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A, low .Sl)sed. a<l~ptj.va :Wall, wlmd tunn~l inve~ti9atiQn of a
c:Lrculat~on controll,ed ci.rcula::t' cYl~-nder, wl.th .1\ "inciepen~,eritl~"
adjustable Jl*pt~.! was ~nderta~e\?t A" 2~p,adap,~i~·ewa..ll wind tunnel""',&
wa~ 'desir;rned. and" conunissione<l to accura·taly m~asura ,{~h.e"
aerodynamic performance of() b.itjb-lift ae,rofoils witll mi.nimal
tunnel boundary interfetence. !;A simple potf€!ntia10" flow iwall
streamlining $tra'begy, was ll't;;ed: to minimi,ze.·'tupnel ,bou.nqary

r,~ ',.. _-. :'-",' _ -'' ,'- " _ ,_:J' _, (_f _ ,", _ - ,,- • _ _ _ _ <) __ .~

interferenc:es, ,and "found to il l>e satisfactory~, The power
.,'coe(f,i,?ie~~ was',:$h~wnto be"a. u~~ful parameter .in comparing the
~~rit$ (J,f iiifterent slot configurations. It. was found tbat lift

""is an, f.un~tion Qf th~ 'nulIlber of slots, slo1;'.'.J.ocation aml slot.
iZhicltness' ". A.;tsot for any" given, sloti configuration; ,va, Slot:

{)t.hackness,exi~~\s t, hat, maX,ifui,~es the ~i{t..w~,'t,h,'respecit,.to power
input r 1whe,optii~:raconf, iguration, tested had ",four. equal Slo~",~."Jtl'c
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• ~/, ' 1
\' i,l . -1 I

c

o

o

cS../

o IJ

II "

I~

"sr



\
»

o~ c ~~k;towleClgeJt'A~s H.(
(,i;"·-'" '''''-- ,'- -'---~.~~

\\
;'(

'8 u

_______ ~(L~__ ~--~~-- __ ~_ ~~~>~,L...L.".%~
-:"" "J!I'-::<i,c\:i; ~.l"'"

Acknbwledgements

~

\1 !"

\The author WiShes/~~;r..n'k ·the fpl.i~w~,;:g, I'!!pp~e"

irafessorcAlan ~lttric~ for entlltl.siastic" s\\pervisi.on,
~ ~::~:::ti:-

t~cln):ical advice and tinancial ass\istancef, hoth pe~f0l"lal
project :i:elated. ",

and":"

Th~ Mechanical: Engineering La:bQ~a:torystaff for the manufadc\~f'."e
of the wind tunnel and modet. A special w9rdj)af thanks. to the

ofoJ:aowil"l9' 'technicians:
(aO~n coetjee
RO,P0t't .Bt;:Gladhurst.

o ] John cooP¢~h: j'o

o

'"

o. c

''\.C'

"~;r------'-"_---"'_""'--,;,\",;",----":'I-'"""";"""~-:""'o----"--""__.._ir.io..,...__ ...:O;:.;' ~~' __ .... ';;;:,-, ;("_ ............ u....,;;:.-')O~

'\

I)



cs

.:;'. n

n

Q

~.•I

II
,0

.\\ n 0 \\'

Q

ot\.

1\
o

o

'0

// \)
(I 0

c
I) a (I

"01) ,0 0

'¢ o /;3

o
'0

" (i
D "'io 0

n
o

o oII \)

Ii ':ii" (')0

/f



'·' ...,,3
\:_, 0 ..:

( 0 Norn~nclatrir~

fL

c \1

M Mach number.
P Power. "
Q Flow rate (m~/s).
Re '\Reynold's nUn:\ber.
S Wing area (m2).
U TunneL fPpeed (m/s).

Velocity in x direction. {m/S).o
V Velocity (mls). o

Velocity in Y directiott (Jnl s~,•

"D

i'..o"er ease
a CY1~nder radius (mt.
b Aero~oil wingspan (m).
c "Aerofoif chord (m).
doG cylinder 'diameter (m).
k Circulation,. ('it\2/ S)I •

vortex strength. (m2/ a) .
m

o

Q

(i

I") ()

(I

r.:J

()

u
o o

o

I)

q

\\

o

Ii )~j

o
1,1

o
o

,0'

.)0
o

'0

U~p~l"' Q~,a~ 1/ 0,
..', . . .. ,). \\ o
A Bounda~y<layer '1nagnitnde.coeffic:i"ent.

" <? Ar~a (m2):0 '. 0 '

'<~ I, Q 13~oUndal"Y,Hiyer shift coefficient.
Drag' coefficient.. 0 ',\

,~ ~
Lift coeffi:d.ciemt. It

Pressure coefficient.
o

1?owero~pefficient.
Flow rate .cQefficient.
i-!om~ntum·6~efficient.

i/ ....-•....... _.... ..... ~i~

r}Jl.arneotar"
G 0 Drag (N). (~

ERr'.,·· Tunnel energy iatio.
()

1<0. Loss coefi icient. a

L Length (lit) •
o Lift 'XN) •

S,l'Opeof ourve:
p. ;'" :Pressure.

SOlJ,rce st:t:en~th pteX"un!'''; span (m2Is). 0

Dypamic pressure (Pa).
r::> Ra,diuls (m)",
t 1\ Slot thioknes.s (In). 1/

LOll'gitug.inal test;." secrtion IPoor~(inate
c \\

o

,. 0

" ,,/11
b 9

c
o

II'

........._---_...-------_ ...---.._---..:;....._..;._-_._,- ............___..__o a .~~=~,."~.~ o



"~--~~--------------------~~l~--~~-----~--~·~~·----~'-------~~~~,~~
(.)) ..']

H,\

1,\ "

:1"

o

o
~ ..D-

y
Z

o Trensver'Se te.st section c!;)ordinate. (tn).
, (II)

overtidal te~t ssctiol1, C!ogrdina.ts )(m).
/)"Gre~k ~pper~ca$~

irQ ~tr$am function ,(T{).2/S).
(\ o

G:t'~~'k~l()Wer,. (:8.So'=1 , (.;'", X- D

a.I'Z ;JDiffus~~ heJ,f-a@gle ~"/ '
'Y Speci! 1<;;,,&eat lll'ati9"'
8 )3oU!4dar J. layer 't±h:rbkness.
§'\ ,BO/4hdp,r ayer displacement
11, JI{~~~afti~~\~'effiC!iency.

"\6 Sl~ re:f~X'e:p.ceangle.
')~ sk{h';'frictj.on coe'ffichmt~.
p Density' (kg1m3) ..

Q jJ. Oynamic viscosity' CPa.s).
un Doublet;,. strength, (nl/,/,$).

Ij

\) ()0

o
, ('

subsqr,;tptso c;,

n Test s~ct,.,i.on.
2 Diffuser exit.
,,0 ','
C ;, CQ,ntr~ct~on.
jet s16t efflux.
t Test section.

" ,tt' ' Transition.
u _

:Abbreviations
2-D Two"d:tmensiomil .•

'C'

3....D Three(;'di:mensJ.ortal"
CO circuiation contfol.
CCTB Circulati.on Control Tail Boc:im:~
,:~PL,N'i:ltionalPhysical Laboratory.

oa
Co Definit,iQiilS
q ~=0 ~5 P u2• " o

\)~ " "Cd == 0 I (q S) •
CI == Ll «(1"'S) •,-'=

;:"0, Cp = Pjlit/q·
Cpow = PI (<t; SoU)
Cq ~)=,Qjet,l (S. 'OJ.
c, = (.,0 Q V) jetl (q S) =

o

o

o

::: (p Q) jetl (q S ul.

G
(\

c

\\

c

o

o

\

1/

o

, v

,II

o
o
I)

o
(,

o

(\



..!A9

".'

Q

(.!

if

H

\,:)

o

.- .
() 0

. " .. ..
o . "Nomenclature

o~. ' .' 'II ri."., ..

,Table. off iPontents
I' . - <s

II

'·i;~:'_ 6J ~"

.1 Introdu,ot'lC1n • ,. r, " o '. ~' •

, ~'.:~ ~i;~:i:~:~::c~n~r;'lied ~ai~'&c~.;2" 0 '.... ," '''<i •..• 0.' ,0 ' Ii" '. 0

" 1.:3 Advantag~s of the }~CTB• .' • • e

1".4\5Wind .,TunnelTesting, .". !,-,' "

1.5 Adaptive' wall Wind {runnels"
l),()

•

C•. (.l.~~.
o

.. .. t j).; •

o. .
c 11 '~~ _ _

Litera!tu;re 'surv~y •G • •

'3 • 1 "Wind Tunne.lTsst:ing. C'. '.
3.1. 1 Types of Wind Tunn~ls . .. • _,'"

.',t", --•• ,,>~ ,. - _,?J,_ u(J3.1.1.1 Open C~rcUl.toTunnC?l$ •
:3 .1.1:'.2 continuous Ci:tbuit "Tunn~ls ". .0 •it _~: - o,"': .. '"c,;) .. _ _ _ - • '"", ,', _ -."_,, ._...' - __ o: (~ '<;/

3\.1. 2 S.J.m~larJ.ty" COllSl.dera'~.l..ons '. * • •
3\ 1.:3 'J.'Wo....O.i.m~nsional;:Testing ,~"~') ')
:3 ~,l"4 :Wind Tunnel Inte'tferertces •

3.2 Adaptive ,Wall W~l1~Tunne'l~\ .' • 0 " "

3~2 .:1 Background. ,i ,,.o.c <V,)

:;•2~2 AdaptiVe Wall wind Tunn~l\j'Types .\\'. • •.
:3 • 2•,2.1 ventil~ted /Wall Test Sept ion

,."" ,"',' ,',.(1,,"" ,'_, .-'.,._ ~'" .• :0:

o 3 •2 ••2. 2 (FleX:lb}l~ Wall Test S!,lctl.on .•
3.2.~3 Advantag~s at. Adaptiv~ ~ali Tannelsl~ •

f) , 3 •2,~3,•1. Higher ()~ey;pa+d I '~ ,Number. • • \,J
3 .,2 ..3>.:2Reduced. Power Requirements •
:3~'2. 3.3 Rapid ,Pata. Av~lilability, ." •
3•2~3 .4 Improved 0 Flow QU;l\lity i 0 ".
:3 • 2 • :; • 5 T~st M9de Velf$ati~tY c;,.o.)

3 •2. 4 .Oisadvanta~~s. Of. oAqaptd:Ve '!1al,~"TUnneJJS
!;3.2.4.1 operatlonal ~spects ... "," "c::J~
<~•.2 •4.2 ,Increased CO.s.t and?OConiblexitv o· _ ••
;. ' , . -, l) ., ,~," .... ' ',', ',' ;",..I:l'~

.
C?

• 'tl G

o

o•
•

'.
\1

,,0

c

lj'
, u

Q

iii

iv
,",V.l.

=I-
1

() 01
:3
4
5 '-'"

t:

6
".,
"

7
7
7
i'
u
9

J.Q
il o

..

J.4
13

" 11}
1A)
15

.l)

,17
";).,
17v
J;B

~ ut1l;;, ~::.~~),

18

21
--~--~~~~~~--~----~~l~t,----~~--~----~--~.~---~.~~;~)~-c~3~-·~'~D~'--~~~~~~\

o ,:f) () 0" \1~)

(\



'" Q

c
('<,,-I:

l
f#

"

(I
t.:

IJ
I>
"

\'\'l
\' -1\1)

\'-,:;

n

o

>0

39
"3$l

40 rI
i41

41
4~,

0"42
42 "

o '43
43
4':J 0a
43

, 43
44'"
44 "



,0

o

')

/1

o

I/!I (,
II '

"J
111
'I

U
1: (/

il ' .'If; Ik.... I'" •••
" p ~ " Tah5l.(t CoL. c¢nt~1::$ V11.J.-~,:1.'r:::'5~-"--""---"'---'-';--,-----:"·I'~ ..P...,- ........_;.--~----.,......,,-, -'---_.;..."'""'----~

4, Software :OeSi.'gn ,.,.. ~ • • • • • .". • • • .S.
JI

" Jil 4'~"5. 1. Calibration so£tware • f. . 'I' o. ..
t2l i'l ~ - ,
II/ ' 4:.5.1..1 Raw Data Acquis'iti6tt. ': • • •
II' °4.5.1.1.1 PositiOl) Tt't:tnsducet;,s • • h~
i .'"II 4 .5 ,,1. L 2 Load Transduc~r~ • • . ~, •
/1 4..5•.1.1.3 PreSS\lre Tra11sducers
II .9 4;. 5 ~1~1.4 Tunn.,e.l.spee¢t Caiibrat,ion
'r" 4.5. t., 2, Data Processing • • • • • • ~

I,' ¢ II

/, 4.5.1. 2. '1 ,position T~ansducers • . •
, U 't,l II, _(1

4,"5.1.:2.:2 Load and Pressure • . .
4, • 5 •1.2 •3 Tunne1 Speed • •

operating' software • • '~ • 0 '0 • • • • •

Util~ty sOftware. . " ~ • . e ~. -::;;:~~:i:~i~e~~~~:r~e(Z : : ~ :
4" 5. ~. 3, Data 'Acquisition . ~~ OI.?

4 is. 3.4 Wall pressure calculation •.•

\1 •

(I

G-

r
I
.I

:jl
4.5.2
4.5.3

o

5 ))Th~l:lretical ,Atlal)tsis • • • • • '. • ,1\\, . • .
5.1 Wall streamlining Theory t. . . . .

5. 1.1 potential Ftbw • .."'" • • .. •
00 5.1.1 ..1" Elementary F~WS •• • ".

o 5 e .1.L 2 Combined. Flow • • • • • •
H

• D. • •. . .
o

o

5 •1."2 Newton ..."Raphso:h 0Method
5.2, Di:mensi()~al Analysj.s •... ".
5 •3 Error(\~n.a~Ys£~~. • ~ . • .

,I I'

e •
c

• II •

1:/

6 ,calibr!1iiom o~ Equip~erib,,~, ." •• •• .". • ,~ • •
6. ~ w.ind ~unnel calibration • . • • • .• •••

6.1.1. Test Sect::ion Velocity T:r=averSGi •• • c'~

D 6 ,pl..:2"Test Section FloW,Angularity . . . . . •
6 .1.••~..Tunnel Turbu,lence Le\f~'l • • • • ~~• • I, •
6.1.4 Wal;,lBoundary')Layer Correcf.Jion • • • • .
6 • l.•5 Tunnel speed setting! ..:' ~. . • • .

6. 2 Oat~' Ad'quisi tion Oalibration . • . • . ." . . • ..
6.•2.l. 'Position Transd)lcers • • • • •.....; . "

6. 2 .:2 Pressure" Transducer.s ()' .. • . 0 • • • •

6.2.3 Lo",d CellS . Q ••.•• ~ •••••••
\,__ c\'::,

II

\) 07 ;experimental Procedure • • • . . . . . • . • .
<j o

'1'.1 TUnnel :tnitialization • . • • . • • . • . • • .
c 7, '2 A.cq{l:lrifi~)data • •• • • • • • • • • • • • • • • •

,l,.::' . ',',

ctl7 • 3 Terminatfhg. a..test • • • • ,). •• . •
. . . .• • Ci •

"Q
o

Jl
,_'

~\

)) Ii
If

o

. ..

'.44
4,4

44
44

0 45
(',\

45
45
45
45
46

(')

46
46 D

46 1'1;,6
46
'47
47 y
47

54
54
56
56

(~I

56
58
59

c 61

65
6~,
65
6(5
67 o

6'J
69,

?9
'69

? 70
71

83
83
83"
84



I}

c:

/~
() ,~f e '-r",

____ .,..1-,i ....S \~ Table of "'cgp;ientso
' ix

8' nesuIJ:""S-' - ....-.-. -..-._,.....-.-. i;....:.-~._..""",....................:-)-.--.................--.-.........-:---{..
~t.J "Ada"iti'Ie wall Wl.l"l:d. Tu.nnel .. . . •
ff 0 e.1. 1 Wall Streaml.ining S.tra:~egy • .

;:;'//' . .a~:2 Tests on cC CylinQer • e .. • • • ••
I ,.1

!i a • 2 • J. Test Scbedule • . • • • '. •
o l .~.2."2 Proces,secl,. Oat;.a • • • .../tf,) • • • • • • • •

'? ... 'L(~,' II

9"'~!1j"seussion \\:- ••••~ •••.• 0 • • • • • •

.9 •1 'Ad,apt::\ve Wall Win'ClTunnel\\ '~ • (~Q ~

~~.,~:"Jlwall .'str:aml~ning strat.egy c.
/.'9.:2 Tes1:S'an CO cyll.nder It coo • • • • ,. c " • • "" ~ u

.$:9.2.1Drag of the Cylinder • • • \ • ~ ,0 .. ~. •

9•:2•2 Dimensionless ,e;rblips • • • • (~ ••
9.:2.3 Effect of E,eynold' $I ..Number . • • ,,' • . ~
9.2''.4'' cQmparison of Configurations •. ....
9.l.5 Effect\ of ~~pe+ of,. Slots • ••. ••..
9\ 2'" 6 Eff~ct' of Slot Thickness • .. .. ,•.- . 0

0"

,9.:2 .7 Eff(i:!ct ojJ, Slot. I.ocati.on _ • • ~ • . • • •
(J

9.2 •.8 Analysis sof ~>",$:thgl;~ configuration
II

i;/

• • 0, ••• 11._ ~_ ',;~ 128
o • • • '. • •. ~ ) ... :, 129

• • • '" • .". ::~~ 130
13.0

jf

"(>

".. .
.& •• •. . ,. .

o . . ,
Ii
•. c

Q

10 concluslons, 0 '~ .. _ " • ~ • ". • • • , "

10.'1 Adapt;Lve WalJ..Wind or&:nnel ..•.
10.2 Tests on cc cylinder . • • •
,~) ,\

. . .~'.
o

\';_~.>;{?

J.1 Rebon\men~tio?ls •
11.1"in'ii Tunnel
11. 2 Software." • ~' •

'. ", - ()

11. 3 stX;,e£lllltining A:l.gorithm '.
11. 4 Fu~ther 'l'e~t.s • • • •

. .._ . • e. ,." •

'" .

l?
8~
85 o85
.85

087

t~iJ
,lOS
112
112
114
115
116
118'
119
120
'121

127

-;"".;;,1}

12 lleferen,q,es al1q B~bli09raphy • •
12•i References 0 .'. •

l2 ~:2Bibliography ...". • .

" ., . e .•. . . . .
. .. ..

• • ?J • 0 !ll. .
,. . . . • • • YI

'I;

i'l\ppendix A
\ 'I :',)
Or,ifice Plate Calculations . . . . . . " . . • •

"A.l Working Equations in Metric units • • " . '0 • •

A,~2 Correction coefficients d ::::::125llUtl\.\.
A. 2-1 .Dtii:",chatije Coeff'icient ~, • .~ • ~

\'... . .. .., ~,

1\,.2.2/~~yn61tll$ Number correction . • • . • '" •
-.. .... .. . ......... ..... . ... 0 .. ~8A. 2'.3 .P~pe,Di.ameter Correct~on " • ., • ., ".

A",:2•4 Expansibility Fac,!;or • c • • •• ,~..

A.3 correction" coeffic;ients d =frj} 100mm ."'. • . •
A.13.1 DiSCharge 'Coefficient'. . . ~ • • • •

"

t

o •o

o

/";.'

13
1'33

Al
A1
'AZ
A2
A2
A3
A3
A4
A4



o

J!

d. P {I (

~. ~

"" '" 0 -r,_'_..',',,_;:T:..;;;&;;:.:_b..::;,ls· ....;;.,;;~e_o~__•·.'~..iJ,.' e;..;..n t..;.,,$_7', O~

,A.3·.2 R~l'lPld~s" Numbf!r /c~recre\ion.." A4 0 "

~. :r~3pipe tliamE?:~er' Oo:r::rection ,. ~~ A4
A.3.4 Expan$ibi,~H.tyF.aetor •• • • ~ A4

\\

(J

Appendix B
(~. _.- .... ... . ". "1 ()o ,~j _;~~6::

o Wall pressure Dl.str.l.butl.on
i). ,--.. '" .(1

B•~ Elententa.ry Plows. .'''. ,.". .
i\" - (.)

B,.l.l 'Uniform stream.' .
"fh 1. 2 Source" .w c'

B~lit. 3 DQuf>let ..
, -.; ~)~~'1~4Vorj;ex() "

(0&9." ','1'. ," ."". ..?" '
0,. 13"'~ eonibined }flow. c(! •

, C\ Ill" '.'_ ,II

:8,.3 !JPressu:re Oifference, . (j

.. '. .. . .

,:f)
o
(\Appendix,c

St-ruct;.u:r:aL,Analysls •
C.1 Test S~ction ~e.ams(' :0

\~ -,0..2 Test Section floor and ceiting
" C.:3 Fte;&;tble ~alls ;'1 ,.. • '~~ 0 ,,0'. o.

Append4.x D () il
,Fan \tharacteristi'cs .. If<., " ...

o.1 Tunnel Drive 'Fans • (L, '. ~ •
D.•2 Circulation control Blower •
,0.:-3', Wall sucfion ~Fan ," - /Ie ~

\_,',j.iir1

.. ..

...0 • • .. ill

\)

"'

l\

,Appendix E '?
I

Wiring Diagrams . • 0 • ". ,eo • .. • ' .. a

'1 E.l AID I 1.]0 and pc.:) :tfit~r\:face
E•.2 Transducer. Wiripg.) '~
E.3 Actuator Relay Wiring

,,' . . . ... ~~\

'»

.
'\')

•

Appgp,¢Ux F
Software

'.1
\1. c

.'
Q

u

t_\

o

.•

131
~~

'" Bi
Bl
Bl
B2

" Q B~
132

01
.ca

C3

• ('0.

D1
D1
D2
03

El
Elo

E3

1"1

o



/!
((

co

c
Figure 1.1": General ,ar&-angementof the Q!:TB $¥stem. (31

,Q Figure 1•.2: comparison "of conv~ntional and cc 0aerofoils. (3]
U ' Q ~,

Figure :3 ~ 1: ~Open!;:lircuir:.tunnel. [6] ......"....

oFigur"e ;3.2:" Contrhu()~s 6~rcuit tunnel.IP4J • . cJ' • • •

Figu:r~ 3,.3: ventilated wall test sect.ion. [9J • " •
)\ \l C). 0

F~Ere 3: 4: Unconfine<:"·flow about an aerofoil. [1 I ". • • •
"Fijgure ~5: Fl~xi:Ole wall te~t')section.I91 •••• " ~ ••
Figure r9~ The l'l:inci}?le of test s~ct~on streamlining. •

(j Figl.l.re :3~'7: Closed & tunnel mode)9] • • • • • ft • • • • • •

Figure 3 ~8: Open jat mode.[91 .....~..,..~,.
Figure 3i.9: Infinite flow."fialp. mode,,[9] ••
)figure 3. 10: Ground effect mode.[91 ...•

• , I [9],1}Fl.gure 3 .11: cascade/~\9de. •. •. 'c." •
Figure ~.12: Steady I!it;ching mode.t9] .,~,,,,"
FiC{p.re3 •.13: ,r.nlnhamifCC cylinder (schemat.ic) )173 "':~"
FigUre 3 .14; Effect >/0£\'tl coon "<;:1 VB C14 ~ [liJ ••••••

F• 3 1'5 'e'l< • ,k/' f C •th C f' - 11' [20J,.tgure ., : var~a..,J.on 1.07{'I Wl. I' or an.,~_ l.pse.. • , •
,F~9~?e 3.16; Cl vS,l::'fJ'C1j'inder with 2 slots'90t) apart)!9J "
,,Fl.gure 4.1~ Plan ci,hd si ,e view of the adaptive tu~n~l.
FigUre 4.2: SChemktic diagram 0;E'" the 9ElP:t\ric tutinfil. •.
Figure 4.3: Skinefriction vs Re.[6J ••• ~ ••••••• D 38

!~:;:ti: ~~t:~:t~!:t~!i~~~~;.~~o:t~~:!!nd:r:~:.~5~·~:
Figure 6.2: Teit ~ctl.on vel(}c:::l.}:Y. y ::; -O.Sm z::; 'O.05m 73

(1J Figure 66••
4
3:= ~,1sSttsSe~"c~ttl.1.:oonnvVeell00cC~ttyY.'yY=::;-_"'oO.·55mm"Z = -0.05m .'74

Figure __;/! ... , Z ::; ;;;'0."15m 74
Figure 6.5: test secticm velocity profiles. • • ~, . • • ,,\\ 75
Figure 6. 6: /Tunrua'l-speed calibration curve. •• .•• 75
"Figure 6. 7~! Pressure transducer calibration (PI).
Fi~):e 6 .,~ pressure; trarisducer cal~brat~on" (pz). • • • •
Figure 6.?: Pressure tranSducer call.bratl.on (P3). • •

(I Figure 6i10: Lift load cell, calibration curve. ••
Figure 6('.11:" Drag load cell calib:r.'ation curve'. .",.,' . • •
Figure a" 1: Vari,ation ot Cd with Red,. •••••
Fj.gure ,~.•2: Cit c, 1';9 C/1.((700,1; 105'O,lj 140°',1; 17~:~.d1. /"
Figure 8 ..3: Cit c, VS" CI4.\~:·7J);,O,2i105°,2; 140°,2; 1,.?5Q,2 .•(
Figure 8.4: Clf c, VS C

ft
, 70°,3; 105°,3; 1400,y3; ?l-'~','J,3~ .

Figure 8.5: CII c, VS C'I" 70°,.4; 105°,4; 140~J4; i~\J9'o/4. o

F+~ilre S.u! CII c, VS Cp.. 70'\,5f lOS? ,5; 14"0° ;5~ 17$0,)S. ''95
Fl.9'i~re"8.7: elf Cd vs 'e". 70°,1; 1.050,11' 140°,1.. •••• 96

_~,,"~' r.: ___,1----..............;----------------~':1
I! . 0 "S' .• )

~..,

()

D

. .

o

8

15
15
16
16
18
19
19

21
24
25
26
28°
29
37

77.
77

G) ,

78
93
93
94

r; -",

94
95



o o

o

tJIIe. I.) 0
._-_---....__,_,.,- ..........-"'"'rr--....,_---"'"",...._.._...u,..." ~ f '"Cab~!e,~f~,S~~~ts ,.xiL

"Figure ~.s: C;;'~C~\\r\S' C~.,\ lOQ'!!~l!'105~t\!2; i4q~/(~'\ " •• o ~j; :'~V' 96
Figure 8.9:" C1, c~VS Cf('\ ,,;]0 Q I 3 " io~ ",l; 1.40 I)J 3 ~ • r''/' 9/:1
Figure 8.10: Cv ~d CV!lCp\~" 70':0,4;, \05,0,$; ;40°,4. ..'~. cyf
Jriqur.e 8.,11:, Cl, Cc{'"VSCf'"< 7(Yf,5; l05°,5; l40ff ,5'. •• II. ~.99~
figure ~.12: Cll' Cd VS Cp.'''7pop5.; 1(}5°,5; 140°,5. ° If",' ." 9

(0 Flgut'~ 8 .t-1t3.;' 01Vs" CI',- ~ SI;Lots~) 7pO;,:,YJ5°; 140. 0 • •• o '. 6' ~'W~<
Fi~J;'e 8.14: q vs CpoW.'3 .slots. 1po~,¥~?,195°; 1400 .. '. 99, ~\
.Fi~re!j8.l5: c, vs:~CI" ~'$lot$~ 70°; 'lOS,of; :t4,OO;'" 1150." .,., {OO()}~!!
:Fd.gure 8.16: C1 v~ CpQW.4: "~:Il,o;~~ 700; ",1050; 141)c; :1,75Pl). ;;\ Of, 100
Figure. 8.17~ 01 vi:> c~. Sl.o~~ at 7,po; 1050 ;ol400\,; 1.750.l>!,;y/;tP ,l01
Figu~e ~.18: Cl,VS c~. sJ.~1±~at '70~,; .~c05G]'1);14pet;J.750'~ lOlq

:f'igur~ Bu. 19: "lCI','\'s C14W" Slot:,$,,;r~t ~O?/ l05Q
; }h4ool \\7pP. •• 102

F~9U~e 8.20: C1 vS:j:C~. SlC'l'~S, at~''1\'(ji 1050
; J_40o: 1750.; 1.02

F1gure 8.21: C1 VS C,.~ 3 sl'~\t;s.. ~,. 3, 3 f 0,. •• •• o. 10:3 _
D .', 'l\',', c. 0

Figur~ 8. 4J~: C\ y~ <;tp<.w. 3 S . f. 3, :3",3, q. ,J;? • • a. ,r;3.03
FigUre g. 4'P:' C1 vs C,., 2 'S!~~~~~:'~i3 ( 0 I 3,' O. c .. ""!' .D • il" lJiJ ,~
Figure S. 24i' C1 vs, CpowOf) 2 sidf;;t~. 3 t 0, 3, O. "~, ,,' • "',.. 1()~)!'?
Figu:r:e 8. 25'! Vjet vs slot (ls:il~e~"3 0 siues." 70°; 1050; 14(:)0.. 105 .
Fiqru:$ 3.26: YJet va Cpo 3 s.J_ot~~. '70°; ,io,SQ114oo., ... ". 105
FWure 8.27: C1VS Cq• 3 s~;btst 700; lQ5ci 1400• ". • • •• 10~
Figui'e S ,,28:" 'SlOP~~ of (,q, .'¢~ C~), 'PS •...t/ c. • • • o~ • ., 7\"'0 • ~l06
FigUre S",Hl: lntel'c.ep,t o~,,,({Cq(fS Cq) vs tic. • ''',. ," ~~,. 107 I)

.~iqure 8.30:"C1 v$,l~. 3 slci~;~t~\700; t,o~oy 14~o. " ••• '}. +'-~7
~:.i,gure,),9.,1: Documented' va~jjt!l:,ior:;~_)oftcd7/w,ith Re". o. ,,(~. .,,, i12':~

CI,' .' ,..... '~' .. " '. ': ." ';\ ,...)",\

" ,~F~9ureA.1: Ocischarge~Oeij1,fi?t\~nt. :'. • \ It. • • • • •• AS', ,9

,(/ Jhgy,re ;A. 2: R.~Ynol¢l' s ~k,. r'\~~bbrrect10nbfactor. •. AS
Figu~e A.:3! IIPi~"I"size -abrr . i$n~~adtor;'l\ \\~. A5
Figure A."4:'E~~...JIsibility factor.tf! . . • . . . •. A60

"
~

o

o

o

()

"

(._

o

o )
o

J',/

D IT} 0

o
\,'



f /1 ;111\ /1 " II~:/1 \~ :1'

,/ I / \J\![~~',II JI~~;.11 Il•·· !' I"
'! : I I.: 1\ II' \1 1 'I 'I" ,

-----_~;---. ~'J~_i .~!.'~,~~~'''W:
, \

-(I Ii

.. ,,-;,. '.
t

(l -', (\ (,

I • '" If' -- If

:~1t:~;;!:.•~,i:~'!i:!~~~~h!"~Jsk.~d".:jl:If \, " ":: i; h~.\\
p¥~te .4iQ.,: l'~7e.rnal ~ti~.••~. ()f...•tltl...•.,e• te!st 'lff~t. ~".k )I.\~OO" II,
~:~!:~;"~t::~;":/!~::~t~t:: : :I[ ~ : !:II: . > : : •• ~1
/l'l<1t" 4, S, Vi",,,, lIf th" l'OIlt;ro,t room, ...1,... >. l?,.l
/p. la."te 4,9, ~i~.W..··of t~" T..c c.y~~..n.·~,,:t''. .. .. 11 · . · . · \~I ~lc:.te 4, 110: .V::ew of ¥he \"blPWJ.l:\I~ s18ts. .:' • ,. • • ..\2I Pla.te 4 f .1:U..VJ.sw of·, th~ ',bal,and\~. • "," •• It ,. \ • •• 53

I Plate. 4.•..~12 ".C. il"~';';ation .•.p, ontr.ot..c.~l!J."'e.l:. ..1 .•• ~3I :,i!~::;.i;··iZ~~~~,,~~'!~~~~:~~::::t:·:\.. , ,:: c:;:
! {,,;,~late 6,3: Tc}lft screen .tel.it ha:ll\tiside. .,., ~~ • • •u ." a0
/' Plate e't 4; corrected(' ",all'. presS~~i~e~.:tstributiar. •. so

(I_ # Pli:lte 6,5: TOp vi.ew of tFJ.~~"cali~\ratio:nrig. • ) . . • •. 8.1
l c' Platte 6,6: Front view of t~ne ca~~brati'01'l, rig,. • • ~ c 81

1,' Plate is,'7: Load;i.ng the balance 6 \~ • .,' • • ... ••• :a2

:~:~:::i'~::~~~~:::~~::~:!~~~::,:: .'.: ::
,)?lat~~ "'8:13;, Wall pres~ures d=:,o 01=\ ~ ". • • .• 89

!i:!: ::::::~i::::::t~:!6o~~~'::::: .: .: :~
!i!!: ::~:::ii :~:::~~::~:4~~:~ :::: .· ,~::: :~
Plats 8fa: Wall pres~\1res U=i~0 Cl%~ .",. • • • ." \\ " ~1
Plate Sf 9: Wall "pressures U#.40 C1=3.\' (;;l • Jj 92

6: " ~

Ii,
I:

r\,

Cl

~1 o

o ()

o
i\

o

o

v , It



o
'I Intt'oduh'tion 1-,----~'~,~------~----------,--------~~------~~~~~~~~

1: Intreductlnn, I
Q '1 o

1

i.:( Background < ••• I
'r);;e functiop cor. the tail ~otor o(J~a" cJrv~ntibnal helicopter ~s,

a to counteract the to,rq~J.eapplied to" th~"main rotor,!. as ,.well':as
tq~previae. yaw control about the main ~rotor axis. c,~seb.a :main
rotor torqu; is vari{~d, it is. n~cessary lO vJiry the th'i'ust of the
tail. rotor to mainta.in .al'1gUl~tr..aqui+j_br~.'U...ltl about the m~in.....rotor
axis. Furthermore~ to provide yaw contrq\t, the tail rotor othrust
must be. varialfs. The tail rotor' is a oon1plex mechanical s}'stem.,
requiring a~riv-T shaft fr·omthe m.ain.ro~or gearbox, •as well,a.s
a C:?lleotive ,P~t'Chm~chan~~m.. I f." the ta~~1rotor of a ,helicopter
could be ~unl.natedr the a~rcraft cOU]d become s~mpler:)and,
cl1eapet·

(I o

1~2Circulation"Controlled Tail Boom rZ
',\ ., "

circulation control (CC) by blowing t applis'd to '4he tail boomof
a helicopter t can k>eused as a means of ..counteracting the main

u, D', ,,', ." , , '_ __', .,' q (' -, , " _ _ "-" {I , _ ':croto:ctorglle. HughesCHelicopter~.al).dMcDonnellDou91affhave been
"investi~atin9 t,his concept I which is referred to as the NOTAA (NO 0

\Tail Rotor) system, since 1976[1.21~ since 'NOTAR is a trademark, ...the
system shall hehqeforth be refervea to as the, CirC~llati.on
Controlled Tail Boom or CC'1'B\ The CCTS concept has peen an '~tr£\~;

of 'much interest in recent ,. t:i.lues, since :it" has distinct
'_""_ dO _ _ ...' _ _ . 't-, ", .. _ i".·, .. ,' ".. ,.',,' . ':';_·Y. . .. "_ c-advanFages over conYentJ.ollal 0taJ.l rotor antJ.-torque . sY9,~ems.

Figure :J.. 1"1 shows how the t.ail rotor of the oonvenbf.onaf
helicopter is replacecl by a cc tail boomas well as a thruster
arrangement,. a variable pitch fan. situated forward of the ,tai,;}.
boomsuppl;ying the n~cessa:tY airflow to the boomal'\,d thrust~r.

