream and U, v, the velo-

eity components at any point

and U = U, , , then we can

define a velocity potential
such that |

¢ = U_x+ b
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where ¢ 13 the perturbation potential whose derivatives define
u, v and w. The boundary condition for the closed jet then becomes

= 0 on Walls‘. '

Xy
VESR

R
Y

Cpen Jets
The eondition to be satiafiad at the jeot boundary now hecomes
p = constant scross the jet since the free boundary cannot support

a pressure differentlial seross it.
Thus P~ P, = AP=0

Now a well lmown result of émall paﬁturbatien.(linaarized) flow
theory s

thus for the free jet % = 0 or é?%-u 0 at the jet boundary;
thiéxéqﬁatianvm§y hé applied approximately at the undisturbed jet
boundary, i.e. at y = constant since the distortion is amallg_ Then
in%egvéting along the jet direction we get

P = Congtant on free jet boundary

and sinee the di&%urbanaaa”mﬁst»die,eut far upstream we get ¢> =0
as the boundary condition, Thus for free jet we have

é—ﬁ'ﬁ 0

: on jet boundary
or b= 0

It is instructive to nete‘that for a free jet the pressure build up
in the lateral diraection (see sketch) must be faster than for the
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free alr case ~ this is becsuse the free #tram pmssﬁra mist be
attained sooner (at jet boundary) in the former case, The corres= |
ponding flow curvaturss and resulting centrifugal forces are also
greater. The problem of theoretically determining the interference
then resolves itself into the finding of the disturbance potential
& satisfying the Laplace Equation V24 = O subject to the
appropriate boundary conditions discusged Lm;;;:e‘ In the conventicnal
approach to thig problem for ampia cases the ’methnd of images may
‘E%s amplmyea.* - The sketeh illustrates this for the tunnel with

cireular cross sections

The correction to the angle P4
N I N "
of attack mrh:a out to be
Closed
Qz.m Ol = Ad S i * 4 4
Tunnel :{; ’ | M 3
| | T T P
whsre 8= ‘Wing Area Opegrg AN 2 Open
A= .m:mlﬁrea o |
TR2
. |
é = aarraatien
factor =

+ 0,125 for cl@ssé ) Test Section.
- 0,125 for opan ) o© oot

3.Flow in a 51 Hall Test Sa .
~ §inee open and cloged tunnels ;::i-aduea interference effects of

ﬂppesi‘ke sign and nearly the same magnitude 1t is natural to expect
that Wind Turmels with mixaed opven and closed wall elements can be
designed to eliminate the flow distortions and the interference.
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Such possibilitles have been studied quite 1eng gga by Kondo (1938),
Wieaalberger (1942) and Riegels (1951) and goms Wind Tunnels have
been built on their designs. - However, it was not until the advent
of wxanaénie Wind Tunnels that the flow processes in partially épan
walls were studied in detail.
Consider the flow in a Test

» : ' 7 P“!ewr.arumpsk
Section with longitudinal. 3 \“ﬂu&&x_ | . 1
- slots:« The streamlines _— T
near the solid portions e T ————
mist follow the wall and ' -
therefore be straight while L ] T
; 1 ELEVATION

‘those near the open pertions

would curve and bulge out
into the plenum chamber,
We now consider briefly | -~

the aﬁﬁra§riate~hﬁmnaary
conditions for this case. I

Recalling the 1inearized | : | END VIEW

result for the pressure lowerews
perturbation | |
.ﬂgfwfgggw wa have for
. —= we
‘the disturbance pressure

_néar the wall

e

or AP = w puly
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For the purpose of relating this pressure difference across a slot
to the flow through it we now ﬁans:’idarﬁha flow ﬁhr@ugh the slots.
For simplicity we take an isolated slot and examine the flow normal
to it

| I T Pe
st the solid portion o = 0 =0
on S| /f/

At open ﬁwmmc\) = 0 {ﬂ%%- = 0) ( J \ |
The essential mechanism of the A ] )

slotted wall is that Xinetic ‘ l
Energy is stored in the alr | | I
which flows out of the slots and
this is restored to the flow
when alr flows back into the
tunnel. Thﬁ Kinetie Bnergy malasad in the region ah@m is