1:\
The tail bootilmakes use of the' main rotor downwashanq ec blowil~g
"to gener<ft::ean anti-torque moment'about the main ro"tar i'Xls"'.The
jet, thruster at the end of' the tail boomQ,llows the ant,.i~:",torque
momentto be .cpntinuously varied. Of interest ..to this 'r\~sea.rch
is 'the mecli'anis:mof lift production (in +.:ne sideways dilbect;,iol1.')i \), .... _,~ I;' (J _ «_)

of "the circular-section cc ta$~lboom. l;'igure 1.2 shows how a cc
cylinder is functionally eyimilar to th~ conventiorial aerofoil t.,

b~t ~ht:eas. conven~~?nal a~ro.fo.rl,~i gener,ate d~r?Ulation °b:/ "
V~S,COu.sltleans (largel,y in ·the vl.cll'n't.y of the tral.;J.J.ngedg~) to 0

satisfy, t.he Kutta \::condition, "the CC, cylinder derivGs its !

circulation from fluid discharged t~n~entj.allY onto a .coanda
o________ ~ ~ ..~o ~,7 -- __
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More hel,;i~~n)te:'r-related injuries a7'rd~used byo the tq.il
~otor,· than .'.\~he.m~inrotor .,[1,2; With .~fmoving blages. excep,t
for the ma±" x(';)tort the CCTB::-<helicopteris inherently safer
cfor ground personnel andi;passeng~G.

DlUnAqB " , ,,~" 0

"The tail,. ~~tor 1s mor,~ susoepti~~e ,',to dalTlC\ge than. lno~t
'other com~=,1mentsof the helicoPteOi~' [~,21A tai 1 rotor stri~1ng
the grou1'11T7or a tree can respit in a critiq;ll flib-ht
situationo Morieover, for milita.ry"scenafiQs, ,the tail totor
is .one of" 'the more VUln,erabld co~ponents, espey,ially fropt
small arms fir-.e. ,'J 1.,\

(J

o

\\

o

4 Noise
':ella taii\ rotor is a.~·sourceof conJ";Lder~ble poise Ednce tail
rotct-\ tip speeds are;' oomparable ~lomadn, rotor' tip(' speeds.
"tL'his"consideration is.·..~.t\rt~cular.1C,:,,~.,~31evantto heliCQPte.r~
operating in a civili~n environml;:?nt. Although the cq'l'B
hellcopter may emit a higher pi tChJ:t shear noise, "caused "by
air being ej acted from the circul~1iioh control slots, baing
a high frequency,· sound emissiop, this' will attenuate more
rapidly than a low'pitched oscillatin<1 emission. c;

C::::-J~
~fcDonnell Douglas Helicopter eompany has pibneered the .use of
CCTBte:chnolo~y on production helicopters witt-i' their \~.11\0 5,2ON
NOTAR(NO TAil Rotor) proj ect . [1,2]" ':,

/) l" :0 ~

<i. ,
OngOing research on the C~TBconcept cOnlitlct.ed by .the 0 S'oho01 of

\\ ... .., ·0

\) Mechanical" Engineering at the University cit the Wit'W,ter~tl:'and has'
D (,.y-------------~---------f.'
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dealt w~;t.h, amot).;Jstothers, the' 2-D and 3-D flow ffela af:ound,the'
boom. .The 2...D Z;e:search"haS focused •.on ....a numerical analysis ,by ~ ,p

Gl:oesbeek~J,While ..fully 3;D researqh has. bach performed on. i'~'l
outdoor helicoptel:' rotO:r ~igiiincorp'brating a. CCTB.IlDue'to the
exposed environment 0# the ·latter facility , th~ results are
affected, by uhcontr~11~ble factorS .suoh as gusts· of .wind. Also,
because the interaction bcatweenthe rotor flow field and the cerrB

'i',. ... .... .' .' .: .. ..... . .. . \)' .. ..•. "
is c,omplex.,2-D effects wh"ichare fundamental to the flow field 0

are maske9-by 3-0 effects, making the ana,lysis of data more
difficult. "

\ a ()

Sinee no' experimental work had bee11done o:q the 2-D flpw "field
~/ 0

around a CCTB, it was,:)decided to perform 2-D "witl'd tunnel te,sts
on a cc cyJ ·!..nder with circult;r cross-section, in an at.tempt to
gait.! grellte:g:insiglft into the mechanisms affecting boundarY layer

i1 .. ,.. ':"" .. ' .. " _ .' _•. , _,' n, ." ,_" ':..' .: '. . ... (i

control and t_pe flow field in"qan~ral. The .us~~Of. a 2-1)' ;tunnel
allows t..h....e fl.~W a.b. out a. pc cYtinder to b.9. invl.\~..st~.·gated without
the contusing in'teractiQn o~ spanwise flow~~ and .other 3-D

" . . \'. \)
effects. Data obtained from a controlled 2"..0 env~\lronmentcan then

u. .' _ .' "\ .. ' , (J'.. . .. ' _ If ': ' .. ' '. \'_\ _ . \1

be extended to evaluate the more complex 3-D \'F1ow field of a
CCTB. \ .(' \:,u ,'j

\
\
\',1\

\
II (I" 0, yi

1.4 Wind. TunnelTesting
~; \

conventional wind (,7 tunnels produce f) data with il~herent err{»rs
becaus.e the wind tunnel affects flthe,floW arounq. tl),e mpd~l being
tested. (6.7j If the model is ~arge compared to the si~e of theot?st
aect.Lon , the floW field about the model: is seriousi}-Y qistorted,
this I) distortion being referred to as wind t~).lnrlel boundary
interference. Data obt.ained in such c,Flses is usually\ modified by
apPtying wind tunnel int~rference coi-:tections to th:r data. The
p,:,t'o'Blem,withsuch corrections is that they are usu~lly either
empiridal, or Otp.erwise based on" classical inviscid flPw theory.
Empirical corrections are mostly limited to specific Qa~jes,whj;'le

'. ,':,.... . ()\

classical inviscid. correct:i.ons only>correct 'inaccuracH)s" caused
bX the tunnel walls on the inviscid .portion of t&~) flow I

neglecting the obviouSly impor;tant viscous portions of -&p.e :th9W
such as the boundary lay-e.):'.and"'turbulent W~ke. The effect\of th~
t>lind. tunnel walls on the an a,~rofoil is to' change its eff~cti~!;j
shape, espe.ciallY at high lift coef,ficients. The shape o~ the
l:!ou.ndarylayer 011 a CO aerofoi1 i~ ve;ry crucial to its correct
operation, and since Co, is usua;;"'~:Yemployed in high ...lift,
aerofll(ilS; there is a problem in aSCf;)rt4in:(ng whethe't the
corrected results from a fi~ed wall wind tunnel are correct/ and

I
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if n~I~"iso/::'to:: what e~t~~t'".~specially l:in:~,"theO ca~e of •.a ....qc
'\) 0 cylinias~ I the.·'focu'S cif II this \< res,earcn, th~~ effeqt of <;the ."tunnel

bloc:k~gl,'{is large, and ca.nnot b(> S'limina1;$Q.by the application
c . 'i! ','" ;,_,:, .', . . . . c, . ().. :,' i}

of POi~t-test "co)$lrec:tions. e\< ~

!/ J . \1 "'

"'\5 _. II '.. _. .... ....• ,," _ I _ '~r ; {\

1.S·4~daptive"WaIlWind Tunnels
\: ' __ ":. . .. .. , __ ".'" .'0, . . . ,,'_ '.' >J. . - c:,' 0 . _ ' I;

'JIhea!~~p~ive wa.llowind 'tunnel aplve~ the irit:~rference problem at
i~s, v,ery<source, namely at the win~ ttinnelc:J:)oundaries:i7J (~mhEpfio~<T.8
fiel~i ,far ~w~y frolIl the aetJ:ofQil is es:sentia:klY "inviS~id> and If?
sihc~: the wal\\l.s,pf the wind p:~pnel ate it~).,al'i.y situated in the
far :f,low..field df the ~~rOfoil, it is pos~ible to: ~pp+y" thew
clas~:ical wind tunn~l corrections to th@ walls' of -the tunnel

1i .' .. ' ,__ (1- '. .. D.. "'. _ ' '. "'>.. .' '. _ _ _ . Q ..' 1,/, '\

inst~;ado o! to, the regord,,;~dodata. If ,the wind ot\lnn~l .walls "are'
~osii.1:ioned in sucl1 a way as not. t.O interfere with the model, ie.
as ij; 'they were streamlinesr >then the' reoorded. data will be
~otr~ct as"it..I){~l,UeaStir~\d. A.1$10t .!'Iince. ,the aer.oroil ~s.operating

o in an uncont\" ;~ fr~estream, the bounda:r;ty l~yer "sh~pe .'on its s» ~

surft:lce wil.l "lie correct. Th.erefol?~, ~ny measurements '.~of .tpe.
3 ,vis.c6us flOTIl ffeld ('bounda~y Layer veloci1lY pro,Files etc.), whi1.1h" ,

1/ can normally not be c c?rr:cted, ,are:C:0trec~o ~:t:.a.t't:of w~~h~ 'F~e
success .. of t~e. adaPt~v.e ...walo te~tJ.ni te.Chn.;tgue ,l..$ b.ased on~e
·ract that, at any poirlt ~.n'otime", °it will be easier to :model tll-e
flow field in .the :t:egion or the 1:unnel "Y'allsf t;h~n at the model.
The ,adaptive wall tes'c_ing techniqtle the:refl.'l;re employs "n-qmerical
methods to i11q;t~~asethe accuracy of an experimental !;acility.
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3 Literature Sut¥ey
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A literature s~rvey was condupted with speci:t;ic\erq,phasis on:
1 wind tunnel

Q

te$ting. (\ a \

J~daJ?tj.:\Cewall wind. tunn~ls,. 0 u '\ . c

'The clrc(hation controlled teHi padm·(CerrB) obncept·.
:coirculat'icln °c~ntrolled .a:~rofoils I particularly those" with

Q
Ci ..circular .cross-se~t~on. o

3~toWind 1'UrillCI Testi~,g
Theo prima~y aim of wind tunnel testing is to sim:ulate as closely
L<_",:;'-- - "", .e. .. - .. ,', _ ;', _ - _'". ,', ,'- _ Ii

• o as posn:dble, asing a scaled-down model, the performa.nce of a
full ....scale flying: a.ircraft I or part thereof. The.,wind tunnel i,e
~~signed .Ln Sllch/)a c(jffayas to produce a :iJlloW'field "that is well
behaved .and predictable, the.reby allowi.ng the. pe:t:"formanceof a
test model to be .. accui-ately observed p,nd quantified. The more
cl·osel.y the full-soale effect is simqlat;ed, the grceater will :Oe
the predictive cClI>ability qf ;!:hewind tU;p.W~l data ...Rae and Pope16]
g-ive a good overview of many relevan~ topic~ in" low spee¢l wing;
tunnel .testing.

'.' j .. ' '(.; ()

I)

3.1.1 .1ypes of'VinD Tuut.els
There are ~'V[o types of low speed0witld tunnels, the op~n circuit
or ,notf....re'turrn. tunnel (also called Eiffel or NFLtype) I and the
continuous circu.it or closed"'veturn tunnel (al~..o called Prandtl
or Gottingen type) )6] AS the name implies, t.he open circuit
turnel is open ,to the atmosphere, or a room, at both its inlet
and its exit. The continllous'circuittunnel has a set of corners
and ducts that return the air from the test section exit to the

VOl)

test section ·inlet.
;

3.1'.1~1Open Circuit Tunnels
(,Figure 3.1 shows, sChematically the layout of a simple open
circtii t wind tunnel. Air enters the tunnel via an inlet
contraction, the purpose of which, is to accelerate the airstream
smoot.h~yto hf~h speed before it enters the test section. The.
model is positioned in the test section, the airflow, paseitlg over
it. being observed and its effect on tits medel me~sured. After
leaving the test ::;ection, the airflow is deqelerated by the
diffUset;(/ aft.er which it passes tht'pUg;hthe tunn~l drive fan. The
tunnel consumes the least power 'if the veloei ty of the air

'\\
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o
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o



-: o "
/)

o

Fiqure $ ..1: Open cirouit tu'nnel. (6}
o

o

~
.~dyantaqes ~

~ f Low~r °d6nstruct:~i.oncost'.
2. The' require-rd ~loor space is l.ass.(, \\_
3 I; ~low ¥i~~\ualizationc using smoke

purgimg problem. .
is done, there

6\
is no (1.

D (/ \:~

D.isadvalltaqeF.!·'~3 .., ,;"
l.l' onapendif,l!~t'~~nthe ~size of· the tunnel and the ';rOont it is

situated in! .the ,.iri.1e'ltl\la.y~equi,;re screening to geib high a

ciuality fldw~ a . \) 9 .;) "

For a given size and spe,~d., the tunnel oWill re¢!ui.'r~,;more
poy.re:r;;to. run; .

o The tunnel noi'se level is high since the tunnel if3 op~~(I)at'.(' ,'" \':13
botJ;,l enO:s.

,~,'"
o

3.1.1.2 Continu()us Circfilit Tunnels
Fig~re 3~.2 shpws sChema~lc~llY(;the layo~t of a corttil1uo'\ts ci~du:i.b'
wind tunnel. ':he continuous cireui t tunnel also ha's av - ,-

contraction, test section,' 'd,if.tuser and drive fan, but i2/~
addi~ion to these, a series of ducts and corners g'U,idethe a'If
leavihg the drive fl1n bac:k to the contraction .. The closed circuit
-bunnE:h also has vefry distinpt aclvantages ~'~iddisadvantag¢s. [01" 0

d 0

AdvSintag&1iJ
1 Through the USe of corner vanes and screens, the flow
;, quality can be easily .controlled.

()

2 For a given size and speed, the tunnel will requir.e less
power.
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Figure 3.2: tun'hel. (44)

3 pl;'essurized

4 is ' lower. Ii

c

,Oisa.dvan'i:2I.qGS o

1 0 Due t.o tb.e e'xf:ra,,'oco:rners'

3

ds higher.
!~ extensive" slnoke tesj:;s are
purged."
The tunnel may re~~uire cooling .to cOllnte:ract th!?
temperature of th1t=confined tunnel flow.~.. \

a8d ducts, t~ construction c9,st
/l -

l?erfornte"d,',the tunnel must be2

increasi.ng

.c

3.1.2,Sihtilarlty(IConsideration~
Generally I i.h order to simulate a 0 full-·scale aircraft
aerodynamically, the ·model must be operated at the sameMachand
Reynoldt S number's.[6] This alone does not guarantee aerodynamic
similarity, but is a good first step.

o

The Machnumber of a f·low is a measure of the ratio of inertial
and elastic (~r compressLbility) forces q;f, the flow. Since the
drag, in parti.cular v is strongly ..dependent on compressibility
effects at speeds i:\pproaching that of the "local sO\1nd'speeg "in
the' fluid," nlarehing the model and full scale aircraft Mach

40. _. . '. t . _" ,F-) •

numbers J.S desJ.l:'ab1e.

1\ 0
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The Reynold'lS :number of the flow:.over an, airc;raft or- compopent
~ .., . u

is a 'measure of the :ratio of inertial .and viscous f():rces, or ..in
9,ther words, the J::ati6 o:Ethe imp~rtance(bf ipviscid (far flow
field) and' viscous (boungl~ry layer and wake) effect'~. Matching
':the 'Reynold',s number,of t~~m0del and' the f~lL scal:e';aircraft· is
there'f'ore also desirable. JL

~i~:~~:<l~~Vfl~~iiiEZyt~l:f$~,!j,:;,~~ia~.,i~e;~1,.!~{~':J,!:
:!. . . . -_ . ~<. . - ...... : . _,'. ". ., .. - - . -,

,~f~1'le ful,l"'s'ca.l.a a±;rcraft, .but ,after. brief consideration it is
eqUaJly,.;~qbVi?Usthat,ac~d,evin9 ~~is is not t~~simp~e. A,large
fbIII-scale al.rcraft flYl.ng at a gl.venospeed wou1tst;~~qul.rea\'-7maJl
mociel,.to be('tqind tunnEll ,tested at a much higher $~d,. assuming

". • . " .. ... Q

;that. tne }cinematic visc;:osity .or cc'Che fluid remains constant; ot'
q,it;ters insignific-£ntly •• riA higher speed. in a fl-qid. Of eqtlal
kinemp.t:j.cvisoosity implies a higher model"Mach number. :::

, ~~). \~,

For this", precise reason, several· modein wind tunnels ';ban be
pressurized (for increased density) and cooled (for increased
density and decreased d.ynami9viscosity) in an"attempt to"alter
the kinematic viscosity of the 'fluid in such "qo way as" to allow
an accurate mat'clting of" bot.h M~chand; Reynold's, numbers.)6]This
is however a qogtly atrlair, such tunnels only being u~ed' in. cases

II where the absolute accuracy is of parartlount importance I and where
II the cost of achieving this accuracy is warranted. Another
apPro~Rh is. to u~e a fluid with a different kinematic Viscosity,
again 'wi~h the objeei:;ive of more accurately m.atchin9 l'l1odeland
full-scale Mach and Reynold's numbers. Again, co~t il? the
deciding factor "s.ince the tunnel has to 1:)$ hermetically sealed,
and mayrequ~re l1\~repower for a g'iven Machand Reynold's number.

By definitlon, an incompressible :flow is one with a Machnumber
of zero. F(,)rtunately, if a model is tested at low Mach number,
ie ". 0 < M.~ 0.3, compress'ibility effects will. be negligible,,! and
the flow will be .essent.ially incompressible. :.\)to is therefor.e only
nfT:)cessaryto at.teJ,UPtto, match Rey~old"'S nuo/'~;~when<performing
tests on 'imodel an an l.ncompressJ.ble :flow. 1/

3.1.3 'Iwo-Dlmenslonal Testing II

It,l, [S often necessary to test .an aerofoil in. gortditions owhere. ,', \_ a

there are only large s_ca-'lepr.essuJ;'e, velo'ci ty and directional
,- L

chanqes of thr;:!flow i:h-' two directions. This; condf tion can be
ac~ieved if a wing of consnarrt; seotion is allmved to span the

c

if
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entire test., section)6] Althdugh"t;her$';1;O,aybe 3-D.,(spanwiiile) flows
in this sit,+ai:ion, "they wilJl..,1:>&1 small, and can either be ignorl;!d
or(idealt witm, separatel%~ (!

'/~"-::_'--..>:? o,~c
f. -,;: cJ,:l

Another appr.oach is to use a 'lffn~r-Of finite s~n, but with. large
end plates at either, end to, prevent 3-D. flows. f<H If °th~ end
plates" a:ce"SufficientlY large / this .'method approaches. a wing
spann'!I1g,-;he entire test sect:ion .. ~llis,method,is ~etjbften used
becaus7, th~' 9ra~ pf the t'tV'oend l;)lates is difficul( =.mea;;ure
or establish, and thus the plrag of the entire wing'will ,have"a
de,gree of u:pcertainty ",I'y) , It

) .". <)

A variation of the first method,! ie. ,spanning the test section,
makescuse of G2-Dtest section insert, 'a special@)insert that t,

all9Yl$ a test section .,of. small heigh~ to. width~ ratio<>to ,be
converted ~ntq 6r.~e of l~u;ge height to ,Wl.dthrat:i9. Height to
width (aspect) ra;tios Q~'d8 ¢r higher are typicaL fp,r tlf~.S::,type
ofa2-D testing ;technique "~lo ,"J::2t))~:'.lJ)"·:7· ~~ ., , /.

?~'--s~~"

I~

o

" \1

r;:-J

3. t..4 Wind· Tunnel Interferences
o t Q"

one of the early triumphs of tne" Lcy1che.ster-Prandtl wing tr.u.'!9ry
was that it e~plained the effects of wind tunnel bourldary
intel\feren8e, and provided c explioit and sil\1ple formula~' to

\._-. .' r... . .. ' _,._ :.__:' '. '. _,. '. ..... _ . _" '. ,__', . '. . '. '. _... .' . f.'::::'::::::_·' cco~~pt wind tunnel measurements for these. effects.
\\ 0 ~'j.~,, 0
~\ . " II 1/'

Rae ~nd POp~l6] give a detailed account of the pril\lo,ry
interf~rences encountered in' conventional rigId wall wind tunnel
te.stin~\. 'rhere a~e II essent'ially 4 ty;;pes' of wind tunnel
interferences encountered ill 2-D aerofoil testing.

1 Sr)lid blOCkage " ," _,
Since. the aerofoil occupiesu a portion of ,the available
cross-sectional 'area of ,)the test section" (lOWhas to be
deflected around "the model. ,The stra~?ht' i;unnel"' walls
restrict this disp'lacement, leading to d\~stoli,tions' Of, the
,,;flowfield. To satisfy continuity withi~l the confines o:fi
"the tunnel walls, the flow generally mav/ke'faster than it, II
should in the proximity of the model., causing) lower

'). . _ _,' _ ", _ __ - _' _ _,' _ _ _ _ _ _<\ <ih

pressures on the model surface to be experienceq,. since the
model . has a boundary layer that is 'dependent on the
p?;:,essuregradi'ent impressed upon it., this layer will be
cd.storted if tqe general pressure f~~id is distorted.
Gene~ally, an t~,ftase .in 0 ~ag' Wil!\oe measured as a

:.II
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r~sult. I£,,,the moq,_iflhas area::; o£,"lod,al.flpw.separation on
its rearn ~urf~ce~ (as is ,:q~ite often ~pe 't:ase •.,witla lami~ar
aerofoi~s)"~ OQJllpl~te0 press¥lre recovery', wi'J_l not ~e
realized, "resulting in t~griiate.r,- drag.,' Also, sj,nc"e ,the

, surface velocities af the "model are in~reased, increased -c

,,",::1) ¢tr~g is eXPf:7,l:"ienceddue to an i:q.crease in:' ~lsc9uS sheat:
stress.. I)

o

Wake bloc;t.ag4J
Any·:5ady~\thatexp~Fiences diag will have a 'Wake,behind it,"o
t.he wak~":being a' :region of lower average velocity than the' \,'1/'
freestrefjru. To scrf:;j:sfy the l;;W of cant!nuit):t\ within thaf), \\~t, "

tunnel boundarie$, '.the flow q~ts~de th~. wake must °have a" ~()
car~espol1dingly h~)gher velocitt (.,-;.thanth~ tunnel 'frerastrethn c;

ve;J.ooi~y, giyinq,rise tcf lower pres~ures aver the rearward
pprtion at, the model. This'manifests itself aS"an inorease
in the measured drag.. " .'

3 Korizontal buoyancy
".!J.lh~; presence of a boundary l'a,yer along, t~~ wall\iP of Vthe.
"teist section displaces the inviscid test) sec't:ion flow"
resu,l't:ing in "a decrease in available ,:"f16wcross-sectional
area for the inviscid. f,lowI and hencii ):)y ,continu:t~y, an
incr~)ase of ~le~ocity }iloti<;l thec,test.csest&on~!tLength." This
giye,s :fee to aor;~NJ.a~i\Te P~{~~sure~radient doWIt,the(~lengt~ a

of the test sect,;t'ont a gnadj' ~t whl.clt generates a rearwar'4
,1 . . ". . _".',,',_ ''-0 ' ...,".. . .........,.....1 .;'.<. . .., ,', _".'~

buoyancy (henc'e its name), or d:r ag , an the, modeL ,-,
Horizcmta.l buoyancy can be alleviai;;!?"ciby'; eliminating any
longitudinal" pressu;te gradients in the,' t~pb~,sect,ion, this
usually being done"-~Joy tapering the, test, section, \\ia.
i,nc:reasing tpe cross-sectiaUal f7rea towards the ,rE:)ar,of the <,

test section"to accommodate the 'boundary layer displacemetlt
n n o i_';

thj;ckneS!:~J un~ortunately ; }iiffaren\ boun4ary, layer i\

,displaoerue~'lt thickn, esse"s' at va,riOUs speedS,••' re",q"Uire, a'
differ~nt );!~eg,ree of tfi\per for each tunnel speed, a
situation that is diffbcult to achd.eve with a rigid test::::,

o

'section.

S1rreamline curvature (""'.
A lifting aerofoil creates a €urved flaw field due" to the
superpQsi t:i.on of a i' circulatory. ,and a" rectil:i,near ,ffow '0

,field: l[Since)the" tu~nel walls are straight and rigid, no
streamline oJ/rvature can exist O!t the tunnel walls. As ,,a
result of this con~traint" the flow field in the vicli'rJi!:y~ ,
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ofjrt.he' aerofO:ll Ls, also artificially st.raightened~ le;a~~P9'
-a to "an appar~nt inf.lrease ~ll "aerofoil r;camber. D "-,[.\'1, ~

irunnel}blOCk~9'ill,wake blockage and streamlj,ne cU.rvat:\lreeffects
Can be )-:educed by increasin9 th.~ ratio of test section fJ~ont;al
a;r.ea ~nd model frontal area. For a given tunnel, t.his implies a
small model;k and hanqe "lowmodel ,Reynoldr s number. ".Cop.versely,
for a 9ivefi' model, a large' tunnel i~\ req~ired, ilt\plying high

II ... . .... '. II _ _ _ ;) 0l":lapl.taland. opera'tl.ng\V,cast.s. """,,,,5"
", 11

)/

3Ji2,1\.daptive Wall:Wind r.rulluels

o

ro

3.2.1 J$ackg""Qun~''.
piscr~p~ncies beb~~eentunnel d,ata and mea,su.red ight data ha~e"
accentuated ./~he,need for improved wind tunnel. sllT\ulations. [71 At
low ,s~bsonic(speeds, wind tunnel data cannot pe appiiad direictly
to i~11...scale 'fiight conditions becau~~' of' an inadequate 'v
Reynold's n~mber simulation. Furtherrtlore, the, effec~,s of test
section ppundary :Lnterferc~ncepresent a prot-lem sinq~' f\ post-test.
analysis of measured. data and the application o'f wind tunne~
interference correcticms is often unsatisfactory. particularly
in the lUore irtteresting and ohallenging :t:'egimesof high;"'lift and
v/s~6L. An attractive wind tunnel test(ing option" which has
rec~nt:ly been revive9>r is that of the adaptive vIall test section. 0

such a t.est section ,ftllows wall. boundary int,erfere.nces t9 he
eitlle;t' elilllinated, or si9;ni,:ficantly I'educed, Joy activelY adapting
the f:o~, near the POUjfC)r;;:ies0: othe test. section t~, mauch that
of a ,:l;r#e :Clowfield. }rl,.:\ ,," ,)

\o",·,s,>,

ThC3concept g,t a tflindtunnel that does not affect the plodel being "0

tested is 110t newI 'the idea being almost as old as the winc1
tunnt:!.litsftl.f. The first adaptive wall wind ,tunne.l was built. by
tho Nation:fii".Physi.calLaboratory (NPL) in the UKin 1937(9), with 0

t,p.~ intention of overcoming severe transonic wall!)interference
\rie,~ choking). Researoh done on that fa.cility proved the
viability of stream:1ining the f'lexible walls to' :minimi'zewind
ttU,me"l~nterf'erence, .despite the fact that streamlinil1?pthe walls
was a." slow and tedious proce'Ss due to the aJ::)sence of
Cotilputational facili ties. Wh;le the original research into
flexible w~lled test seotions was driven by the need to, overcome
transonic cb,pking, pal'all~l research()efforts were being pursued
~:t1 other areas of high "speed inter:f~rence"'f'ree wind. ·tunnel
testin~\; culmina;ting in t~lst seotions' with ventilat.ion. since

n' thes~ Sections were passive, they did not; require the lon~ wall

\\

c:----~~."--'--------------------~----_.~---,------------------------i) .~\
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settin9 t()es of flexi"h.le wallarl test, s~~ticmst, and a~( a
consequence b~ca:me accepted as ~e' fior:m for tra:h9,onic €e$'l;J.n9'.(9) c.

~he adaptivff wall wind tunI1el was $edi~covered in ithe,19701~,'Whe.n
the need arose for transonic wind''ttl.mneld~ta of higher quality.
J)'Oue to the availab4.1ity of cheap and·fa~~7computers, rapid ~all
st~eu1111ining/,:1oU1d.be ,.!achieved, thus' 'allowing data :frC:l~' of
boundary inter,ference" to o~obt:ained,.C11Tutt'ie an(~lJlineck[U]"give
a detaile'a" bibliography of muchof t:he work q,one on"adaptive wall

<\,. ' ,,'_ {I' ,

turm.els "up to 1.986.

Ij

!} CJ (,< 1\

,3~i2.2AdaptiveWaU Wind Tunnel Types o
,,'. '. . . .. 'i .. . _ , . . ',~. n

Twoctistinct).y Cii,t'ferent adaptive "wallwind tJirmels have evolved,.
namely thQse with 'a. ventilated "te.st section" and' those with a
flexible wall test s~ation.~) n ,,'"

.. '"

3.2.2.1 Ventilated Wall Test Sectiorf"

1\ .'. D

The actively ventilated test sec~ion .Ls a q~ve±opment of"the
existing passively ventilated test section. t.rhis system employs
:a cont.:r:olled inflow or outiflow of fJ.uid,. tht~OU9hthe venti'llated
walls to' adapt the test section flQw CZield as shown in
F'igure 3.3. 'J \) a 8

"

consider the flow field created by a 2'''''0aerofoil, flying in'" a
rea+ fluid of Gunlimi1;:eaextent as shown in Figure :3.4. The'
bounda~y..conditions defining- this flow are t;P.ose°imposedby:thE!":'.

• . . ' .... . . .., .... .' ..... _.,...... "', ..... ' .. . __ . ,.'. "._' .. _'. .<;J(". __ _..'","" ".aero:foil' s geometry as well as t.he ~r ~;L:ow'·f~,E'Hd",:i,_,e."tlte ,
conddtiona of" undisturbed ~tream" flow far, ;upstream Dand"
downstream, as well:' as those at great lateral t'd'istal'lce from the

" ,,' C:?
aer,ofoiJ.. Let the infinite flow field be con~i¢tereQ in two parts,

~)

namely inside (region !), and outside (region., II) of twO\~ ,
imagina.ry parallel, planes S, whioh do no intersect tb,e bbundary \\
1!ayer or wake of the aer6foi1. Let the two()flgw sltuGlt;Lon~Which '\
coincide at s, be considere'd separately.

". . .. " . (ftconsiq,ering firstly the flow e)(terior to 5, in region II, it can 11

be shown'that," at least. in the inviscid-flt;dd approximation, the
flow is fully defined if the dire;ction' of, flow is known.at S.o
Once th~' flow is fully defined,o all other ,·flow var,~ables ean be
o.erived.

[J

Considering the flow interior to S, in ragion I, it is 'obvious
t:}iat the bounaary conditions .of ! can only match those of I:r, "
}'llleretl\~y meet at SI if tile flot'! field is ul1donfined.

-----------~--~----.-------~-----,------~~--------~~------
\!_\
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FitTl1re 3 i'3: Ventilatedo wall test. section. [9] "
~..... '<1 o

The above discussion, l'ends' itsel~
(i. dire.otlY to a rn~ansof overooroirg wind

II. i .• i S tunnel boundary.' f interferences. o,If a
~---'7- " Wl.na. tun~el.:l has porous walls,' the
_;_-,'.,JT;~?~,:~'~',"~".'-'-"':"J>.J>.':;::':;::', "COmponents "of f~9wo perpendioul<;r to.~,~..."-----'': S\~X the walls can be adjusted in such a
'··-.~,'TI-'~~"',·~"••,.,,-'"-$" "way 0 cas to ,,(I eliminate \ boundar1T,

~..;_", ,,,,'-- ',''"·"·interference. This I)is 0 done Q by
~ : ... :~ .~ '.:'. ... . .. 0 0 J-,). ... .,

computing 1t,he flow f~eld· exteriorf and
measuring the" 'flow fiel? inter'ior t t9

,~ . .. . . . '~'. . - . -_.. . ....'

S." The tw,o f10\,/ fl..e!ds can only roatgh
':'if t~E?Y',are iaentic~li ~e ~c{) ,if the

" interior f"low" ,£ie'1d is unconfined.
~lllplayed by alt\ong'~t others, SearslioJ and illerri

\

~i9ure 3e.: Unconfined
flo' 't'l <, ,) abo u t ~an
aeratoil. [10)

This is (tli:e,:trl~thod
)p.l'ld13aronti[lll.
D o

t1)',,;

3.2c2.2JrFlexib~~Wall"T,est tJcti?!l "i'

!IThe fXexiblel! wall te'st sect~orf employs
flexible, walls which adapt. to the" test
COl'ltpuring .as sho'Wn iIi~Figure 3. 5~

.. ..' (,f, ()

, . d! ,) .'."'-

sO'lid' impervious, y~t
section;;,tlOW fl:1d by ~

" 0

Conside1'.ling a 2.....0' aerafoil in an infinite flow ,~i1ald as shown in
Figu~e '13",6, it. is evfdent that q. strealntube can \'be formed by any
t:wo, ~:f" anc infinite number of streamlines. ,!f th~rlw;il1t,s_?f a tes;~
se(;1tl..on could be adapted" to fPJ.lO\'l this st~eamtube t~ ,'the test
sect.ion bounclary interference on. the model \'/(.)Uld be eliminated
provid~d that,the streamtuQs .was infinitely long 'and enc16sed the
model. A:€. !-his' cClnC!.ition, <riegl~,r.!'tin9" the wall ~o'U!ldary lay-e» for

I?
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1 .1,

Let the ihfin~te flow field be
cO~.+dered ...in two pa,!;"ts",na.llt~lYin,side (~.er;p,·.onR) t andloutside<)
(regl.on I,> 'a s,t,.realll~ube Wh.l.ch does not. l.ntersect: the i1Pou~)dary
layer ,.6r wake Of the' aero,foil. (\~

<'

" ,\

considerin<;j, firstly the flq~ exterior to S, in reg'ion :C, the flow
is fully @f!ned if the di'}ection of flow i'S known everywhere
aloing tlle wall. The"flow now being ful~y defined, all other fiow
variables can .,be O:erived. ,1

"

\)

o

,
considering the flow interior to S, in region R, it is obvious
that~ ,thaD60thldary conditions of o'R can on~y match ~llo$e 9f It
wheJ:.'e"they meet' at S, if the :flq'tv field is AAQonfined.

> ,c/ ' q ..1/
. th II· . .' \..IfAgaa.n, . e "above o,f9uments . lead dJ.rectly to a means of

eli:rninat~ng wall bounl\ary int~rference ..s , If the flow exterior t,q
,S oan be computed (th\l.$ being relatively simple since the flOW
is ~nviscid)'~ and the" boundary variables of the iiow interior to

00
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o



(

L
s are measured, the two :J;lan only be l'D,;ltchedif the i:nte:rior flow
field i$ t1nconfined. This method of adapting a test section has "
been '!.,lsedby., amHngstothers r Goodyer[I'2,13),Wolf17,l~]and tewis~9J.

i\ b 0

3.2.3· Advantages of .Adaptiv~WallTunnels
A properly •.designed adaptive wall .wind. tunnel. will vir.tually

U eliminate; wind tunnel boundary inter.ferences, something whi~h
cannot; always be achi~ved with a r1giq. wall tun~ie1. I/~iaddition
to[\ the eliAli~~t:lont "or. s~gnificct1~,t,reduction, .'oi? boundary
interf erem{is , J 'the ada~:t.:Lve wall t:est $ectio.11 h~r .distinct
advantages over convent~qnal tunnels. [9] .

Q

(i

':;1

i\

Eliminating wind. tunnel' boUndal;'yinterference <%llowsthe test
section height t!.» bi:!" decreas~d, or the model size to be
in~l':easedf both actio;.st;;liresultin9' in a reduction in the ratio of
t.est 'sedt.ion· h~igh't:,.to ftl.odelchord (hie) t Conventional wfnd
tunnels require; large values of hIe to.' redu,pe theo effec'ts of.
bou~dary ~nterference, thus the. mOdel. is usually. m~de
significantly smaller th9-n the test secticm. A small model
n~cessarily implies:a small' Reynold's humber for a give.n tunne.l
speed, flow dens~ty, and viscosity, hence the 1{eynold's number

I) capability of the tunneJr .i:s r~duced.
()

3.243.21t~L1uceg Power Requirements . .' . 'I

\Jorlllallyt ~a );~rge Reynold' s nun\b~r can be achieved )::)yusibg a
), ." " . . 'c,

large ntodef, ~r~ut thi:.s Eequires a large wind. tunnel to keep' the
\/,oundaryinterf.~rence. below.acceptable levels. The adapti v~ "\.,a11
wind t.unnel all.o.ws large m(:)dels·to be tested in cf\ small tunnel,
therefor.e. the maximummodelReynold's number-eanbe cexploited for
nlinimumcapital" (depenoing on the added cost of wall controi) and
energy input. The c importance of large test Reynold's nUlllbers'lhas
long peen recogn~,sed, "but it has'\)also becomee'Q'ident from rebent
researoh[lOl..that it is equally important to test" the lar.-gest
C'J;>(')ssiblemodel, since this not Conly lnaximizes the Reynold's
number I but alSQoimproves the accuracy olf the /;model itself I

resultinc;i' in a; gr~ater accuracy; of the forces and li\(.)ments
measured ;j..'tik:1;JJ1e''' wind !itunnel. The latter argument 1ert<1s\,::{tself. <»

most aptl'y to th~ use 'l(tf adaptive wall tunnels Lnce these allow
the. largesto,!\l95idi to be tested in a given facility~ '"

D

\\
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--~~,----~---------------------,-.~------,~--------~-------------~
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3..2.3.31tapid Data Availa~mty
Since the data obtained from an adapt;ive"w~kl w,ind tunnel is
~lreadY correct, dat~a plt'ocessinq' time, dp.ring tes,;t runs can be'
'i:educed. This is significant in real ...time simUlations where data 0

;, ,,can be ,used for fur~her testing immecf,;tate ly 4

j
I

" ,3",2:3.4Improved Flo'w Qual~ty Q

Adapting tf€~nnel wall!ii. to emulate streamlines' not onl,y
eliminati1s tunnel, boundary interference," but also reduces
secondarY(;lo~s in the test ,~ection.pOl In,.,2...0 ~eh:ofoi~ testing,
a reduction of either the hIe rat,io, or an "increa~e :111a,e:rrofoill1

q aspelrt ratio, reducesothe ~agnitud.e of secondary f:Lr~WS. since the"
adap1c.ive wall wind tunnel allows low values of hIe to be
emp.1oyed#"wings o~ low geometrical aspect ratio to be used,"in
t~sting th!tt si1l},ulates aerofoil:s of infinite span.

3.2.3,~5,'f~~tNInde Versatility
Among-st others, LeWis[!>]indicat~s that the adaptive wall wind

, ) . I

,:;t::unn~lallows six modes of operation.

(i

1.
'0010se4 '.runnel MOde

This is the mode
tunnels. The test

o t~,~ fl"w field of
FJ.gu:re 3.7.

of Qperation of most rigid ~all wind
sect,~~;>walls art~ straight and qeperate
'qn intlni te .array~of images as shown in

Ci

o

--
",Figure 3~.,: Closed tunnel,' mode.[!>} "7"

~'

()

()

----------------------------------------~~--~~----~-----------'" o
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2 OP$:n,~~tMode
',T

This 'is the mode of operation of tlit,hels with an open, or
fs=.ee jet, as shown in Figure 3.8. The jet boundarT is
expos~d. to the atmosphere (or plenum chamber') ~ and
~herefore experiences constant static pressure along 'its

()

c length.

n
(i'

FigUt'e 3•.8: Opep Jat mode.[9]

\1,

"3 Infinite rlow Field Mode
"This is the most widely used mode of operation of the
adaptive T wa.ll test seotion. The t.ast section walls are
contoured to emula\;.es'treamlines, yielding an infinite floW'

o :field, as shown in Figure 3.9. //
o

Imaginary t10whelds
~xlenditig \0 iohn.iW

Figur~~3~9: Infinite flow field mode.[91

~rQundEffect Mode
In ground effect, modet the" fl.exihle walled test section
simUlate a portion of the imaginary flow field generated by
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"f"lir..te
hn;\glnlry
flewfield

o

~1
Real ~e~t l\'1od~1

;J(~'III-•..._..•-"'_.....----___...-....--~~
fle)lible walls

Plane ()I$yro(lletr'l
(flat ground)

II\'1~e
newfield

o
ii·

o

.Figure 3 ..10: GrQ3,lndeffect mode. [9]

s. :;'
I

In"aascade mode, the flexih,J.e walled tl?:~t se~':!tion simulates
')f3. portiop of f lot'.!' in an inf in i..te cascade of ael:OfOils.
Usually on,ly one aerofoil is situated ip. the t;es.t;. section

(~),(to .obtain" maximum RaYXlO;:'.idl s nu:m};:!,~!),the b(.~ittontand te>p
:.::'walls being identical. /The, streamlining cr~t\'?rion of the

walls is that they have the same shape ~:nd pressure.'
d.istributi~~1 D as shown in Fb<fure 3.11. \

(!J

u

I,

~,i9ure 3.11: Cascade mode.[9]
-:';';

o

I) o
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6 ~teady Pitching' Mode
In s~~ady pitching mode it .~. possible" to simulate v,ariOfJlS'"
rates of ,model pitch rate using a stationary modeL, The
streamlining criterion is the sam.a oas fo~ tlie ,;i.nfinite flow
fi~ld moo,jS,irxcept th~t an additional, curvature abolilt the
tunnel centreline is fl);troduced to simulate a pitching
motion, as shown in Figure 3.12. Although p,:;otperfect, this
:methodvery c16s~ly applroximates the real fi'oV1fi¢1.d.,

c»
(f

o

Flel(ibloW~1IConJQull ~
Curved Ce,m~line

(I

I)

Centre 01 Curv~luie Ilelpw % Chord POint

"ll',iqure 3,..12: steady p;i\tching mode.I9J

3.2A Disadvantages of Adaptive "Vall.Tunnels
The adaptive wallo wind
disadvantages. [9]

some inherentalso I' ha$tunnel

3.2.4.1 Operational /~.spects
()

since the, 'N~ll streamlining prbcedure is an iterative proces's, I'

a large propott,'ion of the available 'tunnel. operat~n9' time is
spent positi9ning the walls. This non""productive t.i~e dan be
reduced by using "wall streaml;i,nip9' strategies wi.th a l1tgher

"" ~~n;:~~i~:em{~~:~l~~i'::;::~~~;o:h:e::S:: t~s,:.ucn a wayas
3.2.4.2t Increased Cos\>and Complexity
The p:t;"imarydisadvantage of the adaptive wall w,.indtunnel' is the
added complexity arid. cost of fJ,exible and continuously adjustable

n ' '. c . 0

walls. Such walls require mechanical as well as electronic and

ii,
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"computer 9Q.:9t:.rol,which adds tm the capit~~"Ocontribution of the
project (1jts. Fllture" adaptive wall tes~!'~'sections "may allow
dynamic testing, and this wil), requirt? even· faster 0 and more
expensive con\:Fol. Rowev~r, if the wal~~' are posi tio.ned to the
Inid-position of the dynaMicmode, wall interference mayprove to
be trdnimal,' and certainly( less tha.n in conventional tunnels,,~",.' . '. . . . o ... ,r

\)

o ~\.3.2.5 ,Wall Streamlining Stra.tegy '" \
The.success Of. any adaptive. wall ~dnd tunnel depends la~gely on(

~:~~d:~:;:!i:::a~!\:~:i~;~lro:;~;;C~~!b~O~~~Oqc~:)
created by the tunnel. approaches' that of an unc~;mstrain~d'{!flOW
field lie'.' a fr~~str~am.' Several strategi~s have. b~en 'p:toposed
and teste~, each with their. ownmeroits and shortcpmings •.The)nore
generally accepted'wall streamlining strategies are listed ]Jelow"

This approximate strategy was employed by NFL in the 1940's to
"allow transonic" blockage to be reduced. (9J The method is based,~")
the obS€lrvation that oorrections for boundary~)interference for
open and clos~cl te~sections ar'e "generally of equal magnitude,

(~)

]Jut opposite in sign. It was later analytioally confirmed that
streamlineS in an unconfined .flow ah/ay's lie approximately
ha.l.l<4aybetween boundaries of cons;tant static pressure (o}?entest
sec~ion) andi?s::raight bO~'ndaries (closed test section). The NPL
strategy therefore reguiredthe walls to be laboriously set to
satisfy the. condition of constant wall pressure, after ",;yhichthe
"flaIls were movedto a p'~sition halfway between this poal tion and
the straight wall posi.tion, ~t which stage" "data could 'be
acquired. u

3.2.-5.2 The Potential Flow .&trategy

" ·1
I'i
II " (t {)

Ii
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be t>osition"~ ~ed!-atel~. i\~ft
point) ar!p known.
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values (ftom ~ previous data

3.2.5.3 $elf-Stream)ining'Strategy \~

(I

The tunnel. wall' flow ,fiel(l Jie. an inVltSctid flpw with. a
pred:i,ctable boundary layer that can be;~accouni\~dfor) 1S ,modelled
11.6i(19'. a qomput~tional.,eth9d. Since the po~ition. of tht: wa'll is
known, an inviscid pr~lssut:e di,stributiop. along the wall can be
,calculated. ~he) actu.al wall pi-essures are then measured, and
compared to the calculated values. The wall is correctly
streamlined when the measured and calculated pressures are equaL
This method is very' attractive since 'it does 'not requi~\ any

\ / .G

knowledge Of the model being tested e .m The acc,uracy of the
streamlining procfedure iSt however, very sensitiv} to the
accuracy of the wall position and pressMre measurements. Due to
the iterative nature"of this s.trategy, copsiderable time is spent
acqu,ir~ng'·each data point. Mode'til computational methods,! notab)..y
those 'introduced by Juddfl51 t have been developed which r€~uqe the

'" . \'. 1/number of iterations from more than ten to. less than tw(;.\.~,)o " ,,_)~.}
t'~

3.3 The CC'I'B Concept Q.,

As elucida,~ed in C1+apter 1,.· it is possible to use the tail boom
of the conventional'~ihelicoptar in a more direct and efficient way
for -the purpose of counteracting the main. :rotor torque~ The tail
boom'of a conventional he~.i,copter is usu?-lly a bluff· body in =
cross-section, •and ,~nthe pr'~l;~~,qeof ~ large main rotor dpwnwash
e~periences a negl;{i;gible sideward force. Circulation control by
blowing tp.rough tangential slots;' causes the taft boomto produce
a usable sideward force, f:.his being the und~rlying idea Of. the
CCTBcohcept. The' ef\fect of CC on the :tail "boom\:d.sto keep the
flaw on the suction surface atta~he~lqnge~: .~t\an tv9uld normaliy
be the case, resul til?:9 in a circulatoi1~,J~?r""""ie'but the "cylinder.
This circu;J.atory flow leads direJ;.:t~Y-),t;?lt' Lprocluction of a

" /,/ . ":;'11"" 1:(,';;(

sidew'ard force by. the cylindrica£' tail :l\\:~.•.-....·VI§?0
, \\ .tc il

o ") .•..• ~ \,

The attac:g.ment of a jet to an adjacent· o\tlrtvex surface is
generally referred to as the coanda effect(4), named after the
RUlnanianinventor ...whQc,,~~scovered it in 1910. It is worthy of
mention that the effect. was actually. described by Young[16]as

, .., ... ( ...),'

early as 1800, but was only thoroughly investi9ated almost ~
century later. The Coanda effect can be ~ffeotivelY employed in

\;;;

the ,generation of circul~tion aroundyan aerofoil, resulting in
a significant incre~.se in lift. .
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3.4 Circulation Controlled Aerofoils

o

•• 0 .~
Nuriok[4] g~ves a d~tailed ~CCOllnt ;pf the varuous analytical,
oomputational a.n4 experimental methods 6"inployed.to predict the

,'." .. .. .. ".. !l

Q behaviour, 9f circulation C9)l~r911edc;:!a~rQfoils. only the more
relevant experim~ntal 'aod theoretical work will be discussed in'

0,'

detail.. Ii
!~

3.4.1 Analytical Methods
CJo

Dunha:m(171developed a metho¢{to predict the lift generated by a ;CC
circula~ cy}.indl:!r.His,)methpdUSeSa potential flow analysis to

(l predict the pressure' d.istril:rdit:..i.onaround the cylinder.. "~
blrbulent boundary layer ca'icuiat~en t' .pased on Spalding's, uriif ied
boundary layerOtheory, is then pe;l:O~med.on the'to!;' and bottom
stlrfac;:esc of the cylinder to '/establish the point at which both
separate. 'l'hwaft~'s condition, ie. similar $tatic~ pressures at
the upper and lower<'surffllce,rear separation points, is ep.forged
to olose the eg~ations. Referrixlg also to Figure 3:~3, the actual
procedure employed by punhcfrfJ, is as follows.

~ 0I,

ll'iqure ,3.13: Dunpamf s co cylinder (schematic) ~(17)

2

T~e :lft,. co7fficient" is specified and 'the' r~~~~s~,ure'
dJ.st:rJ.but;),oncalculated.·, c /."J
st~rtin9 at, the. forward stagnation p~int. (_A>4he l'tJwer

\}sur~ace, lam~nar boundary layer (A-D)I trans~~l.on ,(D), and
turbulent boundary layer (D-E) up to separation ~re
calcula,tt\~ •

'i '..I

startir(i(' at the fO,rward stagnation point (A) I the upper
s~l:',face.,laminar and t'urbulent boundary layer I as well as 0

the effect of 'the wall. slot (8), i:s""-'oalculated. This step
is repeated 'until the. 'bountl5:1rylayer separates at c with
the same pressure as the lower surface boundary layer.

1
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Dunham compar'ed0 his ''t:;,heoretical pr~dicti.ons to bJs Q'wn
experiln~ntal work_A as "Well as work done by" Joti~:f~vand
Buckingha1\t[18~"and y Lockwood!191."The various;~ ,,~!esearch~r$;:'",~sed
differentv r~tiqs of slot.' thickness' to cylinue~., diamet~r ":'Dunham
used values . ran~ing' bett-J'sen 0.,0917 and 0.0087,. (IJop~s ~nd~
Bucking~atp.used values betWeen 0.005 and 0.01, and LockwOoduS'ed.
a single vawe o.f O. 001..

" '~\
,.1~)

(J

'I,'

{)

0

(
'~c',

r)
Ii

o

.J ,.'

(}l ~ !:\

'0

o

o

\}
,;,-)

.~;i9h're 3.') 4, shows some typical curves of C1 versus Cp.ct1rvesfor ()
{(Lfferent. ratios of slot thickness to oy_linder diam~~er (:tIc).
Wher~as the e~periment.al data suggests a square .roe~" type
relationship between q and, elk I ~rt" can be se,en that thd·,:7t~ci'o~'Y
predicts 60mething:between a lineal: or a s.qu~re re~rt±onshiu . .It
is evident that the t~:,~oretical predictionsCdo not fit the data
particularly well. !I (/'

o

Sun, Pai and chopra[20]'q~veloped a Inetll"Pd to preqict the.
aerodynamic for~s on.an e:(\iptical COaerQfoil. Use.was made"of
a p~.tential ;flow model to _determine the pressu12e distribution,
inclUding the qj;fect of thJ' se.parat,~d wake, on thf'" surface of th@
elJipse'~ Th~ development of. :the bOllndairy~::;S<yerJhd wall jet W8IS,

calculated using a? finite difference omijthod. An iterat,iy,~)S
technique combining ''the, potential flow n\odel and the boundary'

}) (; !l (_\ (\

\J
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CJ

o
lay~r q~lculati(m was ~sed to deterrrdn(~ the aerodynamic forces
for a given jet. :moment.umc,oeffic:ient. The corralation between
'e>t:ll)erime~tal results and ,theoretical predictions was not very
go6ci', as" ShOyln in Figure 3.15.

o

"c

u

---~ THE;OR'r'

102 -.. .04 .06 ,os 0,10 1)
(\
..J Cp,

F;.gure :3 .15: variation of C1 with Cp.for an ellipse.I20]

C

\1 //

3.4.2 Exp,erimental Methods
The experimental work done by Ldtlkwoodf19] is by far the r,;ll\os.;t,.

',' .....'Cl
comprehensive foundg and !,will be dealt 't<Titq, in some detail ~ance
it provides many trends and starting points. LoCkwood"testedj,1a

" single cylinder vlhich had 8 equally spaced tangential, surfa\l?e
slots spaced 45,\~apart. These slot:s could be opened 01' closed ll~s
des~r~d to obtj~in ~•..large num&r~rof ~lot c~nfigu~citions. ~~:~e
cy~~nd~r CO~l,."d/1 alSO, b~ 7o~ated about ,~ts ax:i.s to J.nc,rea,sa 1:1!~e
varl.attl-on In. slot posJ.tl.ons. Lockwood ~t",,)d only one Sliirt
thickne9s, (t/c",= 0.001), ;j<I'hichis quite small when compared ill.rO
other cc research on cylinders. [17] \1

(i . . . _. _ ... I, . (i

';LInere i,S 1 however, one large differenoe bebleen the tvork Of
Locl~wood and the. present CC~Bresearch. Lock-W'oO,demrisage.Mi th'r0
use. of "cc to enable hypersonl.c aircracf"t to land and take-off a1~
10~1 sp~eds. This, concc;;pt use~ the long and slender aircraf~\
f~}selage as a high aspect ratio wing of lar(~e span ,:t landing and\,\\\
take"'off by slewing ,the wing perpendicular to ethe directior!' of,

f 1,i9'ht, If suff i<:-i,e,"tlY h"l.,'gh 1itt coaf f ±lOie.nts• an".dH£t, to d,rag !,',:I"
rati.os, ,could be obtained, such a design could be quite:\
effective. 5inoe the space i;o.pide the fuselage would be needed \'\.
to accommodate paylPad !pr fuel, the cross-s~ction,of the ducts \,
sup,plying air' to the blowitlg slots would have to be small 1\
cornpiu:eo. to the fuselage cross s€:ction area. For this rea~,2,!l the ()"~
air would be ducted at high pressure, ie. high density, reslHting- !\

~ ~r \. ~
"i---------~--------------------------------~-------------~----/;0::'/\;'/ .'(
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in 11l1igh slot velocities. since it is the,,:tnomentul:t of' t.he ejected
a'i~ which re-energ1zes "J:h~°bOUrfdary layer," ejaotihc;JC> the/air" act0
high speed'implies a low mass flow rate of, but unfortunately a
large re.sidual" kine.tic enet'9Y in, the blowinq fluid. .The "slot
~hlckness on Lock'Wood P s co "model was very small (trldJo == 0 ~Ob:l) ,"
and very high" hlowin.9' mOlnE~ntum coeffici.ents were use(.l. It is
therefore ine\fitable ~hat the slot jet veloc.fty ot; his' tests was
very high. The. cerra() i~ "essen~iallY al} empty dUC~t lh¢refore the ':,
en~i:revcross-section :i.saV(:tilable '\;O transport. air to the slots. "'0

" The, air is othe~efore~ ducted Y)at low pre~sur~, . ie~ ~ow' density,
implyin<:l that the ej ection velooity" and "hert'O.e.the r~sjfdual
kinetio., energy in "the slo't~·.j.et, is low. '0 <;.-Ji

o

Lockwood.' s maino'oonolusions were: . /;'''G . • . (J

~ "very .~i9h lift. cQ¢ffic'ients ('llP fo 24) 0can/ibe 0 ob'~ail'led.~
2 The l~:et coefticien'P. increas~,s rapid.ly with~ncreasing ¢ot

momentum coeffici~nt at loW moraentum coeffioients., pu.t less
rapidly' at higher'momentUllt coefficient.s. 'To<illustrate ,,;I:r.heQ
point, f9,r a given configuration? at low "olot" momentum. (eft
~ 0.15) C1 =: s, wh~,le at 11£'gb.s].;ot:.momentuitt (cf'. =" 6). C1 =: 24.
For Slots" covering less than naif the oircuntference" ·of "the
cyll.nde't", the slot positiot"l:s greatly infl.uence the maximum
lift coefficient that can be attaIned. :; . 0

For~lotscovering less than half the circumferellce of the 0

cyliiider," the. t:tailing slot position was ft.?und(~"b~1llost
important faotor as tar as \,)'tlaximum lift was) cono'J'rned.
Meximuln lift was obtained 1f tliis position was\~s:l9se too
what would Qrdinarily be eOonSl.del:'~q, to~.be the trailing edge

if (/. .... ..... , :' .,. . .. ,_ r.1. \\0:. the eYlinfle.r: \~OVin. 9 th~. trailing- S4,ot furother back-
resnl ts :t11 a=sapl.~ ~s. of llft. 0 a . " "',
Fol'~a 1ax'ge number of~ots" dist.ributed almo~~ completely
ar/6und the cylinder I ._t~e "maximum lift attain~d 'was low.."# G~~

II (:>

Figurei' 3.3.6 shows one of tockwood"s more successful slot
conf,:tCl.•.ftatiOl}s. it can be seen that one of the el\.:r. ves e)chibits

Ii a", vert high maximum lift coefficient t .but also ~,equire a high
blOWl.lg momenf:,l.lmooefficient. c ~ C''\.
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o

sA signifioant amount of eqUipmeht,waS developed ,for the purppse
of testing high lift circulation controlled aerofoils not s'ul.{ject c

to wind tunnel boundary interference effects. Sinoe the design
of eiach compol)ent is intrins.ically linked 1;:0 its tifunction, the.
two aspects will be dealt with concu):'rently.' Trie design and
descripti'On of equipment can be divided broadly i'1'1to the
following arefts.
01 Des¢x:iption of adaptive wall wind tunnel.
2 Wind tunnel calcul~tions. '"
:3 Circulation cont:rol:r~d cylinder, balance and air supply.
4 Data acquisition and\\~ontrol systelth
5 Software. Q

._, \i o

Figure 4.1 shows a., schematic plan and side view;)"pf tp'e wind
6tunnel. This figut'e will help to clarify photographs of t1;).e

tunnel. 1,1

_I)
r. [)

--~--------,:~__~ ~--~~i-~~-~--'---J--~~~--- .,
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'i':~tTUl'eo4.1! P' an" and side view of the adaptive tunnl9l.~. ~ +-... \1 . ,:' \\
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Th.e wind tunnel was desi9n~<i to a lar~e extent using the .methods
outlined by Rae and pope[61• The ada.ptive,'ywall te$t ,~ection

" " . \"required,/ additional design, and use was mada of ~desi9'n
recoXtUn,ifdatj.ons by Wolffll. II \ 0 o

--~,," 0'0 4
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4.1 Description of'Wind Tunnel
The cOlnplete' wind tunnel, viewed bbli.quely from in f,ront and
behind,' is shown°in Plate 4,1 and Plate 4,2'". The various wind
tunnel components and ·mechan!smswi!l be discussed in detail,
moving from th~ front;. of the tunnel to the rear.

4.1°.1 Inlet Contraction (\ ,;0

The purpose of the inlet contt~ction is to ,ao,celerate stationary,,,
or slow movi~g, flow l.miformly to the test section velocity. Flow
entering the\fest~ secticm should have ccns'carre static and dy.na~ic
"pressur~ acro'ss the test E&ection, ie. constant tl',)tal pressure.

" ,. .... . <>
In addition, thf! process of accelerating t:he flow should involve
as few losses as possible. Since the flow is, accelerating', it
generally experiences a favou.raJ::>lepressure gradient, reducing
tlje possihility of flow separation. However, local flow
separation can 'occur if there al:e reg,ions of dis90ntinuous
curvature on the" inlet surfaoe profile, •or if a "seve~e adverse
Pressure gradient is encountered. such flow se~aration will
prevent oonstan:c dynamic p:teessure front being' achieved a6,.ross the

" test seotion,. II

(J

{) D :Rae,and pope[6]give various guigelines fot' the design of axi-
symmetric oontraotions, but these are not directly applipable to
the case of a rectangular oross-sEft:tion. Since -no, design
guidelines could be found for reotangular seotions, it was
:deoided to Use the'inlet profile Of another wind tunnex having
'.'a"similar test s.~otion aspedt t&tio. A suitable ).nl~t, namely
that of a bounda? layer invest~gation rig, was.~Om>dand copied.

The inlet contraction consists of an intel:."nabwooden frame'made"
o ,"", '" ' ,Ii, ",'.'.' ,- "Ii' '"' ,'. ' • .'", ,', " ""up of streamw.l.se prof.l.led r;,t.bsand 'pet'pend.l.cular str.l.ngers. 'l'hl.s

structure ,is covered on the inside and"the out1side by a ~~-sonite
,r ;, "", .. ' ," _ ' " (", ,_!' ,,',., ,') ,," " (\

skin" whi,ch forms the smooth (y;arface 17equired on the insid~ ot
the oontraction. 1,'he inlet is supported. <ona tubular steel space
fral1\~.~1:§.~4/1, shows a vi~w af thE£ inlet ~ontractiqn ana its
0suppor-eing frame. .;5' "

o
(i

o

4.1.2 Inlet Honeycomb (i;

'P ,150mm thiok slalH.'rof alu:cnirliumhoneycomb material can be
i~"jerted between the inlet contraction and 'l:he t.est section

n . l)., " " : " " ,;_ 0

inlet, to reduoe flo~' ~P9ularity and t;ransverse t, vel~~ity
variat~ons. The hone~rpomb,'is hpuaed in., a, wooden holder, a~(\~J:!an
be eaSl.ly be removed. from the tunn~l. Another separate ;6.ununy'



I)

hvlder without. honeycombcan pe inserted, thus allo\ving the
'V . . ,_

tunnel to be run either with or without, honeycomb flow
st~fl~9ht.·.ener.be.tw.ean..th~ inlet .c~n.tract.ion~~mdthe 'cest section,',. c-

Run'h~ngth,e t,unne! wl.thout honeycomb allows' a );ow tunnel
turbulence level to be achiev~Q,due tOo the large contraction
ratio pf the inle.t cc.:mtraction.j~unnin9the tunnel with honeycomb
yields. straight flOW, but at the cost •of in~reased tunnel
turbulenceoand decreased tunn.el speed. Plate '4,3".shoilS~~e test
s,ection inlet w±th its twp (honeycomband 'dununy') rSlllovable
honeycombholderl:{~~

t~".' l>
4.1.3 Test Section ')

'\
\

The test section is eSsentially a large box housing 52 actuator
driven slidest as .well as two flexible. sheet metal side wallsj
between.twoplan~ ..and parallel top and bottom walls. Figure 4. J.
showsa plan ,yiewof the test section, and indicates howthe 52
slide~ and flexible .,side cw~lls are a employed t.o _%y~lieve.a
continuous 'andv$r.iable flow channel, designated A. Tl1Sflexible
side walls ar~ not phy'sically attached to the slides I instead
they are held against tlp,esl:ldes_by a pressure difference across
the \V'alls. T11ispressulre differ~hce is achieved. by "pumpingair

'"out of regions a and C.such tpat the pressure in' these regions
is lower j:h!iln°that in regior.l A'. The test section height 5.s .a

!! cons.tant 1:). ,11m throughout, w;tlilethe entrance and exit widths are:
~V ..... \,,)

f.i.?,edat Ji;i and 1.1m respecti vel¥ t allowing th~ test section to
c be pos'iti6tlledbetween a rigid inlet contraction and diffus~r. 'l'hQ
slope (itl the X-¥ plane) of t.he side wallS at the test iisection
"inlet and exit is zero,. thus any side wall shape satisfying the
conditici'ns of inlet and exit width and slol:>eis alloWf.b~e.'

The test section "out~r shelf consists of' rigid top, bottOltl,
front, rear and side wal.ls,. Theouter shell is sUfi~c.ientlY stiff
to support thta large suqticm forces generat~d inside ··the test
section' by b(j~h'the 'test ~ectil6nGfloW and the flexible wall)

q suction. . t~"
4J..3.tRigidTop and Bott{?mWaUs~. n. i:\ "';, o

The test section top and bottom wall$ are supp'brted by a
laminated,pine beamsuperstruoture, which gives 'themthe requ~fed
stiffness to withstand" the large press~re lo~d$ocreated by ';'the
test section flow, as well as the,,''!le>tible side wall attachment
scheme. Plate 4,4 Shows a ~ide "vtaw of the te.st section,
reVealing tlp-elaminated pine beamsuper!?t;puctur~above and:below

,~ 0 ..,..
~. __ ~ ~ ~~ ~, ~G ___
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the :test section, as well as the outer side walls.

C:.)

'l;'hetest sec;::tiontop and bottom walls have large windows (900mm
by 900nun) in their centres, a1lowinq op·tical measurements (LDV>'

=, and observations '(smoke, tufts etc) of the model, as, well as ..i,ta
O

r far flow' field, to be made. Details of the structural anaJ,Ji:sis
performed to determine the stiffness of' the top~and b9ttoW;~;l'11S

'\ 0;, can be found in section 4. 2.2. ~l/ ,./,:.:>'!"~- ~ "

~~\_ · l 4.1.3.2 Flexible Si,~ew~ns ' . ',~ :J The f~exible stde wal~s=: made of O.8mm gaIVanl.Zed,~!,st~el,she:t.
-~-' The sJ.de walls are rl.gl.dly, attached to the test ,~ectJ.on at J.,ts

j,nlet, and are able, to, slide in curveg pcck~;ys at the 'test
seQtion exit (,to accommodate Changes in arcle1,&~th of the side
walls': .The,_s;tL~e'walls are p:r:essure t~ppecr a+6ng their centre ...
lin~s °a't ihterV'als Of 250ll\lll,with a total of l-)!' pressure. tappings

._JI;, '_ _ _ - _ i. _ _ _ .... _ _ _ ..-1/'. __ . _ _ .' _ _ II

per wa)d. The pressur,e tappings have a orifice diameter of lnun,
and a voolute diameter apd deJ;>thof ,!5nunand 3mrn respectively.
Silicone tUbing, with a nominal interna+ diameter of lnu-n,ru:qning
toW&rds the test section inlet transfers the pressure of each
t '·,ping to a multi-tube alcohol manometer. The top and bottom
e01gea of the .Elexi~J,.ewalls a;t'e sealed b¥: nteans. of triangular-
seq,tion 'fdam strips ( which a;Lso prevent the sheet l\llatal side
walls from sorapfng. -the wooden floor and ceiling of ,! th~ test
section. Plate 4,5 shows the (straight) flexible walls as well
as the triangular corner strips. 0

I}

4.1.3.3 Slides' \1

The slides are amo~9st the more im~ortant parts of the adaptive
wall test ($e9tion{There" are two. types of slides, 26 short ones
capable of 300mm of, movement, anci 26 longer ones which move up
to 4oomm. 7'he short slides ar~ foun.d in reg;1:;onB of, Figure 4.1,
while the longer sl.ides a.re found in region, c. Plate 4,6 shows
one of the shorter slides;Dwith its acdompanying actuator •

., ". ·'cC:') ,~'":.,;': c

c

. \1 .. ~

~. . ,- a
Ea9h s2r±de is guided by two teflon rollers on its bottom edge,
as well,. as fi slot ip;' its top,) edge. The' rollers run on profiled
aluminium tracks iJt the test section, while the sldt In the to)?
edge is gu.ided b.y a tubula;r steel rail., 'Ilhe front end of the
Slide, ie. that;i'portion in contact with, the flexible ,wall-t is
radiused te;>accommodate'e:hanges in the side wall slope, a~'well
as being recessed at its centJ:e to prbvi.d.!a space for th~ pressure '0

tapping tubing. Attached to tHe o ~ear end of' th~) slide is the
() ,\1 u----~~o--------~~----------------:~--------~~------,------
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.o

actuator leadscrew nut. The nut is" adjusta.~jl.e in
dire,ct~'on, atloWing vertical misalignment bet.ween
and the slid ~ to be aecommodatiad, u

4.1.3;11 Actua4rs" 0

l?la,te 4,7 is t view an actuator. The actuator consists 'Of a back, "

~~~~~s\~!~n:f:::~e~~~~n~t:~~~~01:~~~~#elI:d:~~~;~::~
the qutside o\f 'one of the rigid side walls of the test, section

:::~:~,:,':E,r~:,~~:!,!£:,:~,dd:t= m:l,t::m,.::~-:::t,.,:" :,t,.~~~::~nm:!:\\ ~:~=F~li::dSd~\~~n!O::::io~,r~~Oa:d\:t:~h:en~n~\a~!~itt" own
The electriC! dr\~ve motor isla, i2VDC }:I.utomobilE?windscreen wiper
mq.tor. These ,"mot~ors have a jworm redu'qtion gearbox which yield:"?
a h.igh outpu'c t¢~.que O;\tloiWrotational" speed (typically 1 Hz}~,
Eac~ motor draws~ between ,,1A and 2A tb oveJ:;90methe "mechanic~t

res1stanoe 0< t~'t"tuato,t . .' " , .' ,
,The actuator bear,ng, .COt:lpl~~tgand lead$~;t'ew are also shown, 3.n
Plate 4, tit A,pear: 9 ,1.13 tOrro~edby the .ShO\l~der of th~ oOUP1~n9
and the ,\~6t1.\ator ck plrate.,i .Twolockulgi nuts ~allow the ax~al
play of th~ bearing- to P¢f adj~ls~ed. A dog-clj.ltgQ coupling allows
fOr l1adial and axial isa:lignmeni:: between the qtive motor and,the
Dack ",P,la,t,e ,',baa,ring. r f:'> :leadsc)lraw",is a M20~Jthreaded rod and has CI

a pitch Of '2.5mm. \ r "0 ,
\ ) c

o 0 ~\ c 0

The "!:"otentiome1;:eral.loW~ the al\.ial position of the slide, to be '
determined. A Wl-Z'l'n reduction gear (45: 1 and €i o : 1 for,,"short and
"long slides respectively) converts the rotary P'tsition ,of the
leadsc~ew to' the 3-tU:r¥l range of the ~otentir~ter,. 'The

~~;~;~!~~O)~':!:.:::~:~;;:~e:xi!~~l'!"i~e~~:":~~J~!:!~~~
':Jdoes not af~ect th~'"P,fbtAnt:i.ometer"\1 Axial),' b~cklash llbetwe,en the c

'-'leadscrew and sli,d~/~JDle;.",dscrewnv,:t Gis not a probl'3m since the ,~
61id9,:"o~:ly expel .t:~;:::~sW\~lsuc.ti~~ ~,orces 1n' one directiGij. 0

4.1.3.$, Actuafor Power Supplies. , , "
Fcfur 22ovAc/12V:AC tr\nsformers are used to s,u.pply current ~o "the
52 aotuators. The"output0 of the transfc::rrl\\ers ist

) rectified, oQnd
tt:en smoothed by means of two It,7mI<'capacitors. Eaoh actuator is

. 0

(OJ

the vertic,al
the actua'tor

Q-

Cl-C)

\)
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controlled by tw.!J relays, ie. one for on/off, and one for
forll1ardlbackward~i'These rel.acYsare controlled :by the pC via art.
I/O card and so~id-state Darlingtlon raJ.ay amplifiet:r''''qirc~li.·Ss. ,~,r '. ('.' ,,\.S -~~,
1?3..ate4 I 4 is a .~ide view of the test section and cl~arlY shows
the power S,l..lppl;lesand relay boards" ., "'0

:1

To overcome a hunting problem with"the actuators, the 12VOC power
supply is onLy used to movethe slides tOI~:at\0sition close to the
desdred pos.iAdon. A. 6VDC PQwersupply then ~4es the slides tp

'I' ',' ." .'... .' .....•....... _' - ..': _- - _ - _ _", _ _ ' ,', ,J _ _ _ _ - _ _ ''''. - '(~', _ • '-,

their final~positions. The 6VOC supply is obi;ained.by pass.ing"the
220VAC input to the 4 .transformers through a 220VAC!110VAlC

if . ..' . . . .. .•. . '.'. ,
transformer. The.currlfiht drawn by the motors is similar at 12Vr.>C
).and 6VDC i! therefore there is no danger of burning the
transf,orm~rs out by re{-,16'ingthe input voltage from 220'JAC to

,I __ - ",/ \. 1'1 ' \ ') ~l

110VAI.:;~ " [:1' c
"

\)

4.1;3.6 '~VallSuction Fal}
v </ '

A smaiJJicentrifugal fan is used to pbsitiop th~ ,flexibl(~ test
sectio~ walls firmly onto the front edge of the slides. The fan
has a .~laximumoperating pressure Of. 1000 Par .which is sufficient
to defiprmthe flexible walls irl. small curvatu~e, "but insufficient 0"
to c~\u'i::;eexcessive waviness in 'the wall. The structural analysis
pres~.\li.tedI!,insection 4,.2.2 shows that a maximumwail wa.viness,1)i
7S. JUi(krollsis caused by a pressure differential. Of 100~ pa .across
the. ~:~ll.• Ttl'e fan has a sufficiently large f.low rate s~apacitr Ito
enabl)e.t.ile wal\1.sto be sncke(l into position very rapji(Uy I in the

I) orde~ of 1 second,' 'The fan eXha\.uit is. duetted back .il"lto the wind
tunh~l at the d'iffl1s.er inleT!I thus the fan merely maintains' a

" ' C:~. . ,..' _..' '" .' .' _ .. (;
constant '~ifferential pressu:t'.e across the wal<is1 and does. not
have:: to abcount for the v:hallge iii test section pl;'essur~ .;at'
'diff~rent tunnel speeds , The 'exhaust air is ejected into the
dif~tiser in the'streamwise dirE}ction by ejector nozzles. ,Thewall
suction ~an pressure and .flow' :rate charaotel'istic~' can be found

fI ')\in 1-)ppendix03.
'I

d'

. ~.1·4"Exit·Honeycomb
fif'Honeycombmat:erial can be inserted between th€~test' section and

f1 ",I.. . . (I J'

-t'thE:'g.iffuser ,;.in) exactly the. same "'fashion as with thel. iniet"
I'lloneycomb.This" is done to ensure: tha'C swirl ,et'fects,,,"caused by')
the fptns;; do not propagate upstream into the test section. The
tup'rie')L'alsa has a I dummy t r\ar 3?-oblerI thus allowing 'the tunnel
to be ,run without the rear t.~:~eYOombin°agt~n. Again, when
usi,n9';the ~e~r horfeycOl\:lb,the tunnel speE:d i~re~\lCed.

o \,j o

II Q

o
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4.1.5 Diffuser
The purpose of the diffuser is \~o slow down t~e High speld test
section flow before it enters the. fans. 'AS the flow is slowed
down, its p):essura indreases,. thus the floW experiences .an
adverse prl/;:ssure gradient. Flow separa'tion is possible if the
adverse prE~ssu:re gradient is' too s~eep • .The optimum di;tfuser
tqerefore slaws down a glven f~owin '-f.he shortest ',:listance, 0wIth'
the greatel3t pressure recovery. Rae .and )?ope[6]recolnmend an
equivalen~\ conic diffuser half angle of 50. 'l'h;.~means th~t the
rate of cAange of cross-section area w~th axia.i distan~e~of the
diffUser should be the. same as that of a cone with a half angle
of .50•. Pet,ails of the diffUser de$,ign are gi van in Section

',',' .'

4.:2,.1.4.

4.1.6 Control Room
?i

TIi.etunne;t co:ry.trol'room is situated in the empty space below" the
diffpser. Plate 4rS shows the .pc that controls the tqnnel (on the
lett) as well as another PC and some powe.r supplies. The tunnel
is norma'lly" operated from the control room" the operator only
having to leave the 1700m to make adjustments 'to "the model._ "

"
D

,.,-;:; v
1';:''''.(-

411.7 Tunnel ~rfve Fans"
,~our 38 inch diameter Woods Aerofoil )[·ans (General Electric

/.y ..

/;"-' Company) are used to power the wind tunnel. The three,...pha%~
eleotric fans operajt!s at' 380V and 29A, 'giving a maximumpower
rating of 21 BHP ,eacH. Th7 fans are arral1~ed{)).nto two side-by-
side contra-rotati~g tandem. pairs, a OO,l1figuration that allows
the swirl at maxinn:ml PQwef to be minimized.

j)

'. ,: j~;'

,Thet.ur.nel, is usually rUn using L~l1lYthe two front fans I ybut for
increased power,. the \rWO rea!' fans Iran also pe switch,t1d on, A
frequta,noy in;ycrtinq speed control;' ~ystem allows the! angular

~~~~~l~O~fotfh~::~r~~~im:n:p~~~e,~rt:'::'UP:~Yt:t:;!,b::~:::
are. switChed directly on line. This oombination 03 electrical
ccnneotifon allows the speed "range ~of the tufi'hel to be
contInuously varied betwe~m 0 'and 100 • This is achieved by
varying the tunnel power from 0 .only the front
motors ~ and then. switph!ng on the rear otors to achieVe the
remaining' '50 to 11100% variation in the .-e; nnel pow"er~ Pressure
v~rs:s f~OW rate.characteri$~ics for the d~n:ra~~otatln9' :andem
oolllb1nahon, as weI). as thes~ngle fan, are'~""n an AI?pend1X01.