LSKETCH 4

’ By Gicens Teavem :
KB, = f g‘§° - 48 { g(qu,?'dv: S“"%fds
v s

| 8 "
where the surface integral extends over the dotted region. Since
b= 0 cm open portion and %.C% = Q on vkalls the region near the walls
contributes nothing to the integral. The problem thus resolves to
finding the essentially constant potential in a plane AA. The cal-
enlatim'? i3 rather involved and we omit the detalls. The result is
that the K.E. due %o presence of wall i1s found te. be

(KB)giotteq = *} f Vn [W 3‘"% Cosec l‘.ﬁ..@] $ per unit wall ama}

wall -

o i o —— 118

Refs. ok znd . e

[
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whers V, = local normal velocity
d = Slot spacing

B = glof width |
B8  slot area

A -4 - . . i 1

Ty d ® Total aros = OPen area ratio afy tl;gﬁ otted

b7

We note that the quaﬁti*hy lage Cosec Wwﬂl L has the dimen
siong of a langth, gl QJ‘ isg called the "Restriction Constant® for
the slotted wall. The ahava Kinetic Bnergy is assoclated witb

the veloeity v, at a emwam distance from the wall characterised

by the plane AA. We now imagma that g homogeneous equivalent wall
s ok AR uslh The focol. fow a

L of K.B. being ¥ £ V. L per unit wall area, Then we make the
approximation that this K.E., at AA can be taken to be gt the *asmlls of
the tunnel, The momentum associated with the Kinetic Energy |

% g‘ﬁfng L is fmﬁ per unit area of the walls. Now the pressure
difference across the walls must equal the rate of change of momentum /
associated with %;hg glots

¥ _ AP m i ( Q : % D. = substantial ‘
e AP =pg {fhw) - DY derivative |

For gteady flow éé% = 0 and for fixed slots and derivatives in other
directions than x to be negligible we get

AP2pu, = (Ryy)

and since we alresdy have A P = —f'a U

ﬁ@ua‘hmg the two eéxpressions for A P we get

L0
”“gﬁtﬁ\ﬁi)
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and since w, ey =

Q, = gonstant

g AR w O on WAlsS.
We get 5% Q S5 = | |

or integrating in X direction along the wall,
,Xéch o |
d + s—— const = 0 as dlsturbances mist vanish at oo

This is the homogenized wall boundary condition which must be satise-
fled everywhere on the slotted wall. ¥ similar condition can be
derived for pwfemmd walls invﬁlvmg thelr porosity characteristies,.
To summarize the boundary conditions for the various cases:

b
55 =°
{b) Open jets ' o nﬁ or g?«%ma o

cb*ﬁéi#é wa:b o 220 _

(e) 81

o.n 9 x J%SA 0

a . e TP o e fa
Q,m %‘"19@6 Qﬁgﬁﬁﬂwﬁg Mf{ﬁ’ ?F@,)

b Cad
53 +tE g =0

K= 'funaizmn of open area ratlo

= presgsure drop cocefficient of wall.




#Qu

"4, THE SOLUTION FOR INTERFERENCE OF 4 SLOTTED WALL CIRCULAR TEST SECTION:

Having obtained the solution for the potential for ﬁh@ slot flow
in the simple case of o P\are wall wik a soweedio 1 48 now easy to trana-
form this into the problem of a circular test section hy conformal
transformation and find the interference valﬂeitiea.gt is sufficient
for most cases to find the interfarence velocities at the centre of
the wing. This works to the following expression for the interference

angle
Cq=1 , - B o T re
Aol é {;1&1 § GX‘ where {Jl = '{Fgﬁ' laga Cosec 5
g ,
1.8, 4% the non-dimensional
raestriction ﬂﬁnstant.
& A= area of ﬁuﬂnai.