\\~r~
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4~2·Wind Tunnel Calculation~
The calculations used to determ,irle. ,.the size and power
require1'(\ents of the tunnel are discussed first,. followed by a
short structu.ral analyEf1S .of the criticalC'tunnel "compot}ents.

" 1)

402.1 Tunnel :pQwerand Size r
(1

The design af wind tunnels is generally ,dictated by two mutually
contradictory factors t namely(the s±ze. of test section re~ir~i.
and the financial resources availar'le. Since ,,'thE!'tunnel drive

I e'
fans usually make up a large portion .,of•the cQst Of. buJlding the
tunnel, the tunnel powep is usually l.imitied :by the funds
availab':t.e. For this. partigular .proj ~.CY.f',the fans were dO~9-ted,

!l 'therefol."e 'the ~vailable tunnel power,~cI\s!\ndt a variable. '].'heonly
real variables weri;ilthe test section .size and speed, again two
mutll"Hy'contradictory qu~t).ti ..,,", ···/1

l '
Low speed 'wind tunnel tests are performed at a low 'test Maqh
number, but in orde.r to simulate full-scale effects properly I a
high Reynold's number' capa):>ility is :r~guired. Rae and IIope[6]

t j :' - ~. . \.! . .. ,

recommend a tunnel si<;;,:'eand speed that will produce ,90model
Reynold',S 11urnbcr per fo'Ot; (apprQximately O. 3m) of over ~06. For
flir at ambient pressure and temperature .this Reynold1s npmber
corre:;;ponds 'to"a tunnel speed of 60 m/s. At this speed the\\,Maoh.
number is approximately 0.2, whioh will make the f10\11 virtually
incompressible. The tunnel size was thusfOhosen so that the

('.""'.. . ·'.1

tunnel oou14,achieve a speed of over 60 m/s with the av~ilable
power. " ' , S~i!

,,~'?

II'

The energy ratio (ERl" of a wind tunnel is' definecl()as the ratio
o .. 0

,) J of the erter~y of the a,it' a~ .the jet to the inpu~. en~:tj9Y.This
~r,atio t~picallY has values raij9~ng betw~en 3 and ~"'F~n~ir;ating
that the amount of stored energy an the aJ.rstream is oonsl.c'I:erab1y
greacgr than the input energy for any given tim,e interval. It is
desirable to obtain as high ,an energy ratio as.,,'?pssibl~t, s,ince
this implies a minimumpower input for a giv~ri tunnel stpeed and
cross ...seotion area. The tunnel energy ratio is qitren al$

()
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4.2.1.1. Tunnel LossOO' 0

"US~!l9.Jh~)m~tnod by watten;lorf a~ outlined" ~11Raeu~~dlp~e[6{" the
$:trti.,d pres. sure lOS. S in.,eaCh. s.ection of the w. ind', tup?el :~.p, bp
es~~at~d. The ''tunnel,:LS assumed to have a c:q:'cular, \Jr07Jf:r:fJ-..
~eq}jfn;\ the equ~vaHmt, circUlar .area, ,at. each .·'secCci?n ~f ~lle
generl.c tunnel beJ.ng the same as the area .,at "each statJ.on an the
Ci,'ctual,;;"tunrieLThe coefficient, of loss is defiped by

D \)
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o

c

o

o

u
! f:';;::'},

...-
I

o
tj ,"

static pressure (I lo(;a ;f. q is "the local
\) . _ . C' .•.. "

is the aynami~ pressure of·,the jet.
o if ~~~, 0

,.? 0

,Test section c· Q Diffus~
~..- --- .... -. '~,.~)

(~._.J if!!· . 1/1." <~ D _C

" a ."'..... o ~;~

"Transffion Motors

where Ap is the local
dynam,.icpressure and \1[0

"

o lid, Inlet
~

--I
( \~----~--~--~~

!

1
~~2=.S=m~1_4~.·,~a-=3.~5~~__'~h~l_d~~ I .'I 1:_i ...2mw-J.....·L._· ~_Jll'\

o

n::2.l~m 0::0.8 rn, ,)

o V:6 67ms1 V;:60m~r1

Re= 3Jx105 He::3.33x106"~___.....
He. ;: 1.85x 106

1li,U"
',\

0=MJiI D:::1.28mD=1.28m
,II

V=6(lr;:"'1 V-:23.4 V=23.4
Re ::3.33 x~06 Re z 1.3 x106::Re

n

~i .•

Re~lf::2.3i'x 106" j)

Fiqll:r~, 4 (/'2: schematic diagram of the generic tunnel.
/i

%II:,~~~x:~~,~ss~:;;.~:e~!~:e~t~::I\;:t~~:1:::1q:::!{~tU:;:iI'
tunnel. ,The \~±agram'gives the,f9Zi,iivalen~ diqIeter ,as well II~~the
Reynold's nUfi\l:iG-r-='Z~'i!r:i metre ~:>asedon a je'l velocl.ty of 61~ .lil/S)

til
II)
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4.2.1.2 Inlet f-ontraetion , ,", ~~~"\ r.. < '.. • '. '

The losses" £l~ ~}:l~j("ca,ntJaction ar~o ~~;)r~~~;'.,~,~Y&1e'cau~ed, pn1Y) by-iF

,,,skin,,fl1'i.,:.•,:.ion,"1 "t'"h,., is, .o.e".'J;~·rg,:t,' e~~~nakiri\f1j;nc~(/~.:~.,l,..~e~s~.a,~~,9. e,pa.rat".io~:J
(and hefil:;dpressur.:e losses) witn npt· ot:cuir.,,'Jl'SJ.ll1p;L:!.1:l.e~fortg~of~ 6 't.he "less coafficiieut i~., ~~v~n by J&'

\/

rcj

a

II
~- ~ 0

~~';;~~~'l2i.~ ~)
" ." Do \:) ';'\"

~ \ ," .'\.
Where h is the skin friot:i.,on co;ffi61ent b~J:;ed on Reyn~llrs
l1tlmber, ic ,is t;\~eoO!'ltraction l~ng~h and go i~ th~equiyalen~; j at ""
dianlet~r. trsi~g thi{ average ot the contraction inlet #:rtcl exit \\
Reynold's 0, nml'l,'pe:ts, Ie. 1.,.?;Sxl06, Yield\~ A ::: (~0.o105" fr6m d

'7 <C"'i/"" \.1.. ..... . c);

Figure 4~3. .

o ,KQ:=O.32xO .0105 ~:~ =0.01;05 (4,4)
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4.2.1,3 Test Sl!l!tioIl"' '" \ r~ ",II
The losses ~n t~e teS'Y ~eC;~bc>n~r? purely f1ictiona~~j s~,nce there
are no 1,ong~tud~nal'P0~~'$cl.:t·eg:rathents. For smoothap~pes' the loss
coefficient is given loy "

(;

(~

f?

"
0\1

D
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where Lt is the0 test section 1~n9th". pSing an average
number of 3.33xl06yields A:::::O.0095"~~\l\iv"~Fi9ur.e,,4.13.

IXI ,\ \/

K();,O .,I!)09Sx 3.'~'3=0 ~b4i~.> a;,.. o.a"
!j

()

\,.I'{ ., (\
arJ(~due c; to frictic::fll as
coeff,icient is 9r~erl.,bY:

the diffuser

o

where 'a"lc~)~s the diffuser half~an91e and D2 is tpe d:i..ffl1ser exit
o equi~~lent diam~ter. I) Using an average ~eynold/s ~umber of

:a.32?,'lOti yieldsiI?, = O.Ol",f:rom 1'Fd.gu:e 403. -"ff '

o
j,
U4.2.1~STransition f: !)

. ~, . .. . 0

using tl1e ~a:meloss ooefficient equation as the test sectionp the
lo~sett :t~he '~tr'ans~tio.l1,°,~rom(~quare t'tl> round are" pulte'~y
fl.'~ctiona~, ~nd q;i.venby

II ,-0

(; n

')

o

il
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Using ,the .definition of t(o from equation ~. 2, it can =;shown
that D

(4,11)
o II

()

() " (I
,~ _:.

The tunnel el1~r9'Yratio aJ.lows the power input to the t{\nnel to
;:l ."

be calculated. Q
(J D

IJ ,

c 'c' LI ,

There are two 'fans with 21 BHl?motor's each, p:ro.viding,a tot9.1~,of'
31.,,;3 l~W.Assuming p =: 1 and f/" = o , 7, and us i1'1g"ER == 3. 5 ,(I",the jet ".
velo'cit.y is faun? to be 67~m/s~

c:

\)
o

(J
(}

r.rh::r.~ is c therefore sUfficient ~r to ru~ the tunnel" up t.o o
speeds of 65 m/s. In fact, basing the lqcal ReY11,0ld'snumbq;r on
a jet 'velocity of ""60 m/s "'-'as done above, 'will result in lQss
coeff ioients:: that are lar,g¢t' that{ they should be. The' above ,~",~
a:naly;?is 1:herefo;re,. errs. on the -safe side. The error. i(? however
small since iltha g'kiri fl;iotion "coefficient, X, is not' ve:r:y

e'sensl1!iwe tq, :r~lativelY small changes' in Reynol~'s nul1l):>er'~'l'h~
argument is further reinforced by the fact that the turfllel enerc;ry
ratio is not a function of jet velocity or Reynold's number, only
the "tunnel. geometry. "

4.2.2 Structural Considerations
aeing an open' oirouit tunnel with its fans situated ,at the tunnel,
e.xit, "the a,;tat:i.opr~ssut'e' Tilithfn the tunnel is ,,Smaller than"
atmosphEl:l:'ic pressure at all st&t!ions. In region,~ wQere the air
veI"oq,ity is hig,p., oonsiderable pressure. l'oads ,ar$ im~psed on the
tunriel. top, bottom and' si.de walis t and since the.s,e loads are
dire..:,oted inwards, atotay from any .support struc,;ture, the strudtura). o

design is more criticat. The c~truotural design is diotate.d
primarily by stiffness conaiderations, strength llj.mits rarely
be.ing oreachod. o

Q______________ ~~ ~J~ .~_~~.~-_,~ ~ ..~_~-~, 8
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Apart, from 'tqe ,tunnel dr'! ve: fans,' the t,$st' section is the only
portion of ,th~\' 'Wind tunnel that has ntoving jpa~ts f' :i.e. theo 0 z ,

,actuator slides "an~~I'.flexible wa11s. ~oX' this· real::l~n >~he ,test
section outer s~elJ. mu~t be suffioientlY,;'stiff so ~,s n(lt t,o
interfere with the lnoveiue.nt of the meqhanisms inside it. Thea
strllct.llraL; analysis tHi;{refore dealt" exclusively' ,,,ith the\;)
°deflectiS>ns of ~p.etest ~~ction since othi.s was the most criti9al
section: of the '..rind tunn~l. l>i'spelZtscovered were the stiff'ness"
qf the' test. sectlqn b~;m superstructure, the' stiff,;?ess of' the
tes't sec'\:;ono ceiling and floo):' panels as' well a,s the waviness)' of
the '.',flexible tes'!:. seo\:io11. side walls.

,: 0 '.:1,

(I

i,I"

'.J

o

o c;

o \) o ',I
For a maxiJ:!1;ampres·sure loading' of 5000 Pa, corresponding to '·a
turmef speed of lOOmIs, a maximumdefJ:.ection of the tes·t section

" .: . . .. 0supers.ti:uoture of 0 •04 4llUtlwas o})t:ained. subj ect ,to the" same
load~ng, the floor ancrlceiling panels have a maxi~m deflection
"of O.1.2lXU'n.·If. the flexibl.e walls are SUCked Cinto the actuator
sl.ide~ 'by a pressure D different.ial of 'faoo Pa, -phe maximum
t..raviness in the flexible wall is 0;'075nrrn•. ,It can(\therefore be
se~n that the defleotions of the test sectio.t1 wa,lls" are
~egligible when oompared to the test section dimensions.
N~lmerical details of the structura~, analysis oan be found in
Al'pel'ld.i.x: c. "

\\ ()

4.B" Model and Balance
4.3.1 Model

~ 0

The 200mrn diameter, circulation controlled cylinder has .four
longitudinal slots, positioned 70°, 105°, 1400 and 175.° from,the
cylinder leading edge. "Theosl.ots eJ§ct 'fluid tangentially' onto
the oircular sur~aqe,.' and are indi ,j.l,iJ:ll,:;tlll''~adjustabl~ from, omm

'J .. ..... • -1,.:)-" J~, ... . G. _ '.- ...." . .: 1ito,5mm. The adlliJs}:.mentof each slot ,,3;s effected by openJ.ng the
slqt to the ~esi:re<t gap Wi\·~t' and then tightening a, dl"aw"'bar,.
allowing the ~.,slots to be ",adjusted accurately and swiftly.
l;)late ,,4,9 an(l 1il,i;1t~ 4,10 show the e1y-l.inder with its adjustaple
Slots, as wf:'.J.ltt·~ its location with respect to the wind. tunnel
lSalance.
s:
Air is, supPli~d to the slots via 9- perforated inner cylinder,
which in tu:r;n" obtains its air supply from. the b~la1:l!:::e.The
perfotated inner cylinder also t~,ansfers\ the mechanical. J.oads
fpom thE!' "model to the balance. nTh~ nlongitudinal vel,ocity 0

Clcnnponent 0; the fluid ejected from tAe Slots is kept tc;> a
l\'dnimul\'\by the straightening effect of the six butkheads owhichc

--~------~------------~O~~--------------~(:'----~fj~--~----~/f
1/ii \\
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UB$iqn .dt:equipmenf:------------------~--------~--~~--a-----~--~~··~·~.~------
'" coni1ect the :mod~;l..outer surfape to the' perfo,;1;'ated: cylinder. The
,t;lhove consideratiori i$ important since. 'any lonqit:uQ1inal flow

>' Q .•

17 component in" the J~jected fluid will make the flow fieldo around
the mode~' less two"'dimensional.. (':.......,,~. . '., .

.........,r

~k3.2Balance f)

A two-compol1en~, balance .SUPP~l"ts the •..model, in •the tes.t section
anq allowsjlthe lift and drag, forces eXl?-erien~d by, the i,/ffiodJalto
'be'measu:ted~ A's'ide view Qf the balance is shown in Plate 4,11",

..... " ',' _' •• . ... ' '. . _ • '!:c _ . ', _.,' .... . ..... '/'. '-'. . "... . (j." '. _ .. ' '\ I, _','. • __ _. (;

The fLexures. S)f th~\ "b,~lan¢e ..are des;J.gned,,,,lol'k such /1' way as .to
a:~~low,qnly riiovement· in,: -ella lift and drag. d:it"EH.:rtions. Load cells
restric~ '.thit:l movemt::m.tL therefore (li~t 'and drag are measux:eel
d·. h d Q' Irr0?~· 1 d .lorecrtly. '1' e "loa Cel:ls are ta~d to a maxlomUl\\ oa ,of 30'OONan
the lift direction and 1500N,in the d£.ag direction. '

\J "

4.3.3··.Circulation Control, Air SUl'ply
A medi.uXt\pr~ssu~e centrifUgal fan is u~, jd to ~},lpply oircula..~ion
control ab ...to the mode1. The fan is .p,owered .l:ly a 7',5 kWthreca-
phase. induction motor, and can sv,pply a volumetric f'low rata of,;

"'\0.5. Ctibic metres pe~ seoond at 7,5 kPa. Sin'ce the fan motor. speed"
\$1s ¢onstan"tt variatiol"ls to t:he;output flow rate and pressure Clf
\he fan are ac;:hi~'lf:~ltby thro.ttling the downstr~al1\ side of the fan'
B~means 61!= an inte.9'ral. d;Lsciharg~.dalllper.. Plate '4, 1.2 shews the\['

(\ ~±;r:cUl.atiJn c..ontrol' bl?wer,wit~ its :diS.,Char.ge.....·tht..ott.lin9 va7ve •.\
Prtt.;ssure verses flow rate characterl.stl.cs for tfi'e. fan are gloven ~
in Appendix 02. 0 c " .' '" '. ,11

'~ "
\~64~i4Orifi~ePlate

A D; ~12 "Qr~tice plate~ deSigned acc6rding t~~S l042[2S~, is
si t~at.ed 5m downstream of th~ CObJ-ower, and i~ used to measpre '
the ~l.OW rate .•.9:C ~ir entering the Ott) aerOf.O£l ". There are ·~,.,6
orifice diameters, namely lOommarl~ 12.5mm, o/hich can .be seledped
;:.cependinq on the flo·w rate expect~d. The orifice })l(;l,te has d~ur
lImn tappings upstream and downstreallt of the., pl,ate, th$ 'fout'
-tappings being comlJined intd-asin9le tube hYA~9 manifOld t:ing.

\\oeta:us, .of the orifice ...Plate deS~gtl, as' fell ~'is its operatinq
'constants, can .be founcl in AppefulJ.x A. ~ il

.n

o
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4.4 Data AcqfJisitiQn~and Control
p

4.4·.1Transduce~rs ,"
There are threJi types of transducers, namely lr,oad cells,
transducers and position transducers.

o

pressure,,{'
o
Q

4.4rJ~1Load Cells 0.]

c,

rrw(.t l,oad ce)lls are :,leed to )\leasu:r:e the model lift ~nd drat;1.c The.
" lo,ad cellS. wera., desi<jned and suppl:i"ed by. Load cell Services,
Pretoria" The load c,ells are rated to 30001~and 1500N for .,lift
and drag respectively, and each have their own :mains (220V'AC)
'power S\.lPPlY and sighal amplifie:t:i. The amplifier outputs analog
"data via a O....lOV voltage .:eystem, 'as wel~. tis a ·5...20:mAcurrent

.......$ystem.jI he cu.•'trent sy~tgm., was. ~m~.lOyecHsince .tt allo~s .l~ng
. .I.leads t, be used from the amplJ:.'1her to the '.,data" a\..:gul.~:atl.on

system, without introducing noise problems. A 500 oh:mrest:stor
is used to convert the 4"'20mA curret;lt t(ignal irito a 2-l0V 'Voltage
SigtiatJ "Thich is compatible 'with the AID system.

4~4.1.2Pressure Transducers
(J

Three Ro.semountdifferential pressure. transducers,
>.,' \1

are uped to me't1sure the following:
~ " .', - n. .).. . '. ."

Pl Boom pres~\lre and orl.fiee upstream presstJ.~e.
pz TUhn.~l statl..~c pressure.
PJ 'orifice plate differ.ential pressure.

a
".' .... . .)(Jmodel 1151DP,

Q

J~'

The pressure transducer~\ el11.plOYif 2-wire cu:l:.':'C'em1: system to °pow-sr
the device as well as tliansmit the dana , Voltages rangipg front·'

, .. ::':-', . - . , . \1. _ ,',','. ,'_". _:. ,_',' ",_ ; .... . . ',_', .,')

12VPC to 4SVDC'can be used to power tIle device" '!Thec~;rrent based
data transmission system allows long leads to be useQ to the data
acquisition with,()ut introducinq noise problems. A 500 ohlq.
resistor converts the 4'"'20ltlAQ51rrent sigllal into a 2...;l.OVvo:t~~g~\

\\ . ,,' .' '. . . .'. . . . . J">':'~',,-~':q il

signa]'" '1q.icb. is c.ompatible with the AID system. .,.",'if .
i)

4.4.1.3 Posltien Transducers
Fifty-two Bournes pJ:ecision potentiometers are used to measure
the displacflllnent o'f the adaptive wall ao'tuator~ • rr,b.e
potentiomete):,s have a nOAI\:Lnalresistance of 1000 ohms and an
independent linearity of 0.025%. A 9VDCpower supply is used to
pO~ler' the potentiometers, but the regulation of this voltage. is
not critical sinc~ the data acqUisition syst~m effectively only
measureS the resistance of th'e potentiometer. This is achir ';red
by measuring poth thEf app,l~ed voltage and the }?otentiomet;.er wi ?r

e
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volt~ge. The ratio of these two voltagesois then o~ly a function,
of the pote:Q,tiometer c» and system resistance" and independent of
the applied Vvtdltage. All voltage signals are transmitted to the'
AlP system by, a shielded qable to avoid noise interference.

o I 44

4.4 ..2 AID System
o 0

A'h Eagle Electric PC30D AID card, in co:n>jul1ction with a PCSl
input multiple~er,. if? used" to convert O"'10Y einalog voltages into
a twelve bit binary number. 'l'be input mUltiplexer is powered and

~ controlled by the daJ:a acquisition cardp .a~d was selected for its"
compatibility with the' Alb card., 4.7jJ.F capacitors, inser<ted
'between the multiplexer iopu£s and' grOUnd, were us.ed' to reduce
-:electrical noise caused by the. l'nOtO:rspeed control_ Demonstration
software supplied by Eagle Electric in rt~~ form. dhf numerous
prb¢'edu:r;esJ was used to write the tun~el operatingOsGftware.

". 1\ '<'J

4.4.~ .I/O System" "
An Eagle F!lectric ,?C192 x/o card is used to outP'lt, 5V TTL di9ital
si,gn~l9. These si<;;fnals'~re used to switch solid stat,I,~lOarlington

" relays, wh.ich vi'n "turn activate electro-mechanic 1,.re.1ays
control+iiig the ,9,dapt;,i:vewall actuators. " ,.

(\

.1J

4~5Softwar~Design
The so:f1;:,wal,:'edeveloped can be broadly divided into thr \Iegroups,
nam,e~YCal.i,',btat,ion,.ope,.rat,in9 a,',n,2l, utili,ty softfJNare. Al1,~ sOft~at"\.
can he foupd 0)1 disk i1(; Appendix F. ~ \1\ ...~

"., 0' "Ill 0 \!
"1.5.1Calibration Software\' , .'. o \i/I>
Software was developed to simplify Ith'e calib:r:a~~idn pl:'09i,edurefor
the e;rt,~r<awind ,tl~nnel system .. This so,ftware '~l.19~s ti.~1etnmne I~:l~~:~:b,~ia~~~~:",.!,~:U~:~~~,,~:J:~s::;r::s~~~\~,$p:~"fs~~C:~l:..
least, squares regr1e,!.4sion, ~\ielding operating G~bnstantl~ far all
the transducers. " lid o

il _I
)1
II

" '.:' 0 \" " o Ii

4.5.1.1 Raw Data AC9_u,isitiOll" :!

'rhEa;p~Y$ical calitJration of the. "'t:ransducers ¥~~ld$ l'JaW dat.a.
" . G "'s '(>1

o
\.'l , " '" ',r, r;

,fI..S.l.t.l J'osition Transducerr~ () ,
The. pro~am WALLCALI •EXE requests th.~ operator, to manually
"posit'ion a~.l the slides to a" known position. Position

; (\_________ ~.j~,. _.~. O_··~iL ~~~ ~ __
',' .... ......"'O;~ .. ~ ..
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o
measurements are then taken(':>y the AID system. The t>ro~rhan\ti\en
requests the Glperator to mo~e the slides to the ne,xt fPs5:t'ion,
the process, peing repeatel;:t' \lntil all t~e knowll positions have
been covered., The ~raw dat'a ""is ,stolZed in files UPPER. 000,
UPPER.16Go' UPPERa3~331 U,~1ER,,5Q~'O,~PEER.666,and UPPER.Baa for
short s.l'l.des, and",LOWER.,n16, LOWER..OOO, ,tOWER.Hj6/ LOWER.333 ,
LOWER.5.00, LowEiR.666Y ~LOWER.83a ~nd" LOWER.100 f,or the long
slides. ~ 0 D

I) .,

ne~i9'n of" llquipment_~) ~s

(\

4.5.1.,1,,2 Load Transducers ,'<'t,
o ~ .

~he, pr,pgram LOAOCALI,.EXE prompts the tls'ef for, the magnitude of
the" known w;eights "that are, being \1sefl ~q\sepa,ratelY load the' lif~
~nd dr,ag load, cellS., The, AID SY\'t,~,.h,:) records all.,' {jhe,j, (l~ad
"~~asurem:ntsl and"stores the data i,n 'xtie fileS tIFTfA~f.DAT ,for
.Ll.ftI an~' ORAGCALI. OAT for drag. C\ ""-.". j

Cl.· ,- _,,:!', ':PI") ~/J

\)

4.5'.1.1.3 Pressure Transducers
The pr(:}(jramP:RES'OAt:r.DATp:rompt§\ the user for 'i,e magnitude of
the known .,pressures t~F\t are· being applied to ea~~l p:t'ei\;'Jsur~
transducers. Tl}e AID system r~~c~:t:$ls (pressure measurements, .
and. std'res the data in" the files PR~' .1. nAT, PRESQAL2. D,.AT and

>, !:;.' ,

PRESCAL3 •OAT. " \,
1\

o

o

/!l 4.5.1.1~~TunnelSpeedC~librat~o? ~ c ,.".. L) "

]1.1(1.'The p~9ir ~)l CA.:r.S. ~EE.'D'*EXE, pX'ompt:s the u,~.er.for.~ d.eSJ.red ~unn.ele,/\'! (i! speed. ['he tunnel 'W~all%1~lre then adjusted 'to 0 give" a aezo

"'r~.~~.lone 9i,t.U.•..d.~~a~ p.res,su...r.~ ,\~;radient., :h.~'; tunnel stat ...Lc ..p~es,sure 7nd, '.'"
\\,true Pl.tot v:,elo~)l.tr are thel'l me.as1r}red, and store~ an the fl.l'..:t-'~.
\ \ SPEEDCAL. OAT. ., "lI

'~\\ I"" 'C:'" 1\

o ~,~.1.~£:Dat~P~ocesshig ~ o

O~e ai1l. the raw data have been obtained, they are processed iiO
tha,t they oan be used by the tunnel opera.ting sqft,ware., . ~

\ "

4.S.L2.1 Position Transducers

o

o

" ,', (/

The procjram CALJ:Bl3.i),St'.•EXE Ls used to read' in ,aJ.l the ra~tlposi.tion 'J \)

data" files, ie. Uk'}?BR~:,*and LOWER.* j and then apply a least
squares quadrcitic;: regression to the reg,dings of each tran$ducer.

,
/ The resulting three· constants per transducer are st.ored in the
~ file CA;LIBRAT. OA[', fOr"P,Si\1~~:t1Nl·'h"'~~"i,h'l:mnelQperatintj0 so:ftware •

•:) G} <:. _._ i,"·; :;~~t_'~:r~:'j-~::-"~'/;
I)

"
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'"4·5*1.2~2Load a1~~Pr~ssu~e. c. '

The program CA~TRANS. EXE :reads i'h, the raw i~oad and pressu.r~ data
'~o files, ie. L:rll''IllG~I.PAT( DRAGCALI'.OAT an9~PRESCAL*.DAT. A least
"(:rsmitares linear\\ l?~gression is app~"ied to the d'l:rta ~f ~ach
,tra11sdl;,'lcerI c'the\\resulting two coustan~s ,,,,for each transducer
being stared in\\,the file CAL'J:RANS.DAlI. This fiole is used by the

" tUl;1Flel"operat.in~r software. r

c (..1'... ... .': 11___ U (.\ \~~

4.S.l.2.3 T~~nel ~rj)(~ed 0 .• . .' . Q ;OD ~
The progra,m Sl?E~PPRO.EXE reags in the raw tunnel speed data, ie.
S!?E1tfDCAL.PAT, a~i~ fits .~ le~~t ,squares line(ii' regression to' the
d,,;ta. The re$u;~ting two t:onstants are stured ~n the ~ile

" '. d'" , , .', , , '"

SPll\;EQPRO•PAT, f qir use by th~ tu.''nnel opera t';i..ngsoftware. "
Ii t\ 0

4.5.2 Qperating Software' ,>"-f\;?., '~ .r o

The c:l:"cogramMA!~~PRO,G.EXE co"htrols the operation of theW't~fmel
during l~or:w,i;lltd sting. "This prog'ram automati9~ilY position!?!' the
wind tunnel sid~, walls, and the~ acq~ir~s dat& frgm the va~~ous
transducers. Thd operating SOftj~)!-e performs the following \\-e'asks
nto init.ia'lize th.rftunnel and h rdv..lare. I\ft {)

3. Initial~ze, the AID and 1/ c~rds'~ I ( " 'I~\''l c) C!

2" p.xompt the Iluser for ambie),] ~tmospheric q;bnditions.·~ "0: :~;:p~~t~;1;::~c;;rz;~!f!:~u~~~tean~ slotsizes. \
(,) 5 ~ead 0 ,~U'l ca~\iJ..bl2a,tJ.onqpnstan!=-safor/)all transducers. ") "\\~.,

- \ I> I.' .... :~ . .

o Once the t,unnel ~~ndhardt.,are" has been. initialized, the following\
tasks arei' parfor:med to obtain each data :r;.~,tlint.'. \\\..~.~~~;~~a:e~!~~r~!~~t~;~~e!n~t~:~~~!~n~a~:~a::~~~:~s~. '\
3 P9JntJ.on wallsil '\
4 Acquil\. datia ,

r-,

c.