5. IRANSFORMATION OF m? E_T0 CIRCLE AND INT ERFERENCE FOR_AN

"ﬁ!ﬁﬁﬁ!@iﬁﬁ I _SECTION

ainae the yraatieal spplication was to a Wind Tunnel of an
Elliptic Section we now transform the solution for a cirele to an
ellipse. This can be done with the help of the following trans-
formation (Fig. 1 )
‘Let Equation of Ellipse b
| a’i)g * <g3ﬁ =1
Then the transforms tion which transforms the interior of this ellipse

to a unit ecirele is

72 = €8in Ao (% ~ Bllipse plane)
= m% &n g (T~ Circle plane)
= Lo { Paramater) (g~ auxiliary plane

2K
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where m 18 the squared modulus of the Jacobian Elliptic Functions
whogse quarter perlod is defined by
2

o = ¢ Cosh Zgl; @wﬂﬁmh*rg’i G’gﬂdg“ 8

| /2
K= 59 ; 4K = 14 N dze. — 3 0<m< 1
| 1em Sin°0 - A 1(1em)S1n2
: &

This trensformation allows the solution of the Elliptic test section
»ﬁé be derived from that of the cireular tumel by means of the re-
lation | |

= (&) ar.

(&) Ellipse Cirele 4z

' The final result for & »‘me correction factor in the formula
(as) _ =8 5 ¢, 8= Wing Area
Bllipss Aeliipse .~ ag= area of Ellipse
| Ak : ' = Td@
is
ol {2 1w ’x 8 em
| s = Semigpan of wing
For small wings, 1.¢. 8 — 0

e |
For closed tunnel o —> 0y Cq—> 9 m —_— #]

. | S
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For open Jet Py —> 1"31 —s 0, ﬂlmi e W]

GRSt
So that o('(a‘
i L ety | g AR . 6m

O glosea = 7 LY 2;\.2 m*;;"z}

Cpen |
| which is the same axgrasaian as obtalned by
classical methods. (See Milne Thomaon)
ALCULATION OF SLOT CEOMETRY FOR ZERO INTERFERFNCEs

 For a givwn Blliptic Test Section of Ka are fixed. Then
imowing the ratio Dodel span  § can be found as a function of the
, : Tunnel span’ .

restriction constant Gy

i;ﬁd g = fiﬁlbg

We can thus find (El) for zero imtavf@ranaa‘ﬁy putting

opt
£(¢qy) = 0 anﬂ‘salviﬁg for ¢;. Knowing G = 3“‘“%* logg Cosec “ég ’
we can find the slot dimensions (width = $ ) if we fix the number
of slots, But this is all in the eirels plane snd we ; have to ﬂaa_
the transformation again to locate the slots in the Elliptic Test
Section, - |

The Results of such caleulations for n = 2 and 4 are shown

in Fig, 2 For a partionlar tunnel geometry with % = 1.5

T Eﬁ?ERIMENTﬁL VEHIFIGATEQH:

Fig. 3 shawa the results of tests with a finite wing in ﬂha
axperim&ntal tost saatiana with 2 and 4 glotg. The experimental

details were as followss
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Sections NACA 65,-021
Aspect Ratio: 3,23
Spans aw
éhmrdz an

1/8th seale model of H,A.L, Wind Tunnel

2d = 12-3/8%, 23 = &"
Max. speed: 100 mph nominal
R.No.(for 3" chord) 2.0 x 108

Open Angle {included) = 60°

gerions _
Slot width:s  3/16"

Slot 45 location: Symuetrical, 2.67" from
vertical gentre lins,

The wing was also tested for the open jet an&'mlasad wall con-
figurations. Fig. 3 shﬂﬁ% the ra#ulﬁsi The two designs for
zero iﬁﬁarfarenaavg&va practically identical results which lie
apﬁraximaﬁaiy"halfwmay batwaen the open and alﬁaoé cases thereby
A confirming the negligible in%grferenaa aven for the relatively
large model used. It is iﬁ%éwasﬁing and important to note that
the stalling reglon of the 1lift curve is included in the region
of small interference. This zone 1s usually difficult to obtain
4n usual wind tunnel tests.
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8. PROBLEMS