4~5i~ility Software \1 {I~? "" n "

IJ.'h~~utilitY so~~:"are ,\W~Si! developed to aid the user\/,wi~h certain
tas s that are not absolutely n"cessary for the Qperat10n ot the

u tun el.
I (\. ,,-::J- "',~~'. . ,;" 'I .: ,)

,,'
G

,,4.5.3.1 Velocity Traverse
""1' . '\

Tl1e"prcrgramVELO:PROF.E:XE requests the user to position the pitot
tub~ at. a ~~rtain test section transve=$~ positio~ t.unnel static
and,,((pito~,:velocities are then recorded every 0.1$ .:tbr a total of

o



o

OJ) ,0 Of:'

QS~ 'The velooities Dof 26 station.s are recorded in (the files
tQ:PRO~. DAT through to VEtOl?R36 ..Dl\,T• (~I

{'I

o 4 5.3.2 ltelaY"G,Cbeckingo· .. .." ... , ... .. ... .. . II 0 (/

T e operat.ion "of the all (the tunnel relays oan)-i5everified usingtile prQqram RELA!~CEK.EXE.This' pro9'~amswitches each relay on and
o f in 'amanner that is discernabie by the user. I~ there are any
i resallarities in the pattern of the ,cl.icking sounds ,one or more
0lf the l~~~YS is fau~tY.. 0 " 0 CI· ",\', " ., 0 CJ

4 r:.3•3 Data Acquisition ir ., (I U 0

'j]. e aat~ aeq~i~iti(m. s:l~temt as •.wej.l as the tr~nsduder.St, can be
oc eoke.d Wi~hQut rtmninq the en.tiFe~unnel QP:*~t~ng sOf!:wa:-e. The
p togram AQUXoArfAleXJi; reags In' all thE! tX'allsducer valuel$' and"
O:!sP1lilYs°tllem on the screen. In tbis way". the response of
t ~anSducer~ ,tp appJ{f~g.:load.~ ,and so> forth, pan be, observed. The
t [~nSdUCer~can a

0

1S0 be $tO"~d on the 1Oi1.e.tQ1Jr~ATA.DAT; •••

'otlp.3.4cWan Pressure Calculation ,:" a

I~il"o.;t:'<ie:r \,i;f.O Qb~ "abl.e .to plot the. predict.ed wall.' pre~sure
d.jstti, bl.ltiO~1 t, he, program, CALCPRES.E<~~ ca,', ~.ro\.\,l~tesJ;~EI ~w~Il.,,~)
p less\~te~ f~r a~y given tunnel spe.(ed, lift coeffioient, c,irag
c41effiOient ~\nd $lo.t blowing volUlnetric flow' ;!r'~te.,The e~fect of

" w~flJ. pressuX"~ tappJ.ng movem~ntJ' as 0 a ,reSult of ld cb.angl.ng ,wall
clJ.fl:vatl,1re, an~ hence "arclength\lf is taken aQdQunt of by the

,11 ,'th" ,\ ua'igor J., :m. 'h 0 c ,
, ,. 1\

'I ~
~ 1
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Plate 4,2: wind tunnel 'viewed b~bind.
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Plate 4 .5: Internal v"ieW' of the test seotion."0"
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1. ... . •• '0'1';";";';"'''-

o

5 Theoretica!"Analysi~
" ~. . ... ' ,

II

The theoretical analysis dea~s wif:'h the development ()f" the
streamlining algorithm, as well as a' "dimensional' am{' an erro:'l:'
a. na:iysis.' ":;c. .>~
o

5.1 W~ll Streamlining Tbeory
I:Jil order to streamline the "lfnalls to the correct positions~ an
ibv.i;seid, incarnpres~ible pot.ential flow analystLs is used to model

!.f.e~~.'~;..Pi;S~f.~:~::!:~~:l.~.:i.dp:::'\.;!fa.:.tl~!.•.a~~~~j.t..::!~..~..:
\\ ~~~inder .• .s1nca the tunnel walls are in the inviscid"flOW. fietd
(I af' the" aerofoiJ., t;:onsOOel;ingonly pressure "and ine~tia forces to
find the" streamlines in this fegion ~s a sufficiently good

i:i

approximation.
f)

"

,Lewis[9]I whose"work foclased ion transonic a~aptive wal: te,~ting,
found that. a ,potsnti,al flow solution was aUequat.e fat' subsonic". . . . . .... . -" " \..\

testing, especially if the" effs.ots Qf aerofoil thipkness and
camber \oJ'ere"t~Jcen ,~n-fo account; by mean~ of a ( Zhukovsky
transformation~ (:'{~1/

(:

o· >

c

0, c

."
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~__ c :) Theoret:Oal ~!'!lsiS.. 5'\
Dunham[l7]found· that'" the pressure distribution about a lif-t:ing.~

c cWl~nde~ can be accu:r:atelY predictedl b;{ means of; .a simt;);l.e/('
pote~tial o flow ,analysis, with drag being. modelled~as an
addttional sourc~" flow. The. left hand ~~raphof Fic;:rure,5.,,1shows
the me~s\\l:edand predicted pressfire dis!~rib\ltion "~bout a lift.ing
OYli~~~er:The ,?o\~ a~e e~perimen'tal poin~s, .:vfiile the s~lid ~nd
dotte~. ll.nes, are 'P~!!dl.ctectpressure. dl.strl.butl.ons oaLcu:l,ated"ll.th
and \,'~ithout 'a so~ce, floW, in the potential flow m.odel,
respectively. tt c{~~ be seen' that the solid. line matohes the
Cxperimenta1:,"points almost perfectly. If, the pressures can be
ma.tcned sci' closely in ,t~~ vicinity of the model g it is very
likely that the fat, flqw lifield' pressurE~ prediction '~.t~ll be very
accurate", In other wordS, if a potential floW model, it used that
,;;!i~~es int'o ,acoount the effects of lj.ft and 'drag (cau!?ed by
"~.o<?us 'Sh~ari'or sE1paration), the stream.line shapes precl:i.cted are
,'Ve~)y liJ{e;j.¥ to be oorrect. 0 u

~_= u

There -Ls one difference between the theoretical modc;:~luse~ by
Dunl;lam,and the one used .Ln this research. Whereas Ounham\lSeS

j G i.' . . . 0

empirical, values for the vortex, Cs, ~no1souzce-, Ca, "strength, as
, . _-,\.. . ....,:.: .... . . .-.

given in the ri~lrt J).ari9,graph of a J:t'igu&,e5.•1, the strengths of
,,-"" , .

these elementary f1.ow~used in ~ne pl;'esent research is based on
theoretical considerations.

'J

Supppse a lifting body of at'hitrary geometr)( is" flying i1'1an'
real, inqcmpressible and unoonf~ned flow +:{~ld. If an i~aginary"
boundar~. is drawn a~ound the" body such 'that it is in the ~nvii$cid
~ar flow field 9f the body a,t all poin"'~s, ie •. not paSSing tb;rough

" regions with notable visoous forces exc~Pt the wake,,, tH.e' orqy 6

evidence to be found ot"tside that boulldary t.hat i:;he,ubody ,is
lifting is' a circulatory flow of strength L/ (pO) (iZ). Similarly r

" Ilt:.ha' only evidence that can be found outside the bourt~a17Ythat the
1\ .. .. _: _ U ___ _ _ __ ___ _ _-- -- '

body"has drag, is that the uniform flow field has bee:h~a.ic~'J.Plaoed
to' al1pw for the slow~:r: moving wake of the b6dy~" This_
displac,ament is the same as that created by a SOl,lrce,'or strength
o/,(pU)[6], in an inviscid flow field~? "", ~:

\1

()

o

These tw,o obt3erv,:~i~ns are' ~till not s'Ufficie.ci:t ,:tode<~dribe the
flow= field compl't:t.elyf since the geometry of the body wil~
influence thla :ghape of the streamlines, ie"4 the oirCulatory and,
f9'otarcef?f,;t;ec~sare distribut.'ed. At very great ,distances fromothe

~,body, how;~verI th~ flow will be I~ully de.fined since the ef:i:eot
6f" vOl:l''te~and s'ource di~tributioh, Wil,}~,bezero as a result of ,the
1.,11: na.tllr~\t~the tW9 elementary f19ws. ~()

~-I' C)
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Theoretical Analysis 56'........-......,..,...,....------';;;,.." -,~.
For t.he pre~ent ~esf>arch, the geometry of the bOd.Yis known, and
is II easily. repr,esel)ted .by a doublet in the frees~re~:m ": Since the
1:;unneJ. 'wallp are ,not V~.t-·y6110Se to the body I this representation
of thEi moc.i.elgeometry is probably s'lfficient to obta,in realistic"
G"tltrean\l,;i9~'shapes '. The 0 cylinder is th~re:eore represented as the
sum,)ot' "a·e doublet to repres~nt the model geome'l:ry!' a source to
repJ:esent the" model drag, a.l1d a vorte:x to rep~es~,,~t ,;the model
lift." The addition of fluid by the CC slots is mod!;'~}l~.dq.'!ll ~11r;,
addit;h,i·u;!.lcsource. ~. ..,,,·'1

o

0,5.1.1 Pot~r.tial Fl9W II! ?
-<) (kar~mcheti{tll, ;,a~ongst others, g~V'esa deta~&ed deri~4fion of t~.er·~ conttrpts oof the stream"funct~on, the ~ain res~lts ..now being.

'l:e.i.te.rated. Streamlines are represented by £ine9 of. constant
()

stream-function, since there is .;notfloW'aCrOS;?,)a' ;::;,treCllinline.u
o 't,<i ~:

o \\

,0

p

5.1.1.1 Elementary Flows
n \' • .T.'· \\For the ullJ.form stream, ':I.' is 9iv~n,)~f

o

,,(x,y) =-Vx+uy
,:,..

(5,1)
D

"

It'or a. SOUrce centred at the oriifin, '¥ is "9iveri by
o

• (~, y) :::?~.a:rotan (~) +a 0

o

Q (") G

:Pol: a 9.oublet centred at the ,?,rii;fin, w is given by'\ If o

(5,3)

o

For a line vOlStex centred at the origin I 'l' is given °hfl "()
~ a

a

5.1.1.2 Combined Flow,.. .. c

;/
~QO

l)
o

(7

c;;

The stream-function for a flow c<;msisting of all "four the
elementary flows listed above is merely the sum Of" tha, gtbove
st'ream"'functi,ons. For a stagnation point at r"= a, in. to Ob~ain
~tC~:~u~:r s~!::~~~:~e'corresponding to theclpsed~ circu~;' r /:;)'"
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o

" l;\t>lcap als'a be shown lift per unit. span is equal< ,to

(5, IS)

(!

S;lmda d ;:;:2a, k can he derived from equation 5.6.
<0

1
It can he shownthat drag is giveJ;jpy

D~PUqdJ:4!1= ~ PU~dqd" p

() ""'\n. . . .(_J .. {' _

Since d ~ 2a", the source strength representing the cylinder drag,
qdr;,g I i~ 9iven by
o

(5,9) c-

0; . ",. ." '0
Howeverp' 'since the source repr~~~rlts the eft'ec'ts of both drag and

, Q fluid addition, 'an additi~mali('~~et)m<re.presenting' fluid additiorr'
1'1,\ '. .'. . ....•..... ". ..' "

is add~d. ThiEl',,\ term is writE'ejr!: in 'the same units as source
'. . ,...., .. ' '.-'.'1 .. ,1)' Q

strength, oie~'. fl~;ld added per 'O.ni"l; span. Thus glOl~ is th.e s~mof
qdl'tlg and q~:lf the complete equa~l~n i'Y,rcl aource stre~gt~ being" ~
given by , /}

d\

()

Q"q =UCA4' S.lO~\) total . rr 0 . b (5,10)

\1 o
o

;'.) 0

"._ () 0

where qltlll,P J.I. (land k" are taken from equations 5.10, 5. 5 ~nd 5.1
respegtively/'

Q

(\
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~"-_ .• , ''_.' _ ",,'._,.-;: _ ,'-','" __', " .9!_~,/.,'l.". ,." 0

5.1.2 Nemon ...Rapbson Method . ,) :
G :tnnora~r sol~e t~ecortst~nt stream~iurtct.~8n'.for. Xc ill, y.erms 9:f x,
it is :raecessa;ry to Use a .flume:r'ical methOd. since· the equations'

"oj _- _" '•..-. - _. _ _-.,"- _:),,' - _- ,' ,,_",_1." _ - _ ,' __ ,., _" " • ,_ ',,' __ " ,', ,'_ _ : ,', () _ " ~__ '(;:', _ " _ ,',~,

qarmot, ..jle., writtt;") e~PlicitlY •• "APJ>J.yi~g .:tt:e ,Ne~ton . Raphsot!"
meth't,d .for..the solution of tHe loots of equati,pn :;. 11 rep.tuir,:i~I'''''

th,at tQ;e ,equation ~e writt:'en?asQ o 0

oo

o f(;)) :;0;0=+ {x,y) ...O
'..\

(5,1271

The NEt)Wtori
y to be

I
4trt

~i
'/
iI

o (J

(5, :r~3)

c

/)
\.'

Wbere f' (y) is given by~·
"

o,

(51,,14)'

co

1/l/
N IfJ

ff

;';Jei

The ,final value of y is o'btaine<:l, when the "~if:fere,n~e bet:.wli~en"
sucdessive approximations of y i'~"°iessOtha~ ~ 'certain tfr:r'or

<) . \

o

o

o

,)

c \)!)
()

()

if
O d'
I)

01)

(i o

o

o

q
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T -1

Each ndepende~t;'variable pan be written a,s a g~lllensionless
par~metet't if the (lata, is reduced by the groupings given
below.

Force"
c p" Ub de ~ i-f> rP TO

M L T-2 W 1/3« Lb T·b U:::: Wl LO TO ()
Exponepts of M: 1 + a ::::0
Exponent,s of :L.: ..1 - 3a ",,","'p -+- C ::::0
Exponents of T: ...2 ....b ::::9
Solving for at band c yieldS a ::::",;,1t b:::: ,T2~'
Thus 1l'1 = Force/ (p U2 d2)

o
0·· \)

.(/. (1

\ ,\

(j

Momentum
ptt U" dQ ::1" ~ t.P WO
M L T-2 W 1;3. Lb T·b U:::::MO 'LQ TO
Exponents of M: :1 + a ::::0
E,xponents Of L: 1 - aa + b ,..,,0 :::: ,p
Exponents of T: -2 ...b == 0
Solving 'jor a, band c yields a = ~l, b::::
irhus nif'= Momentumj(po U2 d2) rI

" a



o

I"~

"

, (f

n 0 I,J
o

o

ss <J

,1]
cpt. ,rt~dll == ·,WJ LO IrU
M. 1.( ,]--3 Ma 1'-~; Lb T-h Ii::;: WI LO' T~;,
Exponent~ Of M; i of a =? 0
Exportent.'r o,f, L:" 2 ....,,3a +. b + c == 0
Expo:pents of,,?:,: -3 - b 0
\~oa..vin9' fo!: ai' band c yi~lP1sa ::::'~J., b == -3, c =

o TtlUS 'Till E,QWersI (p" ti~dt)" "
~\. .' "

-2.

Of~ _'.c\
. \\

12tG$$ure "
p" tr', de == :W> ·1,0 TO

M L~l) r,(l"2" Ml L-lla Lb T-h L" == "l-t> tP TO
Expoill~::PtISCof M:' 1 + a 0 ,~
;Eipon~nts of :6: -1 - 3a + b + C,' == 0

W_J,EXPcment,s' of T~ ...t::,_ ,b ::::0
~selving, for a, b andc'yields a:::: "'1, b ,== -2, c'= o.

Tlftus(}"4 == :f.\t·es~urE:1(p ot)
o

11

Volumetric .Fl,ow Ra.t~
pI tjb d(: :::: .~., 1,0 TO

II Ir,'!" ..W' ",L-3a Lb Tob L" = Ml tl' TO
fI 0. .. :-,:'.0

~~p~nents' of M: a = Q,
';:; /): _. ____ __.__o. . . ..' (.\

Exponents 0t'L: 3 - ,3a + b + c == 0
Exponents (irf~T: ""-1' - (Ob::::0
S61ving for' a I b"and,. 0' yi~,lds a :::: 0 I

Thus 1ts == V(,)lwnetric -F10'N'", Rat1eI(Ud2)
~o ;_;:-, ~\ ~,

Q

b =::; """1,'0:::: -2.

n

Lq,oking at 1t37~ 1t4 and 1f~;t it· can be deduced that power" is the
o ~~odu9t of pre~sure and volun\et~io flow rate. Indeed, for an

~~~:m~:e:~;:t:e!~:::~~:!Sp~~ri::~~f[~~:S!;~~:=;:b~~:~~~:f~~e
;"', ,'. " .. ,' . ',. . ,0' " ..,., ..., '(;.

rate. It shall be seen in Chapter 9 that this is qUite",a useful
)1 parameter I $ino~ ..1t call be tised to c~:mpare the merits of variou§

model configurations. ~j,: '"., ..J) , ,,', Co't. \. '0

o ()

()

Q

o
o

c
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II 5.3 Error An~Iysis ,\0 ,I D ,// (j" ,.,' c,

An error analysis was, performed to determil1e the unpertain~y ,in,.
the proce~sed data as a result of ,tr/fisducer in.":\pcuracy'-and,

reSol~tion. \ " ,,", .... .. '".. o

Tl1,eJ.~ft and t.1t"agload cells have h\ J.ndependent IJ.nearl.ty (j)f n .1%
of ~he, c~~~ted span. ~The.lift load. cell'~!Vas ca1ibratecl'" from
O...i 15001;f! "'Wll:tl'ethe drag load ,cell was calibrated from 0 - 60pN.
The m~xirl~~,uncertainty in the outputs of the lift and clrag load
cells is therefor~ 1.~~\9.PN respectively. ' ,

\ jO 0 ,r '?] o

The pressure transducers have. ,an,independen~ linearity of 0.2%
of ,th€ cali1?ra,j;.ed spa!). T,heJ:.l1.reepr,~ssure' transducers, ie. (,Pu

j!'Vl . ';, ..... . .". . .11' .. " . \,J, ':'''. .' ' .' ..." '. '. '. ,)

1'2 ~nd P3~"l;"w£:ln" cali:Qrated fo;, a span" of, 2000Pa" 500Qj?a,and
""="~500Pa)t c~r'~sp~ati:velY. The maxilUumuncertainty in ,;the, outputs; of

~he three t~ansducers! l$''''~~,~er,~fore 4Pa, ~opa and 15Pa
respectively. i; •,',I «

\1

i'e;!.. {:' ./)

Since the' anal'oq~readings o.f the transducers have to '~s 9~~verted '
to C\t9ital v~.l.~eSl\pef ore they, can "be ~rocessef.'. ~h~ reso)l,~ti~:>n

, of ,the AiD sys~e:mmust b~ found. For a 0 - leW ,J.npl,lt, the AID
e~rd genera.t.~s a 11>bit" digital ,outputt implying"a ~e;;olution of
1"part ini4096. However, the trl!;.nSo~llceisoutput a current \~Mtr\al
ranging betweenAmA i;l,nd20mA, wh~ph is converted into al'vQltag&<
rangi~ betweefi"2\1 ~nd" :tOV to be, co1!fpatible with the AI(~:;:ca:fcl.
'Fha fin~l r~~plut"i~, of ,the A/p'icard is ther;fore o~l~ ~'(~art .i~
(4/5~4096), ~e. 1. P9:r,t an 3277 p or 0.03%. SJ.nce thJ.s q:eso'1:utJ.Qn
is ,~mall~,r' th~n ~the uncertainty in ~he outputs of the
trE\nsducers, the accuracy ,of the measurements is not a function
of the resolution of the A/J)",card. ;"
_:\ t~~2) f>'l :;. ,~. .' ~:-

i\ T~e,s,p:nc:,,~;~~chozd Q~ ,the CY~tingercan be 'measur~d acc.urately to
,/W,J.~h~?~O'0005m, and ~J.nce ~lLIb x, c, the unc,ertalnty an S carr- be
wrJ.t,:tflm,as," , = Cj

" ' \\

,'} ,~~:IMI+IAE."
S b .a (5,,15) JI0

j;.'"

1'1
J}

Using Ab ::: 0.0005 I Ac :=: e., 0005, b =:0.5 and c=:o. 2" yields AS'I's
;::;0.0035.

The dynamic(pressure is obtatned dire'ctly frpm the tU,nnel static
pressure, therefore the uncertainties in dyltamic and static

o 0
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pressures •are. identical ~.'The maximum..uncertaj.nty in" the tunnel
di"na~tic pressur~ is obtai~ed u~ing'thef lr;>westtunnel. speed" Which
was 25 m/s. Using {Jair = a(fq;q,~;::: 3:tZ•5 ahd 4(i{:" , t" yields Agjg -
0.0128. .. \,

o {) IF
,The, lift coef.fi(;!ient Van be \il,ritten as

C
l
££ .L.
qS

D

:9
CJ III

" iT 'The unc$;cta.inty in" C1 is' given as

AC.!;:I L\LI+fsAqr~\(1AS1
C1 4·" q '\ S

,6

o

(5,17)
(i

The lUaxi~}llnou.ncertainty in c1 will be Qbt~lned a'b:otheO lowest
measur~d lift e t'lhich 'was C1 :;:: 1" or L = 31. 25. Using AqIg =
O.g12cg, ttL = In.5 and AS/S :;::'0~0035, y~'el.ds I1ctlCI ;:::0.,.064 or '6;4~.

\1, :., " ./) ""il' '. 0. w

The dracflcoefficient cat? be, writt.en as
i.1

($,18)

"
The uncertainty in Cd is ,~iv;,en'as

!tcd=l ADI+I\~.gI~'l.A§.1
,\td D q S"
~\ .

» '.
',I !)

(\'1>

c

The :m~ximumuncertainty in Cd will be obtained at" the 119<west
,,' ", .' ;? .' . . v' "., .' . ' "., _ .: Co . _.'. ,_~,~."J '<"" ..-'.

measured "drag I Which was Cd .. :::: 0.4 or DC':: 12. !:f. Usting" ':tl ==
() '. 0 ". .' v. '. 'I ." J

0.0128.1 AD,= 0.6 and.AS/S:::: q"oQO~5, :yields ACd/Cd:::: 0.064, or-, 6~4%.
" 0·. Ii . c,

" ..• ) '-J
(j

The ofitice flow rate can' be written as

" (j::::k·../"Ap
a

:; 0

where k includes the orific~ coe~ficients.
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in Q is given "as -:

The lowest ft)ow' rate". l1leasUred ,was typicaJ.ly O.11T!3!S,
1,lorrespondinQ to a diffe:tcential pressu.re p ~ J..80pa. since IJ,p ::
~oand the ~~r?r,in the orifice co~fficients ,a.re, estimated to be
be).ow 1% or'l,o..q,ol, AQ!Q,# ,0.029 or ? ..9%.

;, , ~(J

The :moltientulll'\~oefficient can be writfen as

The,tlucettainty in cJ.c\. is given as
T> -o

L'

(5,23)

(/

It

The' \ls16t size c,,~n be fueasured 'to 1ihthin o. 05llllll, ~and ' sl.J)ce the
smalle~t slot siz,e ~sed was ,lmm, the Uncertainty i:h t! o is ,0.05.
1;1sing tJ.Q/Q "" o.02~f, tJ.q.lq':::; 0.0128 c;nd IlS1S ="O.003?, ~ields AC;/CjL
'" o. 121 or 12.1%. o c

'D , , , ,~
U can be written as a func.tion of the tunnel d:rnall1l.C,pre,ssure as

{f (5,24)
u

U=kyq

Since Aq.lq II o, ,0128, AU!U =' o. ,0,064.

Ii

(i

\) ,I, 0
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co The pewe.r coeff1.cJ.snt. c,!al'l be written as

()
(f

c. =..liLQ (I

poW' qSU
o

o II
o

n. I 0 9. . .... . ." ..' . '~
.'> TI.l.e uncertainty in t~e ,;~J~,~elt·'eioefficient is ]!iven, as

.&C~o"~liJ+,M'"+,,,ASCI+IAgIflLA.S I
C,PoW' )j 12'((' Q .'.. a >, US' <?

ii,,;!1

t,;

(5,27)
)- c.

ti--_1I':'l~:: .-;, , '0 Q ;,!!-
i 'l'Ii1',-. :;,

IJ, ',', ' 1) , , ", , _. d~i~r-\';~
Th.e s.,ma.·.•.llest .poolit'pressu~~':.f:..·•.:.11...~as apprOXfmatel..~?Qoopa. Using 'Zlp =
15i AQ/Q := .0.,029, Aqjq = d~.4t~_:r~S,ASjS = 01;100315 8\nd ;>'U/Tff:= O~00641 o

y-ield~ ACrm,,/Cp~ . == O. 077 or ~if.7 % • 1," o·~ ,
c ~ . ... U ~

Ii

The llllcartainties in s.om~d{~, the oalc?lated g!1antities is high,
,0.}pui;,it must Q~ rememb~r~c:lthat· the vall,les given" above al':;,ethe
:"worst .d~se~' Readings ta}<en at higher tunnel velocity, with 0

9r~ater" lift, and s~ot lr}qm~A~~um·will •havei··a .lower 'Uncertainty •
.r:...Since. almos.t al~0(.\the 1l-:!;r..ttt;~t. wer~ 9out~~ivef the a};)so?,;ut7'/'"
""-J . .c. /1 "i"'" . Ji~ •• - .. il ,\. ,haccuracy OJ,;; meas"l1i,:ements.LeSS cr]. t1.cal. '..) (,,' "

U .,;;';r"I;.,t) C

\) (.~:Li~:b

The ..1~ge Ullcert~inty in the l~~~tandI, drag ,,~~P;ffici,e~ts, ,ca~hel
attributed to/~sin9· load .cells that had tp9 great:. a "span. The
large u!'lcert(c;:~dtyin the pressure r~~~te~!,'qual'l:~itles, especially ..
tunnel t,3pe~,d"and orifice flow rat~";:~tiA' be \:~ttributecl .to
square'-roQt ntttltre of th~se quanti ti~§\' Eyen though the span of

. ,ll" .. " • ...• . ."", (., "~~', ,,' _ " ~')~" l ,:,

the'transducers was compatible wJ.th tije magnitude 'of measurements
\\, ",'" ."- '_ .,,",'" -' " ,__'" .. ",' Ii ,", ,_ ,_",,' , '. "",, I)

takGp., quantities of low magnitude had inherent':'unpertainty due.
to tCihevery natuda df'the measuring technique, ie. the orifice

.~/" _ if .. ,," , ' ,', " ',,' , ij',\~..,plate or (IPJ.tot tube. ,/{ Ii ' ,~,,,

(ff-~" 0

;n an ':ttemph to reduce the u~c~;~~intY in tt~le measurements, zaTO
, load 'and pr'essure readi10qs to.rere~:e<:lJ,cenat thE: stax;tt of each test,
these vaipes being (isubtrac'ted 'from subl:!equent ,(lreadings. This
procedure ~.ends (,t)g,. reduce ttte uncert~'inty iI:i.. 0 the measured ,',
quanti"f'ies, but l(t ~)\;difficult to pred~pt by how much. a

",-~'-,;,,- \

o

o

o
1)

I,

\,'",\'."

o o
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t.rhe confidence w~th which wind tl~nnel d~ta can be presented is
dictated to "a large extent by ~ow carefully the entire test
facility is calibrated. To ensure the repeatabiJ.it.y and accu:racy

,', . ..: <:

of the entire wind ti:1.l1'helcalibration}';,: -,i twas dec,idE!dto develop
dedicated calibr.at:lon software oWhichW\\~lti aid the operator. fn
·che cal~brat. ..ton of, the tunnel .. The use of this sOftwa~e.r.elitives
the tunnel- operat;pr of 1;he tedious task of remembering details
of ,the·' calibration procedure, since the .cal'i.bration, Software
pe't'fot'ms .all the relevant measur~ments and merely prompts the

I 1

user for' any external inputs whetl these are required. The
o

opera·tor canstherefore concentrate on other intpqt_tant t.aSkS such~~:::l:~~;::\(O~!:rv~!l±~a~~n:OO~;;9c~::~!;;;~;r:'~
mentioned irt' this chapter can pe found in~",AppendixF. ..""-.,:)

Co \~ I_)

"6.1 Wind Tunnel Calibration II"

6..1.1 Test Section Velocity Traverse
., 0 ii '.

A' velocity travfl'rse of the' tel~t seotion. was performed to
eS.tablish the shape of the tran~,erse velocity profile iil the
test section.. Using 0 the ot\libral~ion program, ! VELOPROF. EXE,
ve7o.c.ities I,at 3Q stat..ions,. ina. pl n. e transvers.e .to th"e.tnmne..l
aX1S at the centre of tp,e 't-est;,sect.on, were :measul:'ed.

o ~

Due to the una\railab:Llity of a total'head rake, Velocity COUld
not be meaauz'adsimultaneously at Q\~.113€ stations, therefore it
was th.erefore deoidecLto measure both e local dynamic.pressure
in the test sectiGn, as. vle11 as the tunn 1static press~re at the
test section i~let. The ratio of the d namf,c pitot and ltit:.atic
tunnel velocities yields a u,seful normal ed parameter since its
magnitude ,I is not dependent 011 a. tempo ally. constant .,.tunnel
velocity, a condition that c'wouldbe V,_~rydifficul,t to realize,
since the acquisition of the 36 rc.a,dings was effected ("over a

~ " 6
period of approximately an hour. I ,j 0,
The loc~l dynamic pressUX'e was measured Qusing an elliPtiC""heacl~\
pito'l: tube in the arrangement shown in Plate 6,1. The tunnel .
static pressure was obtained frOll';) a ring of a static pressure
tappings at the tes,t so~tiol1 :i.nle't:. Due to slight vatiations of ••...
tunnel velocity wH.h time (suspeq_~ed to be due to local lalt\inar Co

flow separation occurring at the very forward edge of the 'inlet
\ c----------------~--------------~--------------------~-~-------o c 'J

IJ
o

o
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contractio'n); it was decided t,o re.cord,:velocities at e~ch station" J

over a'relatively long((period of 60 seconds , Measu:t"e~htsbeing
"taken at ,;Lntervalsof 0.1 aaconds , the la~9'e numberof reading's
being require'd to ge.'I:an idea'~of the" temporal variation of the
floW·velocity. (J 0

o
o " , ',' _ " "," 0
Fiqure 6.l.through,to'Jpigure 6..4 reve.a.l SOlile typical var~_atiens

, ' .' (\

of p'itet velocity,. tunnel., velocity and .their , rati~" over 60
seconds1 for 4 diffet,',ent tr,,,nsverse loc,a1!ions. only these 4
Velocity tl'aces a,re. shownbecause they .are indicat;ive of the type
of variation that was observed itl all the other Velocity traces.
The randpm veloQity variations, probably caused by flow
~eparati~:)nin th~ inlet contra9tion, ca,9-'~8s~en qlt/ita,.clearly
from the~lE~curves. It. ,j.s ob~)ervedthat, a);'l-I.1:'tfrom periods where
tl~e velC)c:dt~suddenly decreases, 'the test section velo8ity
t'~m~ns"qt.iitGe·constant with, time. '0

f\J' , I' "

)'

Taking the arithn'iet~.c average of the velocity ratio over GO
seconds, and plotting it ,for all 36 cstat.ions, yiel'as Figure 6".5"
Th~isplot. shoWSthe~ transyarse variations in the test section
velccity ratio at flOurdifferent verticalo p:)sit,ions (z)~ -0.15m
to z = 0 • 15m) ~ ~nd.it can be observed tha'l: the greatest \'ariqtion
• ...... ", .'p... ,'.. ...... .... " .,..,", .... . ..... c\ '... ..~; _._a.s only 0.5%, q. ClUJ.te acceptabl$ leyel of 'Cran'Syerseveloc1tY!l
"variation according to Pope and; ~ae[61.D ), ') \.

.6.1.2 Test Seetio!1 FIQ,wAngularity"
\' '." ".,

Due to the "·li.mited.:time available for calibration artd testing,O
I), .. .... _ .... _ "',.. " .. " _ ..... .... ..' _ _ 'JQ._ '!,the angularity of. the te$t sectJ.on flow was not measured

. quantitatively. Ho~ever, to ~~btaina quick indication of the flow
angularity, it was decided to investigate the flow qualitatively"
by means.o~ smoke'fl0'Vlvisualc,izatioh and the us~ of a tuft griti. "
Smoke flow visualization hifttl,\:!d"at the, pOpsibility of flowc
separation on the left lj.and(if viewed from the, front) l;pwetlip
of the inlet contraction." This separation was due to a S''Urface
curvature discontinuitY', caused by a litanufacturing error",~onthe
lower surface o~ the inlet contraction' in that region. (J 0 •• "

o "

The tuft grid investigation ~Gf~firmedthis suspicion si~cej!the
flow was generally ..well a.J.l,ned everywhere in the test seoti¢b'. _'\
except J$Pr tn,e short periods of tunnel speed instability".",,""('
Plate 6 ,1= and'Plate 6,:" showthe tuft 0 sc:reen from two diffe~ent "
perspectivas 1 nanlel~',t,f'rom ei'ther §;ifieof the inlet contraction. o

If Plate 6,3 is carefully studied, the increased angul.arity 1,:n
G

------------ ..... "'~---,,_--------------,.-- It,

1.8:-
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the left hand bottom (if viewed tront the fr(!)nt) corner can be.,
observed. During periods of ...speed. instability the flow t'las
oh13ervedto have la.rge. and unst~ady flow ang{tlar~t¥ ••in the.·.·lower
left· hand reg).0tts..of the t¥t $ec.;tion, tris. observation· ~ein'q in
ag;1eement witlt, the evid€.l,nceof the ~~~~omte.mporal yeloci~?,
f~uctua'!,:iori$in the test section velocity" traverses,>

It was ,also noted that the tUf~,a "f$:te very, well ~iigned and
steady as the tunnel· speed ,was ~creasi.n9, It;l .. c-",hen\~:hetunl:lel<\
dri ve p-ower .wC!.s'"increased,e \)Fhe opPosite being~ t,rue .once ..the
tunnel Vas slowed dow:::) This indi~te5. fir~tly "that ito is inaeed c
the inlet a:ontraction that"cois causing part or cUl of the tunnel
temporal instability t ~nd secondly) that some.smallo modific~ti~m
of shape at the i1"l1et~Font,.edge,may.,be, a1; th~t is ..r1equired to "
obtaix\ a slightly more favourable prC:lssure.gradient in regions
C!,f separation: It shOUldhe note,~ that the inletl'lip"'was designed cO

as' )?( radius to. simplify manufacture, but from at}~C\~oc~lYpaItl,ic
po~i{tof view,,1t.his;VJ not very favourable. The.'fact, thaJ::'O~lYthe
bottom lip seems t9 be causing trouble is co:m:fortip9",since" onay
this l.ip has -a s'evere surface curvature disH:::6ntil1ui,tYo..+17 all
surface curvature discontinuitias ar,e removed" Le , with :~il].'er,
"gl:'inder and sandpaper 1 the tUl'lnel I 'flmpor:alinstability could be 0

'alleviated'; or ,;removed.If tbiS, doest not. rectify thlf matter" a
new lip mayhave to be shaped., The latt~r 'operation would not be
too difficult since the lip ..is not "SUbject to any pressur~ !/

1pading of note, and a simple expanded'polystyrene lip, would pE-i
Dadeqtiat,eI smoothness of curvature and surfaCe being the maj0)
re'quirement6• ,," '"C

Q \!,

o

6.1.3 Tunnel T!lrbulen~\Level
Due to the limited time availa.ble for test:i.nsr'~!no .,direct

I r , "

meaourements .of the tunnel turbulen9f:l..level were mage. }\p. c: C~?

indirect measurementwas made in one of' the latet":,o tests·· whenthe
drag on. the cYlinci"ermodel, withot\t" circ~lation blu.winqI wasC)

meas\.u:ew.This t~st showed that the tunnel" tUl·bule.nce level is
low, which can be"expected 'since any (loW)atn\ospl1erie turbulence"
level at the tunnel inlet wil1 be reduced to a large .'.degree by

o .. ' ':
the high, contraction ratio of the j,nlet contract -t"n.\ The full
details of this test are discussed ,,in,Seotion 9.2.1.

6.1.4 Wall Boundary Layer .Ccrreetion ,\
~) . . , . ' • .' .... ." . ! , ' ,! ;C' . r jThe effect of boundary layer growth on all four walls of the teste,

section is accounted ,for by." the displaq~ment of the ~,,,o side.

.If
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~;w~l+~ of"theOtest s;.c{fion to oht~,,~na zet;G lon(jitlldinal t>ressure
g,:radient down,the lelrgtJh of ,the ~~st aectio%),. It ,is assUnttfd,that,
the teJ3t se"ction boundary layer is turbulent.r" and, that it is "not
seri'buslydist.orted by pressure g~adients createdhY,the lnode~.,
Thieis \\f- reastOnabl~ assumption ~il}~e pressureograd~ents in the
region o-~~e wall caused py'the model wila. not be, too. steep_ The

o
tu~~Ul~llt bO\lndary layer thickness, as suggested by prandtl and'
Blasius, for a flow with zero pressure graq,ient ais given by
Douglas f Gasiorek ahd

o

SW~ffieid[221to he
o

({,
(6,1) 'J

o

The boundary layer displa.cement thiqkness~can be calcuIatedusing
G

o

thra followlng ~quat1?on from Hoerxlert'231. :For a turbulent "bounda~y
l~yert Prandtl's powerqJ(!I.'t'fgives rs == 7.

o

&*=6 ( ';1; ')l+n
(6,,2) ....

c

o ,

~ 'J

The final boun!;:tarylayer displacement thickl)ess
-t:unnel walls ~C::~9ivenby. '-' " 0 y

Q

equation" for the
II
11

The boundary (layer equation' c_ontains :two o,onst.an.ts, namely" a
magnitude co&f~i~ient A'". and a Shiftj'j valde B. ~e :magnitude
coefficien~ accounts f~r tq,e fact that ~p'e sidce wall ~displaced
~p aCJcount",)forita own··bound~fY~ayer ~,.~ell ,as that <ilf"ha}.f,~f
tIle 1:op9-ndbottom walls. Foril test sect."_"mWl.tl'lan aspect ratlo
(width to height) of 2, this c6efficientl\~hould have a value elf

" ..... •..•'-,;. . i)

3 t since the, turkmlent boundary layer ~A'fairtssomewhere in the
~.hlet contraction, and"not at the start of the test section," a"
shift value is introduc~d to indicate tqe apparent start of th~" "(}

test section.

Using a multiple tube alcohol manomet,_~rlit is possibh: to choose
values £or t.he" two boundary layer coefficients for each tun\ltel
speed such t1;lat the longitudinal pressure gradient is Zero.
Varying the magnitude coefficient allows ~he general slope Of the

D

lc:mgitudinal p,;-ea:sureprOfile to be adjUst~rd', whj.leoa~justing the
\) .. I <a

" . Qo. -W') __ j.I_. _o . "~----------------~--------~-~--------
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shift coetf icient allows the shape ~ Le, concave Ol:i: convex
c\trvature of the pressure profile .~()be varied. !t was fotW,dthat,
a magnitutle coe:f':ficieni: of :3 "and a s~i'ft coefficient of 2 yielded

pres.S..U.r.e..•.pr<)~~l"" th".t l}ert>bP.j:6.~fl.at "n.d..1eV.",1~r ..al..1..tun~"'l::i:~~i~~·:gn:tr:i~~::!X~~:~t~:s:1::i:::~~U:::r;i:~!;
starts 2:mahead of the test .s~ction centreol .. ie q. 2oman:eadof the \
test"seetion inlet. This makes Sense since the boundary layer at
the .tunnef".contraction ex~t would be thin, oro in other word~v an
equivatent"inlet witp a zero longitudinal pressJ~re grad,i",entw,tltlld
be very sho.rt (0•25m). The fa.ct that the two boundary ]J\yer
coefficients. ,are "the same for vario.us t\tnnel' speeds is a~>Use;ful
;finding

c
since it mea,ns'tha.t trft, tunnel waIf boundary layer can

be accourrce- for w1rthonly two constants in a simple equati9n l-for
all tunnel" speeds. p,late 6" 4 shows a typical wall preSS'I;lre
distribUti~n after it has been corrected""''l'here is some sc~tter
in the reading~ which t: proba131ydue.to slight waviness in thE!
flexible walls. On G ~verage tl}:ough, the 'di.-stribution is
$atisfactory.

·c

1)

6.1.5 Tunnel Speed Setting
once the test sect~on boundary layer was account~d for, the
tunnel was calibrated"'for speed. This 'was done by me,asuring the
tunnel speed at the model location, ie. at the centreo o~ the ter;t
section, by·means of an elliptic [head pitot tube, as well as the
tunnel 'static ringpressur~ at the test .section inlet. Readings
Were taken f·or velociti~s ranging from 0' to 55 mls rn increments
of 5 ml s , Figure 6.~~/ows true pitot velbai ty, plotted against
tnmne l, velocity (derif\yed from tunne,.~ static pressure by the
Be~~oulli equation). ~~A +east squar~s linear regression was
perfbrrned on the data to obtain operating constants fer the
tunnel software. Figure 6.6 shows that the data has very little
scatter, and that a linear fit is sufficient (standard, deviation• • 0
== 0012%).

,~

o 6,,2Data Acquisition Caltbratlen
6.2.1 Position Transducers \~f

,.. J
The 52wall position tran,sducers (poten.tiometers) were calibrated,

. (1 ..

with the aid of tiJ.e calibration pr~$f:t'al1\,WALLCALI- EXE."The,wall
actuator slides were ini tia,[L ly moved":.::~<?,knownc

"pos1tipns by means
of an ~Jx·ternalpower··supply, after which tp.e PCbased AID s~'$tem
recorded the t;,l:'a.nsduoerRutput for each potentiometer.

I
if
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"\\ "Since t<here..are two ,types of slides, namely ~hose cin either
Region! or Region II .of F,tgure 4'01/ the calibration, of the wall
posItion transducers was divided into two separate 'op.!3rati:ohs.

I' ." _,: . . .'. _. '.' .'.. Q. -." .' \I ". '. Q

The short slides were c2llil:l:r.atedfi'r.st by positioning alJ. of th,~m
coincident.ally at stations" tanging f~om Ol'(Ul\ to 300:mm.in
increments of 50nuu. O~ce allthe slides were itt a given J;?0sition,
.;1.000 voltage :readings. ,.of each pote.ntiometer were record.ed by the"
AID sYstem,,,the proce~s ~eing re,peated unf)i.l all the p~·sit:).ohs

j; od

had been measured. i3

o

.1' 0 Q 0

.Once .the'short si'ides ha~~,obeencalibrated,. the long s~ides were
calibrated in a similar fashion, except that: the position:;, rang~)do .~ . ,

front -1.00mm through to 300.:mmin !'increment.s Of 50mm..
0.. \? -. 1.'-") &- o . . 0

Once. th~ physical ca.libration had been compl~t~d, the raw
cxaiibration 0dp,~:. fop, e~ch .tran~duce~ was fi~te~ to a least.

c aquaxas qua( ;-l.C regress~on by t.he cpreq,essJ,.ng pregram, '-
'.' . '.. ~ _.J.. , (I

(:ALIBRAT .•EXE. "-'This,, program autbm(ftica,lly reads in a1l th,e
l.'elevant: raw data files, ~processes the data to obta.i%) three

!!

!I ,c;)perating censtants for each position transdqpe:r.j and ;tinallY
,slt.ores the operating ponstart-ts in the file, CALIBRAT.OAT.oThis
<file is, accessed, by the tu.nnel operating software ,ftt tunl1:~l start:
up, in order to. obtain the calibratiop constants :for the position
transducers. o 0

C)

The raw calibl:'ation data can be found in the files ..PPP::e:R. 000,
UPPER:166, UPPEIL333, UPPER.500t UPPER. 666/ UPl?ER.833 and
"UPPER. 100 (for the short slip,es)'i LOWER.N33<, LOWER •.N16.,
lo1QWER.000t tOWER.166., LOWER. 333, LOWER'. 5'00, LOWER. 666, LOWER.833
a.nd .;LOWER.10G(for the long slides).~. ,.

6.2.2 ~essu1Tr~~ducers c

The three pressur~, transducers were calibrated independently
using ·an in.clined leg alcolloi lllanolll,eter. Tl':\epressure ranges for
the tunnel static pre~sure, orif ice differential and boom
manifold pres'sute were 2000, 5000 and 7500 pa respectivaly.

The pressure transducer calibration was aided by the use of the
calibration progra:m6 PRESCAL!.EXE. This program Pl't' ..;E>tsthe user
for 2~.ls:nownpressures, usually twenty equal j_ncrements of the
total '"transducer range as well as a zero reading, and then

(, . '. . .' !)

samples the relE':lyant AID channel 1.000 times. '
Before calibration could oommence, th~ sig~al arnpJc_\fier~"of t~e

o

--------------------------------~'.~.~------,------------------
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The raw oalibration data" :6or "the t1~ree pressure transducers is,.',) .' _ . . .... . _._ " ) (,:,

shown in -P'lgure 6.1 t.hrough to ~igure 6..9. 'A least ';~\gua(reslinear ()
,~i .' ...:.". ,:_. . . . _ :' . ..' . . "'&:". .' .)f\.~ ...~

re(~p:ession "was appl~ed to ~he ra~ calib~atio~\ da~.e,..'by· !ythe
processing programme CALTR,ANS.'EXE,""yie'lding "'two .operating
constants :for each. pr.essuret, transduce:t. F.romthe curves it can
b~0 seen that th~ data has ve,ry littte()scat~er, and. ~hat a linear'
f.it is sufficiE'tnt (standard neviations of Cl.05%,0.04% and 0.12%
respectiveJ.yL·

Q

The ra'Vl~alibrationdata ..can be found in the tiles PRESCj\LLDAT,.;\
PRE.sCAL2. OATand PRESC~L3. OAT,while the processed ..calibration
const~nts can. be .foun~ in .t~~ "file CAL'~.RANS,O~r~~his...fi;e n

contains the calJ.pratJ.on constants :for" both the pressure
transdUcers, as well as the load cell~, and is acceased each time
the tunnel" is st,ar't~edup.

6~2.3Load d~lls c .)) o
\I_ !l
The load C!9l1s were q~libratetl i!1P ositu using
palibration rig shown in Plate (5,5 and Plate 6,6 •. The balance i..3
loaded in the lift and drag d.i.recti6n:.t; by li\eans of W'eight~,hung
beneath the balance. as shown'in Plate qJ7. Multi-st:r:and steel
ca)Jles (rated at :200 kg) transmit the tensiorl loads, via pulleys,}
from the weights to a column in$erted into the balance. The
pulleys of the "9alibrati'on rig .can be adjusted vertically anq
horizontally, 0 thereb;y making it possible to obtain tens~":!p,,
preoi~ely in th~ lift and drag 'directions. -

Before calibration COUld.commence, it was neoessary to adjust the
span and zero settings of the signal amplifiers. .sd.nce the
amplifiers output a .,4n-20m..1\. range, it WaS n~Yr:essarytc\ check that
thi$l signal di.d not drop heloW'4mAwith no load! nor exceed 20mA
at maximumload. Furthermorey since the AID measures a O-lOV
range, and since the resistor converting the current. output to
a volta,ge output only has a nominal' resistance of about 500 ohms,
it was necessary to check that tne maximumload voltage at the
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D

o

o
1,,"1
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12

AIr) di%not exaeed 1()V. 1;>n<::et.he amplifieJ:p h.adG'been zeroed and
range(l, the actual calibrat;j.on coul.d progeed.

,,0

t';

The" ,.lift and t1tag directions were. :Loaded ft:ndependent'ly, .,th~
outputs of both tAe"J,ift and¢ drag lQad cel:1s being ,me,a9,Ul:'ed,each
't.;i.me.,Thifpli!t "and d,rag directions Were o01:~apedo ~,~rth .masses'
ranging frQnt 0' to 0150 kg, and 0' to' 60 kg re.spec'tively, both in

';) r';! ," ',' _ t. ' - - , ,', - - - ',' I}. " ' - , t:') .(1

inCreltlEmts 'ofo approximately ~rt 5 kg.

o

c \) 0
() 0 o- 'I:'

/rhe calJ.bratioll program bLOAOCAL:r.EXE,W~,S used" 't~ '(.)~uQire 1000
samp].eS Q~ each'!' transdUc.e.r Qutp\).t for each data PQ;r·'~\:~heraw
dpita being stored in,the f~}es.LIFTCALI.DAT and DRA~AL:t.DAT.
The,

0

raw 'd'ata ,of,,' both, the 1 liftil ang the drag ealib:r:.-atipn is
Q presented in FIgur.e Ef~lOn and 'Figure .6.11..' D

o A(.least squares lil1.c3a~regreSSion w~s applj,ed to' th~ data" to
yield 'two opera~ing cOl6stants per load cell. Referring t,o the Co

caloibrat¥on cur1{es it i~ e,vid;n't that "t.he .regres f:!ions fit we:l.l
of or •both cases (standarq deviations. of O·\,Q?%and cr.21% for the
lift and. drac;f load call:s respectively) / "{nd t~,at ,;thcn unloaded

~ . . . . . G

load cell. in each, case has a constant" outp.ut thrQughQut the range
OJ - !:

of loading- ~ This indicates that the ,two ).oad directions are
completely" "ui1co\lpled, ,J;omethincj Which can be confirmed (,by
inspection of the, raw ~ata: It ,is

o
nqteworthY that tl~ere ~s not,

so much as a
o
1 b1J,.t var l.atl.on ' .(~n a 'range of 409.6 ):$~.5S) 111. the

Ol,ltputo.of the unloaded load cell. 0 '

~f~~<> \-'. "

1;~epro~essi~9 .P';~g~rii is called CALTruilis. EXE, and othe p:r;ocessed
qonstants are' stored \n CALTRANS. OAT, for use by the main tunnel
operating program. !';, "

o

" [) ;:t;.

o
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J) '0

" \'
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7 Experimental Pc",!cedure
,," , l ' ,il "

"A single "test is defined as the ac~sitiOl1' 0'£ a series ot data
"Jj()ints Wi~ one particular mOdel.SJ~, conf iguration~ The test is
\,u:lually°dofl.\:;at a single tunnel speed -. To obtain data pOints for
vi~ri.ous tunne.l speeds, :i.t is adV.isa:ble to run' different tests.
This is dOne to avoid varyinq, two independent variables illsuch
a way as' to result in a normalized data point"that is id.entical

)

to previousY"'rte.s.
...,j .9

7,,1 Tunnel initialization
1
2
3
4
5

Switch on .all power supplies.
Boot up J:he PC and run MAtNl?R,OG.EXE.
Enter ambient p:r;essure and temp~rature.
Enter~)rifice diameter and slot thickness.
Switch on the w~ll s\'lction fran be.fore running the tunnel
drive fans. If this is l'lot done,., the flexible walls could
"get damagedby getting sucked into the tunl)el.
switqh on the tunnel drive fan's.

,)

Switch on the CC blower'-
6
7

7.2 Acquiring data /\
\I

c

Enter. the> 4 predicted streamlining parameters, Le , tunnel
sp-eed D, Clf C!J /?nd slot flow rate Q, for a partioular data
point. !f these. a:re"nQt predicted corr~,otlYt they can be
ali;.ered. in successive iterations. T~ wallS will be
pos-itioned .to' the ,~rect shape and real ...time "measu,red,
values of U, Cit c, and~ wj..J.lappear on the screen.
The tests are usually done at constant tunnel speed,
therefore adjust the tunne~ ~?drive fan speed until it
matches the streamlining l;'ipeed.
Adjust the co ftow rate by meoansof the dischqrge dal\lper at'
the blower exit. I!

a ..' . ... .. " __ _ _ _ _ _', _ _ _ _ " _ _ _ : __ _ _ _~__ _ _"
If the predicted streamlining parameters match th~ measured
values of tunnel speed, CII c, an~. slot flow rate, acqu~re;
the data poil'lt. If not i~t:reamlin\b the walls again with an

l\l-" 1 . ..' II (.
updated set of streamuyng p'U'jrters. o·

. It
II

II----------~-----------------1·~--------~~-----
1\

.' \1

1

2



o

'1..3 Terminating a test
1 Once"sufficient dat.a J?~,ints have been acq\li~ed f017 a te$t~t

quit the operating. pl'og-ram •
.,. _ - _ - -_- - - -_. - - - .; <i _ - _. ._ -it;

2: SWl.tch off the CC.blowet> and the tunnel drl.ve· fans.
3 once the tunl'$l' flow has stopped, awi't.eh off the wall
>~~~$uction fan." .' '., U , "

4 If further tests are required( .adjust. t~e modell. etc. When
running .MAINl?R9G~~XEagain, 'l1lake ,sure ."the flo'$0iin. the
tunnel has stopped completely since, ~ero lift and drag
rea,dings are tak.en when tn(#.program is il'litiali,zed.

,5 If no further tests are :requi:t;'2ed, SWQtch off all pow~;r
supplies as well as the PC.

I;',
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Resul ts a5 .,

8 Results '"
8•.1 Adaptive Wall Wind TWluel
8.1.1"Wall Streamlining Strategy
The strea.mlining' data is ~iven ;or t,VlO different tunnel speeJ!lsI
and can be seen in Plate SI 1 thr,ough t.o' Plate 8,5' for a tunnel
~,peeq0t icOmts, and Plate 8,6 th.~~g:h ~o Plate 8,9" for a tunnel
speed of 'r. mls~.Th~plates display the measured VIall .ptessure
di'stributi.~\l'lSby meansof a multi-tube manometerconnected to ~he
wall pressure ta.ppings. Superimposed on the measured pressure
dlstribution is' a predict'i§.dpressut;'e distribution,. represented
by the ,mult'i-coloured curves. 0

o

8.2 Tests on CC Cylinder
r

8..2.1 Test Schedule
Table S.l shows the tests that were perfo~med, in the sequence
t.hey were performed. Also shown are the", tunnel speed, slot
locations andOslot sizes. e is measured from the cylinder leading
edge, havinq values ranging between O() anci 1800 on the cylinder
suction °7 (\lpper) surface/",;/:cestnumber 26 is a drag test. at tunnel
speeds ranging from o/,~;6o 55 m/s.

I -.<,.", );
Table CS;)1: Schedule ~f tests". ;)

No

(~i

u

70 105

'",c' .;

ml s deg cieg.. deg
11----1---

94 c":tl t2 t3 t4 t:ot

deg rom :rom nun mm mm
175 1 1 1 1 4

002 30

pOOl 25 " 70 1Q6 140

if I

003 35

004 25

,

2 2 2
=:

;3 "140 175

~

(l05 3.0

~06 35 ['I~--r_--_+--,.--~----+----4----~----4-----+---,0~~--~--~1
007 25 70 105 lAO 175 30 3 3 3

,I)
d 12

009 35
..
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"-No U f31 92 93 94" tl t2 ~ 1:3 .t4 trot

010
,

f; "
n25 70 105 140 175 4 6i ,4 (, '. ~'4 16

. " -..... ~....._
01.1 ,,30

<
I",~ o

012 35 )

~
f,1

~
013 25 70 105 :440 175 5 5 5 5 20 -'L

t 01.4 30 c

(:1II . ..
! .. 015 35 '=",\\ 'f '\;. c.

105 "
.

016 3.9 701n 140 + 1 1. :3

017 35 ..
''\: '.'

0

,·,018 30 70 105 140 2 2 6s< c,~

oi~ 35 0 0

~,

020 30 70 105 140 3, 3 3 \)

9o -\'

021 :Hr '.'
'~j

,,022 30 70 105 140 4 4 4 12
.,

023 35
_,"c

024 30 7,,0' 105 140 c 5 5 5 15'
-~

p

025 35 I\.,d'

026 ....
- !i

...,.
.,

)027, ,20 70 lOS 140 .... 5 5 5 15

028 25 !";-j

,q~~7
--...

029 30
1\

".......... , "
':.) V,'

.. ., :i
030 35

c "'z;
'/

;;.0

5
.t,'

u 15 (,, 5

1 3

2 3
"

:3 6'

4 9

2 9

031 1··15 70 105 140 5 0 v

II,,032 25 70 ... 140 2
'.'

.. 033 25 70 0- 140 1

70'~ ",,034 25· 'j 140 :3

035 ~5 70 105 140 2

036 2~, 70 105 140 4

.~ ....,..,.

\\

3

3
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IF-o~3_a_·~2_5~.~~~_70_._~'-+_1_.0_5~~.:_4_'~~'_,~~~_5~O.__ ~4 __.,.,.~,.~l~t__ ~~ __ -4_1_2_~1
03!:f 25 50 as 120 ,,:3 :3 ·'·'r ... 9

(i C

044 ~5 50 8S
045 25 60

70 105 '140

047 25 80 115 is.\) , ) >iII... . Ji:.'

~:: :: ::0' ::~ ::: ~,' ~ r-:i:3
'8;2r~I;~bsedData , "',
Dat~ i51S prodesled by th,~ tunn~l PC before it',is lis'tored. on0dis~.
Theunprocesseq d~,ta is stored in,the same fileilibut will not be
presented in this ·~'9Por't.(j·~~e ,processed data ,is ~rresentC:'d,in the
form of curves • .only curve~),releY-ant to the etiS, C~~I$~iOnhave I~een
Presented j> • I.
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The upper¢wall pressuredistf:d.butioTi is shown on the left hand
side of tll,e manometer bank, the reading on the .eftreme left
(upper 1)' corresp6nding to the mo.st \:iPs.t.r~a:rowall tapping, while
the l.2th reading frpm the left, (upper 12) corres:gonds ct-o the m96t
downstream tapping. The lower wall pressure distribution is shown

(i o on .the ri~ht hand side Of th,~ ~anom~ter bank, t,h,e t:ead,~ on the
C\ extreme" rl.ght (l.ower 1) correspo,nd1ng to the "lttost upstr~am walle

" tapping,' while the .12th read.ing from the right (lower 12),
eorrJ~sponds to the ntos~ downstream tapping. The central tall
COIUlnr) 'in..the ll\~nometarJ:,allK "c::orr$s.~ondSto" 'bp.~ prepStl.re '1behin4
the fl~~ible wcills. <Forpositive position:i.ng'<:·of'the walls, it is c

n'$c~s$a:rYlthat· ttlis "pressure" is always loWer tha~ tbe pressurest Q "

in the tunnel flow ohannel, ie. the central alcohol column must
'~f/J ;, I\~fwa.is be higher tha'n any of .,the other co tumna ,

<,

o