THE DESIGN OF WIND TUNNELS FOR TESTING OF STOL/VIOL
ALRCRAPZS - '

The novel new conditions of test necessary to be gravidaa in the
aerodynanie 1nvas£ig&h1ana on STOL/VTOL Aireraft may be summarised
as follows: |

1. The novel forms of achieving high 1ift
{a) Boundary Layer Control and Jet Flaps
(t) Swivelling engines | RS
(¢) Deflected slipstream or jets.

2, Amormally high Cp's (From 3 to 15)
3. Abnormal Tunnel constraint problems

4. Separations from Tunnel walls caused by deflected
- Jets ete. ' ,

Apregents fants for 1, RAtIEn S8 oo
10 « 20 f£t/see) and exceptionally uniform and
smooth flow. | i
A detalled examination of these and other factors leads to
the conolusion that low speed Wind Tunnels with a test section size
of 15'x15' end capable of operation between 0-1850 ft/sec would closely
mest most of ﬁhevraqniéamauﬁs., An open circult type of Wind Tunne}
turns out to be the most economical and best suited for this purpose.
There are however gseveral unusual problems assoclated with this type
of Wind Tunnel which have not received muich attention so far and
“which need to be carefully considered. These are briefly aisauased
in the light of axgar&gﬁaﬁ based on operation of the 9'x14' Wind Tunnel
at the Indian Ingtitute of Sciences Two of these problems are:
{a) Necessity of provision of a long diffusor and an aﬁtranee of

large e@gﬁra@tiﬁn ratio in order to effect economy of power
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and low turbulence levels. Both these aansidératinna
tend to increase cost and for large Wind Tunnels can be
very important., Suggested practical figures for these
two items are a diffuser af‘leﬂ inal&daa angle and a
contraction ratio of 10 for the auntrénﬁiem cone.

(b) Necessity of careful design of the entry section in order

to eliminate the effect of external winds and atmospherie
turbulence, An additional ammyiiaaﬁian‘anaﬁra on- agcount
of the sucked entry alr having an inherent tendency to ‘
unsymmetrie unstable motion resulting in large scale low
yér&aé flﬁaﬁmaﬁimna in the test section at Low tunnel
speeds. | Tt appears essential to have a baffle across
the front of the tumnel entry and sldes. The need for

a properly designed honeyeomb is also imperative but since
this involvas great cost for the sizes involved (80'x20?
for ﬁhﬁ Open Circuit Wind Tunnel) simpler methods uaing
screens and grids have to be investigated.

£ 3 i3
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Ea. of Ellipse (FE(('“)E* (-!%'»)2::1

TRANSFORMATION:

Z =CSin AO™
T =mh sn o
\ oI | 1 s-plane
K
M = Sauared modulys of Jacobian 4 "} '-"E
Elliptic functions whose guarter K
period is detfined by '
1 !
P MK - . TK 2, 2 2
o =C Cosh i =Csinh Tl C=d"-p it O -plane

2 49 o

K
2 EN
{K:’j N 'K‘»"'jv""“éﬁ—”‘?ooémfs, -
o Ji-msinfe = 4Ji=(-m)sine

FIG.1. MAPPING OF ELLIPSE ON A UNIT CIRGLE
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FiG, 2. ELLIPTIC TEST SECTIONS FOR ZERQ INTERFERENCE
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FIG.3.

INTERFERENCE ON NAGA 654021 AIRFOIL

CAR=3.23,
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= 0.727
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Eq. of Ellipse “
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P, (.2’.2: |

TRANSFORMATION:

2 =CSsin AOT)
T:m(hf‘ih@' L,
A K

™M = Sauared modulys of Jacobian
Eliiptic functiohs whose auarter

period is defined by
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