Lookir!g at alf() the :measured and predict!ad wall pressure
di"strihutions cOllect:i_vely, "it can Ii be. seen that' the wall
p:t:'essu~~sare fairly well predicted, especially -those on tli'e:
upper ,,~all, i~. th:$ wall clpsest too the ~I.~ylinder. "It is also
observed that the 'pressures f 1..1pper and loW'er, upstream of the",
cylinder correspond better ,than those downstream •. ~ source :Elow
aff&cts the velcc:i.ty o( tt"he\l flow both upst~realtt ahd dow:p.st.raam of
the s6urc~, upstref.wl\ vele:lcitias bei:p9' decrsa;:;,uad, while dO't1J!lst:r:eam

Qvelocities illCrease. Since the static prl,ssure in a flow is
.proportional to the "sqllare o~he flo·w velb~ity t the difference

' - _ ., _ " - _ I/, _,' _ \ ' ,:,'_ " __ _ _ Ii}:)¢twe~ndownstrea.m pressut'es"and" the ft'eestrel;lm pressure wlll be
::greater dowtlstz:oeamthan upstream... A cha11ge i.p source strength

;" ... fy ..... . ...', . ,'i J, 'd, _ o ,,(1

tberefore ha.~· more effect on dO'!l~nstream static pressure than
up'stream pres9u:ce. The disct'epl'1"lcy in the measured Ptipssures qf
the co cylinder downstream of the' cylinder is therefore pr9'b~\blY
due to the inc6'rrect modelling ·0£, the CYlinder drag and' fl\~id
addit.ion. At present the drag and fluid addition is modelled\as

. a(\spurce at the cylinder centre, but a b(9tter approxiluatio.n may
,;1 Ope ~o mOode)"th.s drag· as a singler or. maybe ev,en distribu:t:ed,

SOUro!? a.t the cylinder trailing edge. o-w:;ham[171has shown that the
o - I)

c pressure dist:r.ibution at>ol.\t,.,a cC:(cyl.ilnder can be fairly well
approximated.if a ~ingle source is.position~d where the ideal
flO~IWc would n?rntal.lt. le~w~. t~e cylinder, ie. the °downstream

r, st i:ynation point, an addl.tl.on to the other three elementary
f1 IW$, ,j.IS. f:reestream, douhlet and vortex. His 1nethod doesc,n9t,

(\
,*~:ciio:!aioo=

o
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measured 'tolall pr~ssures for a similar ~ized rigid wall turtneJ
using 'the samE:!model .wouldbe fa~ worse due to tbe large blockage
of the tunnel caused by the modeL, Tunnei boundary' corrections
applii~d to the data of such a. teat Wire"not °likelY to be ve'l:Y

c~.,successf\t:l either, "especially as far. as boundary layet effect~
are concerned, a centr~l issue in cc aerofoil,~.

Q

9.2 Tests on CC Cylinder
L 9.2~1Drag of the. Cylinder C c, 0

I)The drag of the cyl:inder was measured at various tunnel speeds,
"to establish the "rela:tionship between drag and Reynold's number
and co:mpillreit with well-documented datsa, tor this test, all four
slots were closed an.d sealed W::;;'thmasking tape. Furtl1,~~more, to
~li:minate any asymmetry of the model~ the slots were positioned.
sylnlne.trical1y at the rear of the cYl;inder. The slots (and masking

.. .. 0.· ,

tape) were positioned to be situated in the wake of the cylinder, .
thereby not tri.ppinqo the boundary layer' and affeoting the

• ' ",' , '11

tral'lsition of laminar to turbulent flow.
o

-T-·· 1

r ' ·j:.I~10 '~--+----l---l
~ .• r"",8 'Iii' P J! '
'J' ,) -'''', 81'--+---I'_+---+~--"""'-""""'_""----I...~..._--l

~ I

FigUre 9.1: Documentadtlvariation of c, with Red"

Figure 9.1 shows the accepted 'variation of drag coefficient with
Reynold's number as given by Houghton and 'Carruthers1p\]. The
import~nt features of this figure are a drag coefficient of 1.2
before, and approximately 0.5 ai-ter I transition. The transition
commencas at a Reynold' $_ ..!tumber'of ?X10.s, and is complete at a
Reynold's nunwer of ~'%lppr&ximatelY 4..5x105." rrhe freestream



TO"obtain a 91n9'le drag Qcurve, readings in the low
number range would have to,be the a"erage of a lar~~

",..measurements taken Over a period that contain's
~seillatic~'1s ,of the dr~g reading.:

ReYnolr.l's
(f

nUlt'lberof,
ilnumerous

c

9.2~2 IDimensionless Groups
"l?iqure 8.2 through to Figure 8. 6 sh6~ the variation of C1 and, Cd

tvith C~ for a cylinder with 4 slots of fixed position, but
ranging in thickness between 1mm and 5A~}~~.The figure ca.ption
'gives the slot positions f <~s well as their corresponding slot

,-' .. .,'" .. IJ·." ',' \, _ _ _ _ _ -,_ __ _ y

thl.ckness. The tests Were done at 25 mis, 30 tn/s and 35 tn/s to
establish whether the dimensionless groups normalize the data
onto a single. curve. It is evident from the curves that this is
indeed tIle case. ') c

<;)

"l"igure a. 7 throuqh to Figure 8.;12 shew the variation of C1 and Cd

with c~ f.or a cylinder with :3 slots of fixed position, b\?,t
"ranging in t.hickness between lmm and 5mm. Agai;n, the slot

" pOSitions and thiokn~sse$ are given in the figure oaption. Jror
;this slot configuration, the..tests for' slot si~es ranging fl:om
'limn to 4:m:mwei'e done at 30" lUI sand 35 m/e. (:FIgure 8.7 thrct19h to
Figure 9 ~,.10), 'fhile th.e tests for a ,.slot size o~ 5mmwere done
at 15 tn/St. 20 \'\1/6, 25 miS, 30 mls and 35 mls (Fi.gure 8.11 and

, , ". \\
~"igUi'e a .12)' • \\\1. I):'/

The :3 slot; 5mm !~lot config.uration 'WaS",tested. over a widS"range
(~~'Of speeds for two~\reasons, firstly' to estab:t\:I,s~ the be'haviou+ of
c1 and.c, 0,,\9r a r(l~ge of Reynold 's nUh"lber,and $;econdlY to obtain
high valuks of lift fo~ the limited blowin~~ power that was "
availaple frOlu the CC b11~trer. $i110e tpe blower supplyi~(l air to
~he ce cylind.er only has I/a limited power, high lift coefficients"
can C?nlybe ·obtained for cylinder configurations with large i:\>:Lots
sizes, ie. large slot iilow rates, if the tunnel speed" is kept
,low.~_S_mallslot sizes generally require lower bJ;owing volumetric
fl'ow rates for a given boom. pressu,;-e, therefore they ~P not
suffer from tlle blower power limitation to a great extent:

Referring collectively to Fig'are a. 2. through. to Figure S .12, Le,
th<?s~.:tests performed with va~ying tunnel spe~d, it ca.n be seen
t:tlat the data co:llapses onto one curve. for different tunnel
spe~ds for ie;~chcylinder configur<.ttion .• This implies that" at
~,.~as~a,s 0~i- "as tunne~ speed Ls 60~cernedl the dimensionless
g't'QUPS 'u.~d to normall.ze the data :tncluded all' the important

\',./j? 0 0

yf'.
t,

~+
;'J v
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9 Discussion. o

9.1""Aq,aptive W~UWind"r.tiirt~L~,
9.1.1 Wall Streamlining Strate~~ i)

To determine hoW'well th~Q"tunnel walls were being streamlinedo . /1 '{,

o during tests on ,the. CC,cyl"inder t predioted gall pressures were Q

compared to measured ·wall "press,ures~ A cylinder with a t'andom
slot configurat:t'bn wast' chosen to provide lift and drag, the
geometry of the cylinder slots not being important s-tfice the on~
inputs)C~equired by the strealnllning stt'ategy are the model lift, "
drag, total slot flow rate and th,e tunru~l speed. '

()

'}

o

The predioted JY'fi.;l.l,pressux.e distribution,,,, was calculateg using
inviscid incontpr~ssihle potential flow "theory. Details of the "
It}~thod ~,sf~d are given in Appendix 13. The method predicts
•.. ~". ... '. ',i i . . ", ',' ". . (;

veloeities at the ,,"tunnel walls., which oare then converted into
pressures using Betnoulli' s equation .. A computer progratll, called
CALCPRES.EXE (to be :found in Appendix F), W'qS used to calculate
the wall' pressures,. The a'lgori thm takes into account; the movemEf,nt
aof the pressure ,tappings as. the wall cu:t;:vature changes, ie .. as
the :flex~ble walls cnange in ar.clength. The predicted pressures
should t.hef'~fo:re corret:rpQrtd\ t'9 the measured pressures exactly if [)
the wall" strea~nlj.nin9'\'d;tt·at!ue;~ is perfect.

r:_J

The mel\\(~u.r';dwall p~ess'Ur'e distriC'l ~,?n,~ob;ained from the "wall
Q. . , . It, "',\

presstil'Q tappings, was displayed 'Us1fi9 an alcohol mC\nometer, the
predioted pressure distri~ut.ion being superimposed onto the
'lneasuied one by;,means of. 'transparent overlays. ,~9tlt p press:ur~
dist:ribution.s toJ'er

D
6 then Photo9~aphed simuita,nieously">sQ that. tg,Eayo

could be compared at a later stage. 'rhe photographs aX's"shown in
Plate, 8 I 1 through to Pl~te 8, g. For Completeness r the domparison
was done at two tunnel'(~~~~edS, namely 30 mls an~)40 'mIs," for two
drag, coefficients and f.or yarious lift ooe'fficients. The drag G

coefficient included the. \~ffect of.))fluid addition through the
'~slbts, and heca~se the pressure' distribu'cion i,s pot very
sensitive to changes in dra9<0poafJ:ioient, only two cases were
plotteQ, ie., cJ! t= o. is and cd.~11* v7pichev,er dl:'ag case was closer
to th!? actualr,"drag of the CC cylinder was then used,

l~, . . . t, . '.J ~(,

since the test section is lyil'lg on i't;s side,. -the fle.xible wall" .'
olosest to th.e cylindcz:" suction s'ide (upper $~rface) ~~}~~ be

i' ,', "\})

----------,-"------------------_--' (,
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" noweverx, ptledi'Ct' the effects of gYlihder,. d~a9 'on the presst1re
distrihution, 'there1f~e it oannot be applied,. d£rectiy. suil, J?ai"
ana Ohoprtfll~Olhave. shown that 'lf~~'1il)rassure dlstrilJution abo~t an CC~
eJ.lipse due to draq. can. be ,~}l~;~@,~~jj~atedby a Siistrib1.1ted sour~e
in the iregion of the id~al <~:djl~~~edOWllst,~\eam"st~g~a7ionQ P?i.~())
It'~may therefore be possl,bl~;;:~~t.l'):aodel.the drag and flul.d addl.tlon
o~ the.,co cylil1der using one ~f' the two methodEbm.entioned above"

~. 0
1)iscu:.uli,Qn"_, .. -", .....

c

o

iJ tr -",

Referri~giito •.Plate a,l and Plate 8 f 6, ie. ·t:hos$ tests wii;n the "~'
sl.G'~ oompletely closed and therefore zero lift, i,:I: elan be seen
tha.,'·;)the measured: pressunes ~~ehind th~ ~<fel ase \o-we,r than
pre,fiicted, or in other words, \~iie veloci tie~ beniili the modal are
":"fi!""hfgh ". siac.e tflere W:Fsno f~id aadition or lift itt.these 'tWd \
,';f$es, uhe increased xreloc:i.tt~SO" pehil1d the mode.l. can be

attributed to tfu~ ef.fect~ ,!f ~rag ~'alone•.Any bo~y ~avin9 Qra~ has
a w~%.eWh:L9h'dlsplaces the'~~Jestream flOWl-,pausing ..hl9'her
('velociti;~s behind the modeL Since the p+essure~ behind the 0

\l cylifider al7'e too high, i9_" the vE!locity is 'too low, it is
'suspected .J.flat the "souree strength in the wall ."str~~mlining
strategy' ahd t<1at¢Lpressure p:rediction is" too small, causing 'too

:':1e displaoement of t'h,e.,:ereestre.am. D D'~

;', U ,0
°c

o

"J.. t;' is theref;pre, suggested that" the source strength in the
potential, "flow .Anodal is increased until the preclicted wall
pr~ssur.es n\~tch the m~asured wall pressures. This may seem to haC)
, . , . ..' ,I f' " " . .', _ ." 0 . .. '., .'. ,~,' .... . . . .\\.

a ve;:yOemp;i:>:rica'l maana of gett.:kog the th~ory to' work, but ,;it must
pe,' remelnDeilred that'~' ohange in. t.neorY affects not only the

Il pressUre rlIstrib~t.ton'~ :b}lt al'so the way in n'li.ch the ~.{a'll'~liare,
streamlined t and. hence, t~~~~ual .flow f.ieid. .Sinse t~~ fl'o~

I} field ne(;\.rthe tunnel walls i9the ~ocus of i;\t:tention, the manner
in, which'the modeloand its eff\c,cts are repres,pnted in"an inviscid
flow field. :i.s arbitrary. Th~\"'<'9:nlyrequirement is" that the
oalculat.ed and measu~e9 flow fields near the/tunnel walls match,
subjeot to 'l;-hecondi1=-ion 1I:hat the ~l;'edicptQd flow field has been
calou'lated 'using a method that repre$~nts ~n, unconfined and
inviscid flow f:i.eld. 'rhis condition is baseel on th~ reasoning
that the flqw field near the tup.nel.walls is indeed inviscid, and
is required to he unconfineQ. \)An inviscid potentizJ.l flow model
can he used. to satisfy both these conditions', ir:respecti ve •of
whether the model uses point or .,distributed e;J,.ementary flQws .•'

cc' ((

(1 D

As fa;!:as l'ift ~s concerned, ,ie. flow cUl:;'Qature I the measured ~nd
predicted pressure distributions match quite:\'lell. It.c,can hQwever
be. observed that, fo.r higher lift coefificients, the plCessure's
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near the test section inlet, ie" those on tht? outer ed<,;1esof the
manometer, !hatch less well. !n theory, the lneas~li'ed pressures on a

the upper apd lower 'Walls should approach one anot.her at t,j,te test
s'ec£lon inlet -and ~xi t,o ,fl.s indi,:ated by the p~~dicted. pressure
di$tributions. In other words, the outermost pressures" df the
qta~Qlneter"should be almost eqUal, the" same being true for ~he
innermost pressures. From the photographs, especially those
correspon<tinq to. hi$1'her lift:-' coefficients,' iti~is •observed 0 that
th,is is nd~ the case. This aberration is due to the finite, in
fact ver:y shprt, lengtl'l 9f~~e flexible test section with r~spect
to it~. 'V(fdth. - I)

l\

Flo~.Y entCering the, test section parallel to the tunnel ah~s is
forced to change di:cection rapl.cily :kn order to comply with the
test section side walJs ... S111ce the flow is being deflected
towards the upper.:,wall, such a ohange In flow dir€!;ction JloUld
cause higher'pressures on the. J_owe:t:..wall, an~loweripressures on
the upper" walL "r.t;his 1:rf!nd :L,Sj obse;!:,ved in tbe I./ph()tograph~]
,'reinfo:t'cf;hq the deduqtion "that' the test secrbion is too short.
Furthermore.., 'i3.t; the test section exit, :flow having a angularity"
towards the lower wall is s'traightened rapidly by the diffu$er
*h;1,ch is pa~~llel .,to" the tU14~~;l axis ~ Since pressure effects are

" .', ' ;""",', n,,' "'" , , <,

transmitt~d upstream in an lncompressihleoflow, the effect~ of
.a change i/i~ dif~ction 0t the floW at th,~ test section exit are
felt both upstream .and"downstrealn of the test section exit. The
straightening effecb of the diffuser s ide walls, and hence "the
te!?'F seotion side walls upstre~m, would cause a lower pressure
on. the upper ,,,all, and a higher pressure oft\ tl1e lower wall. From
the ;t1llotogt:aphs, this is once a.gain apparent, "and it can be

,~!.. .~

con91uded that the mismatch in test section upper and lower wall
pressur.es a.t the inle~, aJld. e.xi t is due to the rather~hort length
of the flexible'test section. ~l~~ '\,))

:, (.

The flow can ..only be streamlined per;ectly if the ~" 'rlxi}:;)lewalls"~'
~xt~nd very far upstream and downstl::'eam. 'l'he tra'•.sonio tunnel
used by Goody~r and Wolf(13)has a length to wid.,th ratio of 10,
whereas the pj:esent tunnel only has a ratio of 3.? The accuracy
of the results is q\)yiously a function of the tunnel size, and
nenpe co~t. It is ~e~t, h~~~~ert tha~ the pres/SUre distributions
match qu~te well an lithe \' ~9~on or the mogel" and the.~e are the'1,.,_1 . . .,' ", '~."

pressures to/hich will affect the aerodynamic :J;orces on the mod~l
the most. The" fact that the wall pressures, meas.ured and
pr~cUcted, a~tp.ally correspo:r..d :til'maqni tude and. trend,. is already
an aChievement" in itself. The co'rrelat.~on betwe~n ,predi.j:!ted arid
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t'Ur}:)\~,1.encelevel is zero. \

~ ,1
:Fig.~re ,,8~'l shows ,the val;~~tion of measured lift and drag"
c9,effiCients of the test cylinder with Reynold I s number (lle ~ lOS
oorresponds to a tu0tlel Ei;p.;:cdof 9 m/ s). The l:i.ft G:loefficient is
also shown'because"its magnitude was not necessarily zero during
th:~,f test, the reason being that the cylinder :model was not
loU'-~tedin the centre of the test section laterally I but of.fset

o "from the tunnel centreline by 125_,. The ,tunnel walls t'1ere
therefore not symmetrical, and would cause a lift component if
not streamlined properly. 0

'~ 0

o

From th.e c, figure it: can be seen that the, transition occurred
be'bween195 and 3. 5X105, and that the drag coef,ficient before and
a~ter transitioJ;,t is ~!.JproxilrtatelY1.2 and 0.5 respectively. These
drag trends are very close to the accepted values, the only
difference bEling a slightly early transition. This implies that
the tunnel turbulence level()is not zero, which is very likely
sinCe. a tuft screen upstream of tbe test section was still in
place during the tests. If the 'tuft screen were removed, the
tunnel" turbulence level would. probably approach zero., A zero
tunnel turbulence level could be expected since the air entering
the inlet contraction will have atmospherio turbulence levels
which, for an' enclos~d volur,\e such as the inside of abuilding,

I;,J" :' . . ,) .

shOUJ.d be glpse to zero. The tuft screen was never removed,since
it was felt that a higher effe¢tive tunnel Reynold's number"~r;)uld
he useful in furth~r tests since" a lower tunnel speed could t~~n
be employed for a \~iven flow Reynold's number requl,;'e:mant,,;/ )

-> ''''+\ i

The lift coeff, ';,cient is observed. to be about ze~o for all
ReynQ,ld/s number-s, which implies that the tunnel walls are being
streaj~lined satis;f.aotorilY~, This observation is all the more
remarkable when it is noted that the, tunnel blooka90 due to the
oylinder is ~O%, and' that the difference in the width of the
streamtubes on eit.her side of the cylinder i~ 250tlun, ie. 25% of --=-...==
th,e, tunnel width. There is a slight variation of the J;l~,~
coefficient about zero, this probably being due to the
streamlining not being pe:r;fect. It dan however be deduced tat"
at le,ast,. for lift coefficients around, zero" t,he tunnel wal~~are
being streamlined satisfactorily as" far as lift is conoer1.ied.

!,I ,

The divergence of both the lift and drag' ctrrvas at low 'ReynOldIS
number is due to random transducer "readings taken in a

(,

fluctuating flow field caused b¥ the cylinder shedding vortices.

---------------------------------~---------------~------------
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The above observation can be expeoted since thee lifti~ drag and
:momentumooefficients are w~ll established parall'(eters i~ cferofpil
{;ksting. Nevertheless, it is reassUring to see data collapsing
onto II a sih9~e curve I especially when one consider$ th~ complex
flow field. (jiving rise t(). these "curves.

'.'
()" . . 1~7i

Since the aiX'.density ant}cylinder diameter could not'be varied
deliberately,' 0 nothing can be said about the succeas of the

',./' ,,' -.I'. . j_ '. -.". t. ..i ,'... _ ",}) .... ,'. .',. .'.' ....'," .',_ ,',,_.. _ . .:': ." ;"~~"

dimensl.onless parameters with regard to these var'lalJ;l.es.
However"'!based ~n tf~ previous succeas of"using these parameters,
it can.be assumed t.hat variations in air density and model size
will also beY accounted for by ~he dimensionless ~l1'ottps. II

"

Thf) small, amount"of scatter in the data sug9~lsts th[t tl;1e flow
was steaqy ~nd t.hatthe transdu8er. outputs had.little··'noise.

~ ~ c

9.2.3 Effect of Re~~old's Nun~ber~\ ,)
Referring't'o Figure 8.2 tti~OU9h to 'Figure 8.6, it 'can be seen
that the d~ta are 'relativel¥\\~nsen~;itive to,changes in f~eestream
velocity from 25 mIs,' to 35 1'W/s. This is i.mport~nt sinc~ it I\is
desirable to test ,at as a lQ~"a tunnel speed';'as possible, sinCE>
this implies that th~, highest liR cgefficiel'l't:f;~?can" pe achf.eved
:for a given ciroulatiop 'control bla~I,er power. 0

I s--')
Fi{lu:re a .1.1 and Figure a .12 show li~t 'andJ drag data for a
cylinder with 3 slots open 5mm, but~for. various tunnel speeds.
It is eviclent'that for very low tunne;l spe~ds (t-s mls and 2<;1,m/s) "

1)· '-'ther@ is, a definite effect of Reynold's number on dr'?\g, while the
lift seems to be inse.nsitive to Reynold's humher. Thi'~ is

, 'J

expected since drag' ~ dictated by VisC9US shear. cLS well as
pressure etfects, whil~ lift is governed ~llilostexc'lusi vely 1:>y
pressure effects. At a low Reynold' s ,~l1.mbert Vi~us effects will

~::o~~f~~om;:n:~n~:~ ::~~:s t~~ ct;:gm;!l~n~e :!etCe~~d :Setha::
virtually no Reynold 1$ l)'I:;;(\Q,ereffects on lift or drag. l!"or..:this
reason, the. majority of/~suhsequen~,tests were pe:r:formed. usfnc;r a
~\~nnel spei?~ ?f 25 mIs, the inte.~tion bei.,~gto ~~h~a:int:h. e ,hi9hes,~
l~ft coefficl.ents for the ava~lable cl.roula 'on c~:;ntrol ':fi,&i).

!, tto~c, t,>

o

power. o ,jJ

o

\1 .' (':Y>'" ,fj

Altk\ough the r,\:n~e of, ~peeds used"(2or these tests was (~uite. small
'c\f\- ) , !'

'~'; 6

i )
(I a

('
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(15"m!~, 70 35, mps) I i,tf: d)i~ en(.10m.~~~s the 1~~l1ll.na:t',~9 turbu~ent' ~,!~i::~~;~:~~~:~}::~:::if~fi(!,~~~~lQo~:)i;i:~:~~I
CC cylinder willI occ~,).r-,at a higher R'eY-gt.dl,d'I'r,,~umbe:rth'\~fl-t:n~,non- I
li'fting di:ise~ In fact, the trans:i:~ion was ~observ~d tc;:l"2pccur at
lower Reynold's numbe:4:' (corrfaspemding ('0 '25 ( ~f< "Ito/,_,ean

::::::::s:::~:n::r:::::~7t :r lif~ andi: of ~heol
A wt\ole s,~ries o~ s10,t_> co.n~5.9U~atioiG~~,~ J~:~t,eli to. ~'stablish, I
a elata. base on whl.f;h tn§ dl~~CU$s.].onoff tr~l~tls., could be d1~~pussed. I,

f£he qlscussi~",,"f trenda :j,S o%ly llsetu:qt 'as f;;ir as \clesigtl is>!"
.,concerned,. i~'" ~ ;tea~s' ~Io some" conq~e~iqp r~\¥ardi119 which I
jJ~i~:~~:!~\~,:1\:~uf::'I>!":ts~:r:;J~(j~f::i:;t!h:'g:::t;~~
tor~~,usip9 the slnalll'lst amount 0,1:; abaot }:;)~dcengine power. Thi$
trans~,!~J~s'd1req,tly, &ptto,.th~ oreati~n' or I h~ 9:Elatest lif~, u'si,nq I

\ th~') l~a~t po~er:, ~~~fc,C)fJa:s ~,reaso!\[,J._~~. ';;decl.d~,d to plot l.'~,ftI
,") o.coeftJ...Cl.c7n~/ .. fl, ,t~.;?"!'il~t:opo~,?rI coefflc'~ ant." Cp(w' for all the [."

oonfl.guratJ.ons t~sf.:eCi", i( 'J lot
\)/ 0". 0 7~)';:~'l( I Pc" f

F~gUr"~& .1;" a.~d:' Fi~~r$\ S. 15 Sh9"t tl~~ ~ l:'vas ~,of 9o~figu:atfons I
'Wl.tl1 3 and 4 equal slots respect)..; e;,J.y, plotted. an ~ the I
,,c0nvent.ional 'fashion using C1 ~d "cp..' I ,he i E:d~es,' \'f.'-s well\\ a,~.l

.tJ -''&' t · "" i , ,\ ",'\'" (I [0'pOJU ·~,~rSf 'of, utte s10 ~I are gltven n -t ~f~JB-~e. Pl<i.,ktl.ng l'\tt! I~\

data againsF~~ suggest that the opttm~m ~,h,fi9y\ration( is the' one (\
with the smallest niota, "howe'vel'~ I ':if ~ ~~J'Cll}~lif'tJ data ar~ \'
plotted against cP()W as ~hown in Figure 6~1{44 and Figur~ 8 .16", ~~tI ("
i,s evident that this is not the case. ·X can be aeen from th

"~:::::!:;; :'::S~~:i:~~p;;i:hq~v:;o;i~~'!t,:.O~{~~da~~:~•.~~.
~lot sJ;te is ""tw",-.;n 21llll\ (P~ < 0.7) anil 3~~. (0. > Q.7), aepen~ir) -:

~~i:ec'i::!l'::,,!i:p:; :;'ift~::r:f::n~;ffh3,,1~;:~f~~~~~~eb:~!!j
than that of 2mro, \ai.d{1 only margihdlly be~ter than the ',)case Wit:1
3mmc slots. ',_';, .': \' i ,.g-~;p n '0

c. ..' . .. 'lr·. ' ,
As fax;, as the Cerra is cOItt:;erne'i, . th~ \~erit of a par~icula
confi~)urai:'iop i;S ~pre 'a func~ion Q~ 'tn''@ 'll;ll\bu~power than cl~e S10
momen~~J The j,":'easons~Ifo:t" 't:""iS :ts, th'1t a p~lt'~:i:cular slot! momentur, "

)0 ,.!J' t ' ""') " I ~ ~ I l)
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c·

can,;'b~achieved ..".using, various amounts of 'input, power," Clepending
on th~ amount oftc w~~....,ual ldnet.ic energy present ill "th'e jet.8

') S~\nce,one of t~e ~~.cp~~es o~ the co s.s to restor~ t~e momentum
lost by the,,"cylinder b);(lnd.ary laye~' ~ue tO~he 7o~~,~~t'svofe sur,.face
sheai:' ~orce$ (bYv~F:stiiinin9 the poundary ~yQr), l.t follows that
various amount~:{~~-Ofpowe:qc"can be absorb(td in this proce~,,,,,J)
dependi,ng on what jet V~locity. and mass flow l:'ate is empiloy~\d.
Il'l!'a manner anal'ogous to the high bypass-ratio tq:rbofan,o a. 9iv~n
montent\lltltrans;f:f.!r"can be effe£!ted at low power if the trans~er
involves a lar9~ mal%ts4=lowwith a small residual kin~;tie energy-
The better efficiencY of the larger slot siDes (a~)Ound 3ltU~Yi:""
especially in, the case of the cylinder with 4 slots, is thE:)n
probably .due to this effeqt. c C'

FigureI8':)17' shows the variat~l).n of c, with tJ~ for various ran:iolll
Gpnf.i'3'O.rations with differing slot siZes,,, hut fixed slot
pds1tions. Tbe individual diqits of the" cedes in the legend of.·
tBe' plot horrespond to tJ;>.e slot sizes (in i.1Ul\) "at 70Cl,. 105(\ t 1400

a,;(ld.175°. It. can be seen 'that two partipular slot configurations,
;tri. 2, o, 1 ;"0 .and 1 to, a tOt seem t~ perfc,rm hetter than any of the
others. 'l'he former of these corresponas exactly to the tsJot
oonfiguration ..employed bi~}dCDortnell Douglas o~. their Ni0t'AR
d~Jnonstra,tor. {4] Figure a. 18 '~ows the same lift ta.ta plotted
against 9poo11 and, rev~als ~h~,interesting fac~1l The '0 \slof

" conf igurat.ion 2 I' 3M." 0 has a: better performance over a grsclter
lift range than 2 I 0,1, 0 or 1to, 2 r O. A CC'l'B helicopter emplo~ring
the 2,.,3,,4, I) slot configu!;'ation would require. a smaller ~\oom
diameter ot less ~?wer to obtain t;he Sflll,le boom torgue •. IFrol~"a
design and operation point of view this is significant. 0

In I'an effor't to est{~blish which conf igur(ttion hi1~ the }.)est
performance, all config'tlrations that hC;'t.dbeen 1-;:es.f;ed Were
compared. F±gure 8. 19 and Figure 8. 20 show compp.rat:~ve plots. of
several succossful configurations plotted against Gil' an~t Cpow
respectively. The f~:sures, onl.¥ include co:nfiguratis:ms that
perforllled well in prev~ous 'comparisons. Using only" :momelltumto
Judge the mer;tt of a configuration, "oonf;t9ura'tion"1,'o,:tt,o would
seem""i:o loG best, especially up to lift coefficients of about 4. e,

Considering power, however~ it can be Seen that qpnfigurations
2 r 2, 2 ,2 and :3,3,:3,:3 perform best up to lift coefficients of about

" 4.5. For lift coefficients around 3 or 4, configuration 3,3,.3,3
would ('be the best since it has greater maximum lit't. At,. lift
coefficients of 3' or 4, ie. those tl}at woUld be interesting for
CCTS's due to t;he relatively" low power requirement for a giVen



\)

I.)

[' ..'

lift, it d~;]Lbe seen that the difference in power absorbed
/j between c2E.tigurations 1, 0,2,0, and 3 (3r :l,( 3 is not small, the

fOrlne:l:r~1Ji~more~than Jcwicethe latter.,
,. . ,,_. . _" ,~ - \1

Since cthe de.s,J,gnerof a CC'l1Bis more concerned about the po¥er
input required. for a gi'{,ranlift. by a particular configuration;an~tnot so muchabout the (rather academic),momentumof the slot
efflu:lC, it. can ~e concluded that the power coefficient is a more
stlitable parameter to judge :the merit of' CCTBaerofoil sections
than the momentumcoefficient.

t,

1's . ,." .,
9.2 .•5 Effect of Number of SJots

.,d!

l.~efetring to :Figure 8.l'I,'and :Figure \S .z.s , Le , plotting' lift dat~
against slot moxnen'cum,it can be inferred that, for a givenc slot
momentum,maximumlift is obtained using a. cylinder with fewer
slo1::$. Although no configurations were test~with only one slot,
it'has been suggested by tockwood(19]that, for $mall slot momentum
coefficients f a single slot has the best" performance. Thls is
harq]y a surprising observation since LOc:kwoodused the momentum
cOlefficient: as a' figure of merit when comparing di£fe,rent"
"oYl,ind1rI/configurations. The observat,ion is ba.sed on the fact
that, for a given slot momentum,sma~l>~lots have more kinetic

,. I:' . ~l

energy" S:mal,.lslots therefore have 9~Clter potential to keep a
tired boUnd~\):ylayer :moving,but this pqtential is not being
oonsidered if mO:rnenturnis used as a yardstiok. At somestage the
price £0:1:1' 'this addeq,-'en,g~;;;gyhas to be paid, therefore a better

!;g~:~!t~":!:;~:;:::~;;:c:::: :"~:~::Oi~:lf~~:~qan~j;gy,
Referring to Fiyure 8,,18 and Figure 8.201" ie. plotting lift data
against boompow('lJ!:1 Xt",,;b;: n(.ltic~? that the .larger the numberof
slots, the better the perf0rmance ·of tbe cylinder. This iInplies
that, as far as power :r:equirementsar& concez'ned, it is better
to have distributed momentumadd.j.tion than a sing,le point of
momentumadditione .'llhe:reason for this is the r~sult of two

\. "_ ,,,_.:...-_.-_-

factors. Firs~lYi'lladgition of. momentumat a single slot favours
a small slot size and high slot velooity, whioh implies 'a high
r~sidual kin~tic energy in t~e,\jet, 7,nergywhich is. Ul~'ri·trlnt~lY

,~"dissipated in, the,.wake of the oylinder. Secondly, "a higher ••jet
velocity wi'll also generate higher shear forces as it passes OV4at'

("the. ¢Yli~der, therefore the added momentumw'ill be depleted more
-rapidly as it Ls still "passing over the cylinder. It can
therefore be concluded that a larger numberof slots is conducive

\ /i '~'
if

(I
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to lower ijoweroinput, provided: the slots,,~~re not si.:t:uateg j.n
sep(i,l'.'at!=<i.tlow regions or on th~; l{jwe~ surf,aq,e of the. c~;Linder.~
The ultimat.e solution woul<i be to have uniformly distributed
momeni;,1ll'lladdition since tl)is wbuld, approach th~ situation where
momentumis added at the same rate and .location whe't~ it l.S being
depleted~. Such a surf~ce effecti\rcly would nC)'t have ..surfac~ shear
from the point of view of the inviscid floW' field, and .once "a
circulatory ,flOW had .b~e!1 ~stablisl1ed, it 'WOUld ~ontinue
indefinitely px;;ovided°the CC is maintained. a

Cr(,

o

9.2.6 Effect of Slot Tbicknes~
'As discussed in section '9.2.5, a small slot thickness,':may give
rise to" fiery hJ.gh lift. coefficien'bs for a. gdrven momentpm
"coefficient, ,hut '\~thls is not necessarily indicatiVE! of' the
effic.lency of the confj_gura"t;;i.on.tifFing erficienoy-, is defined.
it). terms of the abil.:it"y of a Cqnfiguration to produce the highe$'1:;
lift fol:' a give£nblowing power, and' not "the rna,c:i.mum lift that can "
be 'attained by" tl1~ c6'nfiguratiol'l.. l).'11e,~\na.lo9Y of "l.iftinq

:.f.l!...!~;e..~~~.e~.'.~i..:;n:.::i;::! :.t.o.f~:~;i.•.e:.k:~;:f~,ii6. ,t1f~.f~~ii.··.~,·.~::~1
with ~ 'and~,./r eqmU slots respeQtively, ;it can» b~' seenL\that-
maxi1num l~;fting efficiency is obtain~d fg.d.a, 'slot size of zmm and c- Q

:3mll\ fot" the :3 and 4 slot configuratio:r{s fespecti"ely. Increasing
«tbe Slot size.. any further results in, a jet that -has too li7tle~~
kinetic energy,. Le, its Velocity is too low;" to ener9i~ztr' tlte'

r, "_ "_ _,.• _ _ _'. _ __ __ -f... ~" . : . :0, ': . .,.,,<"'"\ .J

boundary layer. Even though the flow l:ate :LS great, and'",~lencethe
jet momentum,osuch a slot is of no benefitQ 'f'his latt,of ar;ljument
~.s yet another naj,I()1n the coffin of a monerrcum :ba~~a comparisol1
of ,edifferent configurations. it ~\vill be" snown in' Secti~l} $).;L S ~\
that. incr~asin9 fluid addition tqo much, d,1!. using very 'large
-:slot flow, rates, decreases the 0 lift tha't °can theoreticlilfy" be

. c Gattained Py the cylin,9.E!t'. ( , (,\
c '-' Ii

'l'he slot thickness not. only aff~ct,~ .the efficien&'y~:~;'Oflift'" "
•. ,,', r; " ,'. ,(' ." \1_, " 10' _',' , , , , ' ~ _ ,,0, , ,', lJ \)p:roduC::~J..on,bu1;,also the maxl.mumi-J..ft that cC\nbe·achJ.eyedby.a

particular configurat;ion. :Figl.tce <.8.15 ShOWEf how a cyg.indel;' with
4 "equal sl9'ts ach:i"eves higher m",*x11l1Uln !lift~coefficiepts ~lhen the (J

slot ~ize is 'increased. 'l;'his,·trerid.can obviously not b~)ext'Emded "
c ~o any slot slze~>._~n~~the figure "seems .to ind~cate t~a~ the curv\.]
oorresponding to·~·a s~ot size of 5mxnwill not o)otal.n as ltr.tg,h '(.i "

maximumlift cOl!fficient as that corresponding to a slot ~elc)'f'"
4ltUll. ,The trunoated nature of the data melees 'this diff}.cu1jto
prove conclusively_ ' <~ •

,,' '0 , c )

, '('v 0 C .," 19;.li "
''"IF- ;)-3/
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:At ~his stage no, oont,':lusion will be drawn,
Section 9•.2.8 that tJle effioiency 6f

m4xi~ized for a "givl*l slot thiekness:

~ '() ,,;~~;p

Di""Ulloi'iQIl '~ 0 o '

butCi t"wi.lt be shdl"
'tift prog_,i.lctiolJ is"o . , 0

9.2.7 Effect 'of Slot~toc~jio.....~ \)
A series 'of test~s~;re pe:r;fotmed .to ~eter~ine the e·ffeot. of the
~,railing slot posit4;6n, si,noe, according to LockwOiodq9j,; t~is is
a majCor fadoto~ infiuencing'the.ll1aximUln lift WhiCb0'~~.'" be atYI;\J,ned<1

o by a CQ'cylinder. Maximum l~ft" is defined as the greatest 'lift
that,? oanohe at~~ined,~ "no matter. wh~t the blotdng mpmentum ~s.

" Fig-ut'§! 8.'21 shoW'stne effect rcitat;inq the oylinde~ bas on lift,
f.or a cylinderowith 3 slots open smm, 1'he threeQslot~ are spaoe(').
3$'0 apart from ~.~Ob o\'lher, the tta,iting slot position PQing given:;
ih" the figure} It 'can ".b~ seen that, for cPo 9"iven. ·mom~ntum
,poefffcient f . the li1:'t "is greater when the slo'GS are l'ocated
futJther baCk. HoweVer, "this does not":hecessarily guarantee that
the rnaximUlTI attaf..nabl,e li,ft coetfioient is tihe. 9)!eatest •
•,x~r~pq~at~ng the dataYb~ the. Curves ~9 .g~e~t~>; V~.lues of slot

'II" co !~olt\:n:-um, ~~9S~\I~m~ th~t. hl.9hes: o~erall .1l.ft a.s obtaJ.~~d when the"
'\~d;ra.l.ll.ng slr.tc l.S 'pos.l.tl.oneCi. at. 14..0~;.. ' ,

,.0· H .\"'.-;~~ 0 . o .. .: ') <,l C

F,igt ...0 a. 23 r,efe~s to a cYllnder. with, only t"lo slots open ($tmi\. ~j
The slots al":e\spaced. 1400 apa:t"t, the tlTailing slot pOSition being
glven j.n the fi~ure. _yJ:ilm'the· figure '1'1;:0 "cah ca'~ain be seEm tliat~o
f.or a"given median, mo~tum coefficient, ,the l,.i'ft is 9feater When

~'.. 1< .. ... :.. .... ...... . .. .... 'f - ... 'J ... -,.,.. ,\i . . .. .. .....~. "..: ..·0 .. : •... ',',

the l,slots are P~sJ.tJ.oned 0 further back.. Althou.gh tne". tgasts da.dnot
include trailing ~'slot positions beyond 1500, the data./s@ems to

(!. . .., ... - ...._... .... . '-. L, . ... t-·· " .•

suggest that pos1.t:t.ons heyond 1400 .: ;,do not Yl.eld the hl.gnest" ."
maximum lift." This is probably "due to the faet otha:t ·'the trailing
ed97 SlO~ is approaching the r~ar separat~~ point on- the

c ?:Y'l~nde,r, and the effect of the added momenbum .~s not fel t ovez, /)
" lnU9,P..' of the oylinder su:!:'xace. ~.~.jl (j ,}, JY.r

1 ~~. o -' .~;~-j,

o 0

a

~ (2

Fi9~t:e S.22 and Figure a.;a4 (,showthat the sarqF= tf~n5ts c{pply ~~~n
tbe\\ i~elJtical lift Clata ar~: plotted agaitlst LpC'Jwer.. Xt' can
tlV=lcwefdX¢r be: cpnQluaed that, at,.least for G~h~ two .SH;mf,~gurationr?,
ment.i,oned, (·¥(~~tmum t1f,t is attained When"tqe <jtraili.ng slo'1l y,
~()sitic~m ~s <~round', 140 Q • Due to 0 in~uffic'ient data em '(?ther

"I' .• cbnfigutatilons with resp~ct to tr~iling edge position; no
,gen~~~alizati~ps will be. m,aele.. The only gener.alization 'that can
b~. ma\1e is that tb~ ~urthero ~ack a '~+Qt is positiohe~; the more
like+y .it is that its e.ffeot wil~' be diminished by the. wa~e of
then Clf:(]d~r.positioning" t~e ~}.ot too ,~ar forward could~iea~,\ to

r:,

q"
O ~ .. c

o D

c o
\\
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? 0 • prematii:t'Ef oflow\ sep~ration. ,as it result (iO:l: :t:he, boundi:n:y la.yer .D

(' 2." l1cxv:inq . insU~fioiend m(l,ln~ntu:mtp overcome i:hl;\ aClvs.rse pressur~
e grauient on the rear portions Q of tl1:e suati.on. J?ut;face of ."the

o .,," ~J

()

D

a 0" :,.: , " (i

9t'j.8 Analysis ora Singie Configuration ." . sr "it~.~~~, :I','? n. D

ou~ to .i:he large n}l1\\b~rof variation~ th~~ a~e pO~~\I$'i;\it>?}.i,.ensl.ot
G u siczes ~nd positions ~e al tefed, it;.G}~S'decided :(:0'5lP~:1r.i;at'\ol)~0

(X parti,cular slot configu:ration"·in .!iSttaiiZ '$-11is was. done t~!Obta.in ~
~reater insi~ht. into the mechcOOislnSof lift P~~ductioft b~cqc,and ~
}.o get a :pettet:, t:mdet;standi:t19' of, the f'lli'w fiel.d in geme:r;al. The c

Q Q &Qnfi9,:.tr~tion oh9sen was one w:i.th :t. siots, eositioned. at 70;&, '> ,
lOS!!'and 1490• For. each pa~ticu:,t.ar'7 test., al"l thr~e slo"?,s had th~;?:;-'- "-'-;
s~ma, slot size, a,OtotaJ. of ',five slot sizf!S, being o1;esteq. ~l?is"
Barticular confi~u!tati9n was chosen

D
becafa$(j~f~'performed/f·iIi~l.l"

and '€he;r" was a.'. comprenen. s.ive S'l.t.:. 0;1:. d.....ata ....(tes.t. .'l{tllube.r ...f~Pl(i to.
0.025) "to"·base the. andYSi."S~ 0lb.· A,~j~ fU~l:her, diS'C\.S.S,.i.O~/iill deal
with this particUl;,~r "con:figt1l:'at:!.on. o \ ,~~ // (1 b

({ \\. 0 ~·G" 0
Referring. to ·F,j,gure 13.25, it" can be seen that, at least; for s .ot

a 0' • . .'"sizes of °3nun and" less, vlet/;P. is inctEapen~ent. (or a very wealt~
:un~tion) of sidt si~~\, a~d l~ q~~:l: $J. f~rlctoion. o~ /the pre~sure
J.nsJ..de the boout, whl.dl} l.S ~tl,ven an 1the farm (of a pressup-e

\\ 0.. _, J_), _ -" _ _ '" "

coef~icientt ... Opl fOr' dqnv~nience.'> The ,'independence. Of. jet ')
vel~Gi.ty and SlOif. si.ze is expeoted, sirtc~~the ttleal vel<?qi1;Y. of"

c an~ .flul.a ejected f.rom. a nozzle is oniy ti' function! ;:)i the o
f!i - -', 0 \.). ... c_'. 0·· .

pressur~ .cUfferene:e and t~e fluid densit.Yt given by!!aernoulfi as
o

C3

a

o

co
'0 ao o

(

"'~. D d'

" : o ~ ~" \l ~!;"',,.0
Figure a~6 s};l,owstlle aotual variation of jst veJf)'bC;'l;:.y w.ithbopm

'!I . .

pressure for vqrious E.1lo:t, thicknesse's. Ths j at ''fIeldei ty was
c~]..culated using tbe 0 Sf~ot(Flow rate an.d the Slc)~ thickness. It\·/

~ O,~~Q observed. t~at tb~fcUrves =: slot s±ze~ of :3~~. l!r l~~$ iiec

alll!0st on to;er of 01)9 another, "and h~ye a small ,(~quafe ...root)'
cUl"'\:!ature~ 'rAe boompressure coefficieht is ciefin~d as~~

I,l 0

~)

o

0"
Q ,~,

" [/
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~~e~Je pd and Pdynamic ~([{,fer.~¢. the absol~~e freest+~atn, tota,l and'
~. ~ dynamic pressur~s, ~d PbOooi:r.efera tcY"the absolute

o
pressure

I J.'q,~idethe "'boom. Since the freestre.alll total pressure is the SJ'illl
~ ,",_p~,,,static and dYnamicpressure, as a first approximation, cl1 pan

6"~:be 'written in terms of the pt"essure difference aorOSS the jet1
ie. Phooo> '.... P~bM where Psw 'is the freestream, static ,p~ssure.

\'

t

Combining equations 9. 1 anG\9.3 yields"
o. v: "·IF =ift;x{+1

o

(/

c

() I G \)

'.rhis curve was plotted as the tnE;t"'~i~tical prediction in
Figu;e S".26. From the figure it is evident that the actual jet
velocitie.sc e>::ceedthe theGretical prediction. This is due to the
exi'~te,nce of circulation abo-qt the cYf,'inder, Which causes" t.~e
static:: pressure on the upper surface to be:, con,s~derably lower
(,than the'" freestream static pressure.. Since the D slots al."a
positioned on the suction" side of the" cylinc1er, the "static
pressur"e. ~'differenee aCross the slot will be greater tban.

" • '." .• -. .." .. " (~, I) .. . .. , .., c ........ .. .. .. .. ..' <:

predicted. At very large"pressure"dpefficients, the theoreti.cal
.'J , ".. \).. .. ...... ',' , "".... .. .. '. .. .. _.. .,.,', '<;) .., (\

curve if:i.pproaches the act,~al cu'rve~ S'inde. the dif:ee~.ence. :between.
(, .. "",," .. I-~ '. .. " ...... .. .' .. .. .. ".

freestfeam static.> pres surf! i;ilrtd ·cylj,pger;, ..llPper surfac~ static
pres~ure is eomp1oetelyovershadowed by 1:hemagnitude of the Doom<;;
static presisure. (,,\ c

~" tA.tJUl"$0"8'.27' "hd;"" the vaUatfbn '0< l~ft """ffi~ient wit!) slot
" ""flow rate coeffioient fqr various slot .~ickness~s. ~he flow rat~

0" coefficient. was ,-obtained by dimens:i.onal ci'nalysiso iW'"Chapter 5,
\} (I o ' '~, (.' and is defined as" n:

~) !}) ..iJ

-

(9,5)0

'0 0

The ~J.inear nature of the dat't\ in\~Figure e. 27 is inte~esting I and
o

cwarr~pts further inv~sti9'atiorv·. It capobe shown"that, th~ flow
I) rate cQe,fficient can heQ writ ten in ta,t'ms; -of jat veloq,i ty (and')$lot
thicknes~? as i)

(f .......--....;.~'-------'7":""---""'!r""...,....-.........------------------ ,,\'
o

"
(J

o ..~
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NOW, since c, is directly pro~ortiona+, tp aql and because VjetfU is 'i,

independertt of"tic, OJ i~ direCt.ly proportional t~Vjet/U and tt g.
p '- "\.

o
II

be
be 0

Q

Lopking t-yen at
sll~~ that the
wr;4"tten as "

l.P

, D

II

"

\~" 'n

\\\~,
whet't;;a is the c¥linder radi.uS' '~~C/2. ,,0 o ,;::c.) ~

,Since ,01 "is proporti,?::nal to Vjet/}:}f~ '~-imple s\lbstitu~ion rev.e~Jls ,\,,0

that k is proportiona,~ to V'.....jet a~dQ'J\" il

'" " " IT: 0~ "c;'''' c'

c 'rhe al:)ov~''isan ihii@rastir.q obs~~v~ttrJ'h, afbei4 'ratne1d intuitive.
, Sino.~, tge only' ,,}~gent promai;ing. a . ,6~t9ul~tory °f1ow,,,about, th~
. 9yl~?detisc the tal;'lgent(;i.alejecJ:~,p~of 'ft~:id from~~urface Slc:.*':s,
the magnitUde "of that circula~;Lon wJ.ll almpst certainly be a

'"direct function Of. the velocity of ajeeti911 and')Othequantity of
fluid being ej eC~\~d." \\.0 "\')

\)

':-i

"

c-
~} .. " '\\

The ejection of fluid on the upper surface of a cc cylinder 0
C o Q

e;erves two purpdses. !.f thEUe is no ci:rc;U1.atio.n about tHe
cylinderQ, the ejected fluid. wiil c,\,\usea diff'~t~noe in vel0c~ty'
betwean fhe U,Pl?erand."lowext:(\}aur1:a~es.:·of the" ~¥-)~nderp • th~re~y
creating a cJ.rculator}(, flow~' \IUnlJ.ke,the s;las(l of an" J.nvJ.scJ.d
,.fluid, once the circulati,on '!las" been establ,ishedc It mUst(be
maintained, si.;noe f~ict~on~\l \~ff;,ects('in the fluid 'Will, te~(d to

)) :;::n,i"P:~~u:!"t;:,r:tl,l,.a,n~~fn,:~t!1:",.o:;:;;:iJ1:~:;:::cy"~:~.~,~\~,:~
~/, fun01=-ionof the ejected tlU*d is "to overcomec\the e:ffepts Or

~iscosity within tp.at" boundary~, $,ince the flow mutside the
boundary is ee;sentially :imvl~cdd.l the "pirculation" about the
lifting cylinder is, not dir:;sipated ~n thiE(,region, le."(~t~eflow
field, out~iide the circular pound~ry o~~th.e cyiin9.er will'~;;~ntain"
i~self indefinitely "prfvtded" i~n~s:::ilbtdi~sipated:J by the,; effjfcj:0
d'f the int'ern~iscoJ\! rE%9'.ion.. G '0 ';,," ,:, o

() "(' .. ~.' 1) (!J(?"

~he dissipation Of({ .circuJ:'ation with~n. the bound9ry is due to
distributed fr:i,cti'onal, shear stress bn t:lJe surface of ,the

I) Ii 0 \"~

'( 0

'\1(1

o o

n
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cylind~r t resuJ:ting il'! a, depletion of momentumii, in. ipe po~rndar~r
layer. of 'their cylindler ~. To overcOlDe: the dissJ~pa~lqln 0 of"
cl.:C.CUlatipnl IDqmlentumi~la.dded to the bou;ndar~ layer by means of,

:~~f:l~:1~~ii3:u~:~~~~i~!~:::S~:::f,,::;;~d~!~~~~d,~~i\
~urface ~low not I~nly to recoyer t~e momentumalreadys\lost,!:, but~\
Iaxso to energize 'the bc:ru,nd~ry layer SUffici~ntl~ to reu1P the
\ next. slot p.f there (f,re ;more than ~ slots), or ~o lelJ,co1lnter
further· adverse pries sure l';Jradients.

!) (_'

:ro~ :,hega9Su~Pti~ni\'v(made that "~iet"and r~ee~t::~e~m densH:les are Cf

S:'llnl.lar;' whlah" 1$" reasonable fat' the low veloCl.tles encount~red, ,'/i

tbe momentl.1.mcoefficient ol: the jet' cC\l)be written as :!tollows I)
~\ ' . i;Y . " \,J

I) "

C. =2 Ct") (':~'~lla
1#" a U

o .. . ','.a -' .. . ': .. -(, 0, .' . .....~... . . t';. _ _. . ..... . . _... ' ._ _... ... .,;
It is e.#ident that the momentum andl9d to tbe boundary layer is
~lso ~mf:f a function .~f the two;, independ~rlt .p~ram¢tel;'s I Vjet/U .•..ana
t/ c. sinqe In0x~entumis..tt'arfs'f'err~Q .frbm the jet to ~he boundary
layer loy ~~nt:r.ainment of the looundary \:J,~yet' l;>,y" the jet, .it is theo

": '_'J" .- _ .. .:.. .. . il .. _ _ .. I,. tIl) _.... ..'. ()

moment;ulll ot the. jet tl1~t is. the imP9I'f..ant fact;,or in maint~ining"

:!;~:::m;¥~tt~~;i~~e~~!~~:::;i1::::e:::e~';';~C~sbe:=~:;:!..
ear 1.i. er , mom...et~tttll\ add:i:C.'iO.·Jl \/,i,$ a...~oompanied h.y or~.J:..' ..d.u,al.k. lcnwt{c
ene~gy in the ~\jet u" t.he!i:efore tti~ manrter ..' in .Whic~\i!l}omentuIn .is
added (number :pf ~lo:tst- slot ~osition arl.d slot siz~1 greatly

o affects the efrici&9cy vJith\~lhicll. l;tft cis ~enera.ted. ,1:\
" -¢, . ,-,' .. 0.;;'). 2; (I" Il ~ " \'j

Q G \.;' ...~ \' -, __ ,- r.;; <-;

R$ferrlnq to Fig~)r~8.27 I the 11ft C~gtf£'l:!i~'ahf"can b'e wri tten as
~\'. ,,' CO .. . ..' ,.. . \\ ,. '~c..t;~'-··· ",'" 0

l) ..:I~!) C) -. '~,
?:J .. IIV.

o c,t=m( t:)"( ....~e~),'+h
'" 'h C U
. ,.,r(""~\\. o-~~ 'J

" a )"" (I

wh~re In an';:l n are the I$lo}?ecal\d" :i.nterceloits elf the "curv4's, and
both a ·function Or" tic. " "0

l\ rj
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;,.", . ..'i -,.Figure' a .,2.8 shows the relationship betw¢en 11\ and 'tIc/.

Ii o 0

re1.at~onship can be written as t

I)'
•. c G

The

- :1-. /; ,t
m=~ (4.661~-62. 2 (-) ~
" i:" C

t;-';

"
Figure S. 29, 'shows the re.latfbnship between nand t/ c. lnie

~\ "i f? • ,

rf,!.lationphip can be written as i, u,

ff
Q ~

n=-116.7(~~)-O.9167
c:
\',

~."Ah' ',. ~',

Jtt(nq Figure a .36-1 t11e'jet ve-loPity r~tio
o~he boompIJ2ssure co,effici'E!nt ~s

''<s ~~,;I D ,;0 '~

, 0 Vjet :;2 +,0• f\i\\7 Cp
~"(J 1! 1\ l.' '"

,), "'i\
\1

c Q~mbin:{ngequations 9.9, 9 .11.';;:; ~9.11. and $} .1.2, the- lift
';eoefficient can be written as
1"1,) a!' 0 [>-Ii /

Cl'=ext'>,,(4:~!669-62 4 2 ( t;» [( (.£) (0.1667Cp+2) ] - (116 .~~) +0.91(7),," a' ,a . a

(9,12)

o
(9" 13)

"c) ~.,;~,_
c " . ,j1, ~i';~"

If tIc an~::Jcl'are1~",,~~h~ied for this" particular cOl'lt:igurat,ion6'
tlJe lift ,cDet:fioieI1't can be calculated. The abo/ye equation can

c, be"divfferentiated with respsc'!:. to".!:/c, to obta:i.n the value of tIc
that yielqs maximumlift. To' m~~~ the eq~.ation m~re ,.graphic,
Figure 8.•30 shows the variation .of c2 vr,ith t for va:t:"iousp~. It
can be seen that for all Cpl <tp.dhence jet ve]€;.lcity, C1 J.s a
"maximum"'when t is about 3mm.This maximumis the direct reSUlt
of the nature of. the :moment\!')l\addition. The addition !Iofmomentum
is benefi(,j.al tOe the circulation about I and hence th.e lift

C .. -.. ... '1. (I . 0 .... ... ...

gen~;rated bY, the cylinder. HOwever,the additi-9n of momentumis
unfortun~telY aC90lnpanied py the additiqn ~f\) fluid to the"
freestream by the ~nperE!nt.nature of cc py"'blowing. In th~ right

d' hand plot of Fig'Lij-'e 5.1., nunham[17)shows ho'f a high souecs
streqgth0 correspcmqs to a low lift coeffioient. In the potential'"
flow model, if an ,;,aCiditional seucee is added to the trailing
st:agnation point of, the lifting cylinder, the upper surface
pr~sS!;u~esare increaseq, ie. the suq,tion is reduced. F9:t:this
reasonrJ ad,dition ¢;-f fluid to a real cylinder (also, in ..the region. ~ {J

~----~--~----------------~--~----~.~--------------------'- v

f~·. ::.

.,_",_,.:_.;1 .. _._ .. - __ ~''''~~~~Ilr''\~~~~'~~'>'l'a:;h ..(!ttli!_iiiIIIIIIrIAiIa&Dua'''''=W:::iW
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o
of the' tra;l..linq 'trdge) wilL re;~ul:t in 9. oreduced. 'Lift. T1ie.~.,;.~·;,,~,.
gbjectivs

o
is therefQre to add. momentUmwithout (,adding top much'

flui<h",. T~is is agaitl a compromise sipce the abovt;! implies ~.11igh.,
J.' ~t ....•v.el'i.ty, wl:\ipp' is Und"$~r;u>le fr"", ,a .p~,.aI}~ut point of
v~ew. .~ "" ,. ,.,

.. \- \\ cv.. \) " "

Retur~fug)\~ equatio.n 9.13, some interesting ~d~ductt~ns can be.
ma¢ie.fiiic;Ut~'the,design of. CCWB'S.The.. lift. coefficient dictates
tq~ .•~~ometry of the "generic .rlow atJout,,'the cyl."inder, ie ••o,?tlie
posi!fl~ons of stagnation points as well as st:t'eamline c'QI"vature,
.and s~n(p,Fp contaips only two variables, namely u" and "PllOOOl' the ).
flow" geometry is only a, function of U, PbQc,,'lI.and t. In th~ Case of

(; .~.' r) .•... _' .. ' '.' .. '., , II.·.. .' .' .. ' . ,. .' . ,..... , ..... 0,)a OCTB()i.:I:f the 610,p' s~~e ;i.s kept constant along the length of the
"~)taii, b90m_ to maximize lift as .suggested by Figure S~o, oCI will
val17y ~"with the invers~ of the rotor downwash s~hce, the aressur.e
i~~'i4\1k.the bODIn is. ;tssurii~_d,;~O.~e constant., !h~s variati~n of. c;o
W~l,l})e obse::yed as{ ~nge ~n the looat~on of the sepa:at~on
po~ntoat ¥arl.o1i,~ stat~o1'ls along the boo~ length. The varl.at?,on ," '(1< c,: alol,lg the span may .,be undesirable, and since it '>is no,~~;r~~":~ef:a~Ot:a:r~l~~:~~~~:~~::o~n;t:l~~q~:eb~:'

f) is, t.~O;cll~li.t ..h.e ,poo.md.~am.e~,e.,'FaJ,cng').the boom. Sinc.e. the ..boom is
o lne~~e~:vr .wing; of finite spaH; it woUld be desirable to obtain a

!. !!~<ld~~~.··~~.J.~i.•·.~on.~~r....h!.a.:.r.~:~e:s~~:a:a::.:;'·ei:;;t.~:";:~a:~:
E~;~:at~~i;~i~;u¥x~~~~~~o;:g;l~~~Ig;i~~~:i;~§

oS,ome distribution can 'be found that will. maximize torque and
". "0l1l~h;bnize,'Pow'l:!rinput. The analysis 'of the above would best be

~\ atr~:ieved.' .'numerioally "using, a compute~. The variabl<es in the
..~ al.~~i:f:~,~mwould be. boom d.ialti~ter and length,,, longitudinal, Sl.-0t
=s~ lel\~9tlf ';and..slot thJ.clcness, .,as well as boom l?Fessure. calcUl~'t;Lnq

tna il1put power f~r various configurat':'ions. afo the above Woul.d
yield infQ~ation :about the ef.fi~i~ncy qf .the e~Fir~ CCTB:far a
given main,:'~ptor downwash and. t.orque rtiquirement.
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The oonclu.sions can be broadl}~ q,ivided into those pertaining to

\), • t> 11 I

tf\ls'cadapt]. vee, wall wl.nd tUl1pel, and to the tests p~rfqrmed' on the
CC cylinder.

" . __ L.. ~~';J 0 .0

:;t\, ~_ _ _', :_ n, ''-''' ,".. - "c_, _,' ", ... ,,'.. .... _- ,:(i

t,\f:iOfti;'~d~~iv.e:WPllWind Tp~f.fuel n) . ,~j

" 1 I) 1\, fle~ible watiL adaptive wind tunnel, Ca?'IJble 'of high/~l,ift
t~St.ulg w:fth minimal" bOundary icnt~rf~tehcel w'a;S, designed

~__ _. .... ,''::; .. " .. .. l,) _.. .." ,

and COmllllSSl.oned.. "'" '2 The potential flow· ..wan. streamlin.inq", s~ra,tegy ..work~
satis~~ctorily fdr' lift effects'a but lenS nSO for dragco.. . '\;.. . I~" .. .. .... .. " .... ........ )' ..(,

s'ffects. 0"

a
G' l' The 0qual;ty Qfi '~at~. obtained was "good, although, the

uncertainty ~n the,}fnt?asuieme1'ttswai:\>large. ')
(;'rhe. momentum, power] ....floW "r~te . ano1 v\l boom. presSuJ;~
,coefficien~s. were "shown to bea relevant parameters in", CC

ote~fin9... .' ,;,'~L .' ~.0' , , ." . c,

The .po.~tercoeH.0 ici..~t,caii h'j.'.'lse.d.·t.'O com,.pa..re. the m~r~t.s. O,!=..·•
diff,erent cc conf,igurati~~ A cylinder, ,with 4; equal~ '3nUn
slots posit.ionedoat 7k; O~o\;,O 14,00 a~~ ''175<1" was fOlln!i to ii,

be .the lnost effic;:ient copfiguration, te~tea. •...\~ ..•"
('From ..a pOW~?7 point of ...~i~Wt, the more slots. the\\kieetet'~,
subj~qt. to th~ condition, that hone" of" the s:to'ts are
situated. in a s~~ara'ted flow region,. .,
The "trailing ~:r'ot position ;tn;ekuences the ltIaxi.~ulll lift
attainea by .the cylinder .. A trailinq slot pos.itiop~pfabout
140() was fOUnd to", be optimum. " fS"""~'i

Fq;r '~ny co given cyi~,nf1e~, dbnfigu~ation, th:r,e '}is\,a;d ideal
slot ,s~ze which lfiaxil11i'zes the li:e·t,.
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11 Recommendations
,'/ oj)

11.1Wind 'Tunnel
Tl:l;.efolloytin{J in\prtive:mentsto the wind tunnel',ar$ recommended:
1 Remove any surface d.iscontinuities frollt the inlet'

contraction, especially .in 'the region of" tHe c lower lip.
If tJ;iis'doesnot solve tbe tunn*i?lspeed instability, a new
lip In(:ly.needcto'b$ fat;lhibned out of expanded polystyren$.
If" the (J speed i'nstability persists,. ,turbulato,rs can be
installed. at, the diffuser ~inlet'~ ., II" , "

A ladder must be Huilh toce~se access to) the test section
, . . ... :J). e.. _-. - . --. .... . . . .. 'c: c..' ..._,

" window, wnicl) is' situated above the test section.
G . ~'." ,,'/ . -,. . .... . . _ii

TheUtu'nl'leldrive fan. spee~ contr9,l ShOUJ}dbe linked, to the
PC 'so that the tunnel spe,~d o;~n;, be controlleCi
aut<?!llatiG:allY. The" hardware, is' al~J there, it merely"
requires wiring'up. " "
The de blower must either be speed. controlled or 'otherwise
sui~ablY throt~led b¥ a It\0re.preci~e mechanical ~"alve.than
a s:U1\pl~butterfly flap. It a.s suggel:'l:t'edth€>t the()throttle
..can be .contro.lled (elec:~rica,;L1Y C1Ir meChanically) from

\1 . . • •inside the control room.. This Will allow the 'operator tort
stay in the' control room durihg a comp~~,;tet.est,0:leaving

~. (.'\ . ....., ". ' ,,", , O,j

the rOOm only to make adjustm~pts to 'bl1e mOdel.
Smaller load cells" can be installed in the balance to
im~~ease the accura~y of f~~~~~~~nce when"sn\a~l forces are'
be~ng l1\easure'a~It lS" s~.e.stecr/itp.at the l1ewldad\\cells are
made to:1fit the same bolt .holes used by the existing loaq,

i) , .~ , , '" " (f ,~

c~lls. This W:i.).l/allow load cells to' b~\ exch~l1ged~s the
task at hand requires,. ~,
.The tunnel driVe fan speed control should have an, override
Whic~'prevents it from being switchec.f,:on I.bafore the uwall
su.ction blower is. switched on. (J d' J",,' '\ n

A 24 charmed, pressUt'e mUltiplexer ahouf.d. be obtained to
~easure (the ((wall pressures rapidly. This. wi~;t" alfc.'v'
different wal'i~:.st:t'eamlining"strategies to be employed."
Stiffer flexiple walls, and smoother triF/";')].llar foam ~ealing
strips may be required to "red.uce':':the st::d.tter (lin' the wall
pressures. "
The perspe)C test section ,\l'indow'should be replaced with a
gla'ss windoWif ~ov measurements are requi,:r:ed. "
liThewall suction fqn exhaust; should be, ducted back. into the
I.diffuser inlet by"'means0t rearward. facin9,'. jets .. ~his will
~ 0
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enSUre a constant p+es's~re difference ac,ross the "w:a~llsfor o

~l" tunhe'l spe~ds!. The £10"10 entering th~ di:ffuser must be
equally distributed aroUl1d the edge. of the diff\~s,er .'3Jl

'.,' .,' ,,'_ -,<' .,' .,"1-' '_!~' -',_,,_. _",,'~ ',' .r- __ ',,' ,>,_ '", _',__ ',_ F
order to pt'evlep-ed.isturbance ct!b the upstrea:m flow .lTh~),use

':_-- .. .. , " ",_: _'. _,',_' ;': > ,,' 0" "",,' "", " ",", ., ' ,', ,) , " ' .',' Ii -, ': ,';1"of rearward f~cing jets' is advised to prev{~nt the,
, ... I . ..•. b'. .. 1/

po~sibil.ity 'of, ~a.ow,s~paration.Q .•,'..'.. . .. #' ,
A second diffU:l:H;I\l$/Jsho'l!J!l:d'pe added behind the. tunnel drive
fa:nsi)to,.reduce 'ii:~~speed°';}f the ',ai~ being eXhausted. Th~s
will increase· (,;~he ,;o,t\t'annelspee<i for, a given" power

".•~:~t'~iit:!d,t~'iQ~:~"~~th:~1;hTe~~i;;n,1:;:~~~~J!
adequate~ ,,In,.' ,.. ....•. if

q ,'. .... ,lr\;,':' ",j", "',, " ~ '1-<' ",{~i" ' ' {} ,_,"- , , _, ' ',', /1
14 The C~ blower; sijo\;l"rdbe enclosed :1l,;..' ;A sound ..•a:bsClrbent b07~'

a ~o·r.epuce tIie h~rg~;.no+s~"level ,emitteq; b}l this particul~F
component.. Ii Y 1/

tl£SOaW~e " .'1 '
fj )} ,- I) 'j b

t,,', ,,', ",'-. r-. ",ii' _ )";, ",\) - ,',-"-,,, "('),,, , """, _ """ ' ,"', ~'I
~he .,fOllo~~ng altE\;r~1;i~'l1i0~~Oi s'oftware ~re reconune?ded:O . .,r "
l. .It is strong:£y \~~1lI~-;~sted'\)·t~at some form of ve;ri~;lcai~fon

r ~tware is:· ,\'lr.ii~en. ".At "present '\:l,le tu£;nel can, d(lnia~e
i~Felf if ce~tain ;,relays -controlling .the ~ctuator 1/0tt>:t's,t;~.d~!:;t~:~t!irl':it~llaf::!!a~~~·l.t:"n:r2p~:S+c~n:
pro\':,::".a.Ure,that cheeks ;the tunnel at ini tialization/, could

. be written. This plrooedure"wQ)'ild;a,pstruct tltlal"walla!to. move '\
.J ,j', .~~, ,,' , '..... '.". . ." .. ' . <, _ I' ,-')..: .; ':' \\- _":.,. ;< '" -. . '. . '" . .' . '.' "/

to a' posit.iqn ,and 'then 'check ;that' the actuav,c;ors are.
,Performing satisfactori~yi~ .~C:-:J " II ./
The .operating progralll, MAINPROG.EXE, $hOl;lld us\! lneasured
va Iues .of u~'CI,. Cd .and Qslof to streamline' the W~lls. This
will decreas,:, ~heusef' s wor.klq,ad, and increa1?e'yt:he rate Of
w~Ll streaml~n~ng. ... if

3 o. Th~,Jlser £ii.nputs to th~ operating- soft.w~n;,esh(,~&1d"pe (error
checked so "t;:h~rthe progr.am does not ocraSh:{if incorrect
data is entered~ " I
A routi:q~) sho\l,ld be writtE:.'n that plots, thEo/;~ata' as it is
being ad~~~V:'ed. 'D "i/ a .,

At pr.eseri1:
Y

the tun.n..el takes about 15..sTcon.~/sto s.trea. fuline
the .~alls for small changes in CLf tYP'icaJiiy in the region
Of. 0.5 •..The walls are positioned rapidly 1~sing "a°1.2Vpower
SUPP,.,lY).to. t. h~ir approximate P.ositions,.!;/ 'an~ t,hen SlOWlY.

~:~~::c;u~.;.~:W;:".::i~!~:.:pJ::t(:$\~l•.~.~~~~t~.~~:.,..!:P~;.'.
for ins~ance) to their ft::nal positions I the S~realTtlinin9

- .' ,0) Ii .,
________ ~ .._,. .....:;.G ----..;.----I,} ~)
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II time could be reduced ~~""'a~)jSeC6Pdor ..two. The hunting
problem ,caused by\ ra.pidl~ mforying"walls and small et;:ror
bands 'coUld"be' al1ev;i"at.ed by having a separate error band "
" _ _'.. - _ _,_ ._. "- - -dJ __ . : - _ • _ - ~ _ - _ '._ _.' ._.. _ __ •=. eac~, .actuator wtdc~( takes Q .lnto,: account the s~o~p~~g
d.lstapoe' of the aotuatClr. At" present the wall POS:i.t+on

::~p~1f!e~:e.e~h::::m~li~~V7~~:elt:~::!~;~i:il¥~he~::f:bd~t'
,.motiifica-tions would allQw data'\to be a'cquired. (arla plo"tteq)
,in real time a~J the "tunnel i~ adjusting itself 1,Ito the
chan~.dng9.,flow f,~<eld.

(I

a

d" (1

o

o 11'13Sb.".eamlining Algorithm /)
Tb,e following alterations" tp· the strea:ml:im~ng strat'~y are

~e"p1;~:i~es~:~=tt:"e:!~~~:1~~i~~:J~':.t~yb:o~~~~~
pq~ition of th~ sourcs,in the pd\;~X)tial flow mod~l j::;o~the

't '" rear stagnation. point ,'of the cYJ.ipd!(ar( or py using a
distributed. sourC&~.,

\I

2 The a~gorithm should incJ,ude a Zhukovsky tran~:eo:t'mc that
will allow non...circular aerofoils to be modell.ed
approxi~tely. II .~~ c,

o 3 A'
c

panel method applie'd. to the walls II can be used to
,ca,;lculate will. pressur~~_1 ~i~j hertce to), streamline the
walls. °The .effectr? ~~~~ ~te test sectJ;~n "length, Would
,p.av~,to be, .lnclud~. T.h'.lSmt-athodof strea~;I.ln.lll9' the wal19~'
requi;es no km:{~ledge of. th~ model being tested. The
s'catter of the wall presswr ,;zl'eadiI1gs (probably caused by
wall ~laviness)could pose ' , ;"prob~ems.

"
'_f

2

following .additional be performed.
The effects of slot location, peqially with respect t'b
the Gylintler "angle of attac~' I hould 'bo investigated 'in
greater depth. I':, 0

"Moretests should be performed wit \ on&oandtwo,'c"slots open,
to prove conclusively that a. larqa',number of slots consume
the least power for a (given lift.

I,;),
(.'j11.4 Furtlier Tests
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Q ~:Appendi~A
Orifice Plate' Caleulatrons

,J .... . " 0 ,... .. r-,

{)

The,o~ir!E-\cc?'plate was. desiqrted acco:rtiing to the. Erit.:ish standard
1042: partl12SJ, and has ~, 0/2 tappings ..." . "

" " ,~
n

A.I Working Equations in. Metric Units '}
~ o }~

The volumetric flow rate through an:'orifice, plate :iJl q;i~en by
(! o

Q

;') c (A, 1)

( ,
o (~ ..:;

wher,ca
Q == Volumetr.tc flow rate (:m3/s)!<

C ;;::Discharge dOefficiel\t I!

ZR,"~ Reynold's number correction factor ,ie

Zu == Pipe diameter correotion factor
e = Expatl;,sibili ty factor 0

E == Velocit:y 9>f approach factor,
d == orifice di'ameter (:m).
Ali = Orifice p179ssUredifference "CPa)
p == Orifice fluid 'density at dp~tream tapping (kg-1m3),

(~. . . , . .'. ",:..' . 0 ;, 0

The Reynold's number based on orifice dd.ameter is? given by

c
(A,2)

where
Rd ::=: Reynold's number based on qrifice diameter
11. ::=: orifJce fluid dynamic viscosity (Fa d$)'

,~ ,_.
The ve:fucity of approa~~ fa~to:;: is gi'7.~

E;;::~~ ~
vl,-ma

o

o

where
m ~1~'(d/Or~
o ;:;Upstream pipe diameter «

o
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A2

:rher~ are" two orx'fice plates thclt can.be .inse:t~ted iilt·c "the'
"pipeline'i wit.h diaineters of c;tooinntand 125rmn r,e~~ectively~ trhe
lneasured flqw variables are upstream ~pressureco "'~1'ld' "or±fio~,
~:differential preOsure.' (l Q 0 C'o (/

Ii

o 0.

(j~ o

:'A.2~1Discharge Coefficlent o \,
\} 0

From FigUre A.lo' for nl~o= 0.66, 0::: 0,.6\:,t13 c/'

c

o

"A.2.1Reyno1d's Number CoX'rectlon "\1 Q 0

To calctllate ;the R~ynold' s nUlnpert th~, upstream fluid density and
"visco$ity, a~ requireQ.. The fll).id d~~sity is given, by ,the ideal
gas law' OJ}. ,'" -,z,,,,-> o

,::.~

::0 (11.,4)

(I

where
, ()

Pup ::;;:tJPstrEaam pr,~ssure CPa)
Tup::: upstream, temperatu:t;'e ,,'(l(J"
R ::: Gas conista~t £,or air =5" 287.26

(,{~f
The fluid visoosity is "given by Rayleigh' s E?qqat~qh as

Since the upstrE1<amtemperature is not measured directiy, it is
cafcUlated using 'the faClt t,h.at the f.~n(!compresses air. almost
adiabatical~y~ The" relationship between temperatures and
pressures" fot an adiabatic compression i.-s 9i ven by ~

:t:::.1
1'2S=7'1 ( ~. ) y

Pl
(A., 6) fj

where Pl and 0 '1'1 refer t'o atlnosphe~,ic air properties C;,\t the fan
i'nlet, and pz and It'2 refer to air properties at, the f~n exit., ie.

o
II

"0
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a
G

o
o • F AppencHx ~ , A~

~ " ,," 0

upstream of t~e 0f~f:i.ce plate. '1'2::rete~s to "the ••id:~~ .tem~:rature
~t;. the" fan Ji!~l.t .l.f,;,the compreSS.l.on were ,V totally, ".l.sE7ptrOP.l.E.

, \l ~

o

n. ',... . . ,'. " " " . ..... _' :' _.c ''''' ,'_ _ ,,0 _ _ _ _', '"._ ,',', (,'l.

The x~en'trop:tc, efficiency Of. a compre'ssm:, is ~s,!al11f,' quite "
','s.',im.l.'l.a~.~..to.•lit. h.e meChanic.a. '1, ef.fi.Ci"enr.:.,Y,and Singe(~~tb~t J.atte',r, is,'
>o.\}cnown,tbe former can be deduced ....· !],1heisentropic ef fic~ency" is~... "
gIven l:)y , o '" ,'. "' i

"
(A", 7)

a II

?ubstituting the acii.abatic compression equation and simplifying
(i" in terms 0.£ ,rrz yields 0

o

\)

\; • - - - - " , " ',_ - - - __ • ,_ - - ; ,."::1 " _ ." __ • __ ,wh~re the ~an l$entrOp.l.c canq,° mechanl.eal eft 1.cl.sonc.l.es C5l.Y1be
interchaJlged .. From the fan'perfo:tn\ance chart in. Appendi,x 02, the
mechani'eal efficiency can be' asSumed to have an average value 0;
o "'!. 0" , '0 ", . v.
The Reynold,'s number ~ow be:i,ng kn.0wnl' ,Figure A.2 can be useci,~~toCJ
find the Reynol~\'s number corredioh. For m :::;(!JiI.. 66, the data}in

__tbi~\ figure can be assigned an equation of the form" c

~I I;
(A19)

A least squ~re$ fit of"the 4p.ta yields the following
for a and b: _
a g" 1.l316 and b'~ -9 &S65Xl0·3•

04
A~2.3Pipe Diameter Correction ~"i

u -- ~

From Figure A.3.~ for m ~ 0.66 and 1) =
o ,,~-

o'~li

constants

0.154m = 6in, Zn == '1•.·004.
.If' "

A.2.4 Expansibility Factor
o The expansil;);ility fact,or can be read from Figure A.•4. Since the
pressure t'atio hlp is l;'equired"iIl, imperial units, it is necessary
to first" convert hlp in metric units .to imperial units. '1'he
conversion is ,given by
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o 0

writing the s;j.mp1.sl,;i.neat' re:t~ttpn$h:i:phetw~eh E$ a.l\Q
equatiolJ 'form, yielg,s .. \'J u '.'

". " . ',' r;;

(l ,'_ ..... .\)

Q .'. ~ {) _ t). i _' ... ' ;1J
t=+.-l~."469xl0.2 (-" _erj,..z ..p

.;,

,,(A,11)o

o o

'. ." . .. ..•.. . '. ...••... •... ,,(I

c A:'.3Correction" Coefficients d ~ ·lOOmm.
(~ -

o

g .1.':; o •.1°(lOrn n o • 154m ltl::= OJ,.42
Q

E ~. 1.103"
o

o

'.1

A.3.1 "Discharge !Zoefficient··
From F~9}lre A,nih for .m == tl.42, C - 0 ..6.0666• 0
(1

o

o

'". . G

'A.3.•2 Reynold's Numl,le~,Correction
(I

"

Using the ~ame'prodedureo,a~ befo:t';e to ...:e1i=n:dthe Reynqld/ s nulnber,
Fiqure A.2;can be used.tafind,the ReYI'!old'snumber correc~ion.
For m="0~42,, the data in this figu~e can ..be" ass.igned an aquation
of 'fhe form c;; ~ \\ '\

(A,12)

A,:"le~st s,quares fit:· of· the data yields the .following: constant~3
for a and :b'!
a ;:::1.0972 and '~:6:= "'7. 391xl0·3 •

o

A.3.3 Pipe Dlameter €orr~tiQn IJ

From Figure A~3, for. m .;::l:\ o , 42 and 0 == O.154m :::.:6in, Zl) = 1.0025.
".. ... I)

A..3.4.'EXpansibility Factor 0" U

Writing the Sill\p1.e linear relationship between e
equation form ".yields

and (nIp) iblpcrlat' in
()

IJ I:?
(.A,13)

"
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o
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F~gu;r.'te·.~&l: Discharge 'Coefficient-
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o

Fi~ure1\.2: Reynold's numl::ier cor~ection facto)."_
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Ap'pe~(Hx ra Ell--~~--~----~~------._--------~--------~
'kp.pen~.:8 ; 1\ 1.1 =.; • , ~

;;Wall Pressqte Ijs!ribution
<i i'~,\;.D' " - ;! o

~ (I - " c

The"wall static pressure distributioh. can l;>egal.cp.late'(i if the
velocit~e:s everywh~re(i along its l.eng.th ,are lm1own. Since/the
stream-:eUrlction,. v, of the flow is known, ,the. 1:1. and V yelocity
compone~ts (Jar~~'easily found, using - V

n 0

o B""1" 'E'I.iJ,,' ", ""'F' " ,",~.,..' ~mentary ·lows
B.t.1UniforrA Stream

u(x,y) =U
c - - - - ~\

C)

c

B.l.2 Source

Q

II
,+=Uy

v(x,y) =0 "
r
\ ...'

o
<:_,

*==.Jtarcban (1::) +a
2'J~ X

c :)

c
B.1.3 DOubl~t

o

~'!! '~
:) u

c

(S,$)

II \\

(\ (:a,6)
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B~1.4Vortex" I'
o

",,'0 "B.2))Combined Flow
The combined flow is given by

- I:>

: r __ . 13.,:,

vJ~+ q 'arctan(Y)-L. . Y. + k In({Xl;yl) +c (B, ~O)
211: " x 2~ (,x<I.+Yotl) 21t' f)"' <,

"'" C_,

I
o/here "
q = U c, a +
f! := 2 'if. U aZ

kO= U Ct a o

The resulting v'el()t.::iti~sare

(B,12)

" nThe 'j:esultant of theses ,v~locitd.es is given by,pythagoras als
(:' 5'

(B,13)
'~

B..3 Pressure Difference
The difference in p~~ssur@between tne attnosPhelJ"and
static pressure ~apPi~g is deriVed using 13erno;;.tll\"

(].~ " _ 1,'~ I! Y

o p....~P-+2PV" t=--;;..,....:;.;;;?,,;;.._-......,.,..o (_D_,_,~__4 ....) ....

\ ' ~<) <0

the:'~'w~ll
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,g~)nvertin~ this, pr:ssur~ ,,~i:f~!:rence,"to. a'" ~iffe10rnce "in
C:P1.1lni~"(,h~~ght of an, alcohc;?l, manome~e'.tI\YJ.elCls; 0; " (I
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C~l Test Section Beams
[lh~'maximum odefl~cti~m of a l:M=~am,with °fix~d .supports
ends and lln:Lforltlly" loaded~ is given by ShiqlEryL2(}]a..$ (0)

, ~~al!\U=3~4iI

af both

Q o

where '" "
Sn~ *" J1~x~mufu .beam~~rt,i9n ,(m)"
(jL~ Load,in~ per unit lenqth (N/m)

I, 'I '. " !! ,.," " ,
Ii =' Beam 'length (m)\:> 0

~ == Modulus of 'elastioity (N/m:t)
l :::;;Area moment ,of inertia" (:m4)

Q

o

c,

~ u .-FC-::!?
, ~

FOl; ti~49t~;ri'~'a~si9n,the beama are. spaoed 01,5m, apart, '.and are
requ¥~ci to "support the tunnel floqVl or cel.ling which is ~ubject
to a~~ssure loading of 5000 l?a.C!'l'hittP''yiel9-sa ~ea~ ,;toad:~n'l' <I,
of 25'0'0' N/m. ' ,',

o .I(
r'or wood, ie. pz.,np:, Shi9'tey[21~ 'lives E :'.lil 11"Gpa.~~:n~:::~~S)!J:t!;~c~5!~f:(i::::'a:!e::::;;..; :l;:~O~1.
~est s$otion b}~~"verticalcolumns ~ The maximumunsupported length

{t, ,ie-). '" '. '. .' _" __ . : '. .. . '.' .... -, ..." ,_0

i;}~~::;i5mt ie~ the seotion of heaw spanning the flow chalUlel. It
is fq;r th¥t reasan that the };)eamis considered to have fixed
suA:'ports at each end •.' i,.r \!

a

SUbstitutincithe above values into the deflec.tion equation yields
8mall= o.Of,l4nun; '111hieh i~ negligibly small.

c f]'", o

"

1('
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(] ,';, '~\'.' 0 '\ Q', ~end_~X'! (.to2!
&:2'Test Section FloQr'{~~n4°Ceilifi~r '~ 0)1 ,,0

1

" D

>\ , ". --_<:~, ,", :, "_ .: _,_._.' _ ,", _ " , __ .. , __ ' ,',',.', '_ ,<0_, ,,9 C'I ~

T:P~ test~$ection~fJ.oor and c!pilinif are ($ivided :i.n:to0: 5m s~~t:\;e;~!!t::X~~~~::::6=<):r:,.~~~~re.t:::~:::t~~~:»~i'::,,'(!="
uniform loading to be. 6 \l .

o

.0

o

,;" (I

<)Where 0

o Oml\J(= Ma&imqlllJ>late deflection (m)
p. =iA:'l~ee.hal!.e-J.~h9'th (~) 0

:: :~:t::i!~~:~t~;e;s~!\;:~a"\'l¥ar" pl,,,te"" o

-: S '" ;U041l1US of '"lastictt:y (Nt""; \ '."
'.h ::;:;Plate thickness (ll\)

"0

o

(J,

For a a.sin square plats, b = O.25m. 0 <\ .
The test section is subject to a pressure ~.oadi;n9of 50Q,0Pa. !

For wood, Le , particle board, Shigfey[261 gives E.;::;11 GPa.
The plate tiCkneSS is 22l1l!".. '. .@".
SUbBtituti~ttlle above ~alues~Xl;t~ha,defle6t~ono..equa.tion ~l?iv~)s
a maxi~um deflectf,on of Q..• l.~nun. _' "~~ D" c D"

// () 0>
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The f~e~d~le wai~s a~e" 09. 5m wide 10 and osUhj eO,t' to a pressure
loading Cif:' 1000 Pal" yield.ing ')1.\ be~jn loading, qt. of 500 N/m.

..' 0.. j' ••

(I For 9al:va'ni~ed steel $hee~, u;E~=200,.G~a. ..' Q

For a O.pm w:i.de'~n.d O.S'rnro..deep';,section, I ~ 2~133x;L'O·11.
,,'!'heactu'ator "slide spaQ:i.ng" and n~nce "the beam length,!) is 125nun.

:' . () . o. ." (,' ,)

o o <» ()
9

n o ()

subst.itut.ing tliIe ;abbvEi va'lues'
" ~\ '. .. . !/

resu1.t's in a maxim\!.mdef!aot;i.on,
o • CI7 sl1Ul'i. \} 'c,

&;0 Ii

"~c' &

(\ o

0'(\

i?

whet-e
OIWllt== Maximum h,~am defl~et.ion (m)
q ::= Loading ~r ,.unito len9'th (MInt),
L ;:::Beam length em)
E ~ °M051ulU$ 'IO~" el€\~f;city "'kNlgn2)
I ,',;::Ar~a m®nen,t;.of ine~tia (m4)

1b
0(C,3)0

in~o t.he qef lection equatiol}
q;. •.

and hence l\\aximum wavJ.ne/Ss, of
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