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o s g SR
i Ongoing research on. the cmB concept cen ucted by t.he Sahaol af L
. _-Mechaniqal Engineering at the UnWersLty the Witwaterarand has”;_

S
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gaim greater ins:.gl’fh into the me.chanisms affeat:l.ng boundar&r layer

allows tha flow ahout a cc c-.y inder to he in
‘the ' confusing - i nteracmian of “spanwise flmz
effects. Rata abta::.ned from a controlled 2-D env]

1 4 Wmd Tunnei Testmé T ‘ R

canventianal winds tunnels - produca dat:a with .’:X;g\arant arxgrg:_

dealt w:lbth, amahgst othera, t:ha 2D ana 3-D flnw f:l.eld af'aund 4:he*" -
e “boom, “The 2-~D redearch has fowused on a nunerdical ana.lysis by, s
_cz- Groesbeeklﬂ‘, white’ ‘fully 3-D research has beoh performed on &n. .
ShT L outdedr halimptér rotoxr rgigu J.ncorpnrating a CGTB. sDue-ta ' the S
_- eximsed environment af?’ the latter facility, the reaul’cs are .
affecte& by uxmontz-fy_lable factors such as guata of wind. ﬁlso,".__ L
sbecausq the interaction. hetwean the. rotor £low fleld and the CCPE - o
is complex, 2~D effects whieh are fundamanta,}. ko the flow field o
‘are naskéd by’ ?.-D effea.ts, makmg the analys.xs of data more-' .
dn.fficult. R T W TR o SR % B

n Smcae nu axperimental worl: had been &one m:; ft:__he 2-D flqw "f:.ald'- _':-'j; i
| around a CCTB, it was,décided to perform 2-D- wind tunnal tests
Jon a C¢ eylinder with c:.rcul& crosswsection, in an attempt to

. sontrol and the “flow fiald in” general. ‘The usp of a 2-B tunnel = . .
at:l,gateﬂ without -
and pther 3-D.

_ qnmant can then e
be exteﬁdad to evaluate Lhe mc:ré comle 3-D Elaw fleld of a

% ": because the wind’ tunnel affects "¢he £low arcunq the model: bemg_‘_’f

problem witi such corre::tions is that they are usu
Cempiridal, ot étherwisa based omw classical inv:.scid £

e - applying wind tunnel interference carrections ko th%gdata' The

» neglecting the obviously 1mpm:tan-t viscous portions of

v

- ] such as the houndary layer andsturbulent wake. The éffectiof the o

‘wind tunnel walls on the an agrofoil is to c:hanga its eff ctivg /.

i shapa,’ especially at high Lift coef,,fic;ents. The shape of tha‘_.'_“ -
O . houhdary layer on a G aerofoil ig very crucial to its aorrect

' -operation, and since CG -is usudlly employed. in high-lift

..i o aerofmils, ‘there iz a prablem - in- ascﬁ-rtaming ‘whether the
o °°rra¢t3d results from a fixed wall wind. tunnal are correct L and -
\ . | n e v s '. ® e 7

L 0 ?

ly -either . .
w theory,”
o Empirical corrections are mostly limited to specific cabes, while .

© classical inviseid corrections ‘only corréct inaccuracfe_s cauaed o

by ‘the tunnel walls ‘on the inviscid portion of th& féaw, S

e -flgw . ™

testad. 67 If the. nodel is large compared to the si%e of the sbest
sectmn, the flow fa,bld about the model is seriously q;.startad, o

“~ this"’ distortz.an ha:mg referz'ad to  as ‘wind tunfel  boundary
J.nterfew:enc:e.)f Data obtained in such gases.is usuall imodified by



CLE ndt 541:55 ta what extgntﬁ Eapﬁﬁially Jimath.ﬂ cas& of a__ cc

vcyz.in E’i‘, the focu% esf,, this researt.h, _’ah ‘effett nf dhhe tunh x :'i

'I‘ha -a :-..apﬁive wallo win%. “tunnel éplve@ the irﬁ:grfereme prablem at"
i‘k&- ;“' : _‘y waurca, namely at thﬁ wind melmboundaries,m m e3 ﬂb&m

si:hcq.lthe walka.a s:f t.ha wind p&nnal afe uaq.xal*{l.y simatad m tha
Cfar’ flow fileld &f. the é@rufm.l eoitTds puss:v.ble T apply thé
- clast r‘icai wind ttfnnal cmrractidna ta: thg walls af’ the tunnel'
" instedad of to the regorded datd. If the wind turmel walls aare
ﬁosiﬁiena& in such a way a8 not to 1nterfera with the model, le -
- the.y were atraamlinesp then the racardec'f data wil:l. ba
] qof‘rect as, it measured nlsa, mnce the aerofml is. aperating
' oin an- uric:an< freeatrem, “the poundary . layer =5hape on its_
' suri&t:e wili™ ‘E; cﬁmrrec.t. 'I’herafwa, 4Ny - measurements ~OF the '
o wisdous £low fleld thoundary Tayer valnciby prq;‘ila,a ete.), whk:h

R 'can nurreally not ba cormcted, Are- cqrrea :'ta;ﬁfgtar«t of with. Tha

|- success of the adaptive wald tegting techniyue’ ‘on- o
Fact” tha'b, at any point 4n . time, “it will he easjaar o mda:!. s
flow field in the region éf the %unnel walls, than at the madel.-..-_ S
- The aﬂaptiva wall teat;}.ng tec:hmque therefmre employs nqmerical s __ﬂfﬁ
methads to inqraasa t:ha accuraey c:f an. exparimental :Eacility. : .




R : pl'afrtmular emphasi»s cm the c:apability- af _te%tiﬂq aerpfakr
wssat nigh 1ift coefficients, | |

Verity *I:.he. carreat' yeratia

mﬁne

. -':':wntmllad fg{lind?am A |
o '___Investa.gate the %.fﬁect nf varicmfa ﬁslot '-'--'c!‘ér?fighratians : mﬂ
e . - it jpe 'Ehe cimlatz}




A literatﬁre survey was conduated.mth' speclﬁm'_emphasis on,'
1 W:I.l'.lﬂ f’tunnel tastlng‘ \,‘, L o

2 «Bdapt;qg wall wind tunngls X
3
4

"'f-_a clrcular crods-sectmn. L

3 1 Wmd Tunnel Test,ng ST o

qgsigne& Ain syeh’

tulmel testing. o
.?u .

31 1Ty"es°fw“‘§ T“nnels T T

”‘@ \\ : test aectz.on :Lnlat. T,

@ 3L 1. 1 Open Cm:mt Tunnels G / -

woe

. “The circulation tontrolled t&llz. booti. (CETB) "c: ‘ncept. 1 B
pirculation controlled aerofm.ls, part'cu}.a'zly thosev with__ﬁ_";_ S

. There are tyo types of low speéd wmd tunnels, _‘t‘-he: open alrcult‘-f o
U7 o or non-returny tunnel (alse called Eiffel or NPL ‘type), and the
R wntiriuous eircyit or closed-veturn tunnel (algo called Prandtl =~ .
Thod s \ Coor Gﬁtta.ngen type) 6 pg. e name impl:l.es, thé- open c:ircu:.t'_.
ST \‘\ tunnel is open to the atmcsphare, or & room, at both its J.nlet__'.__ S
' and its exit.. ‘The continuous’ circuit. tunnel has a set of cotners .
- and’ dpcts that return the air from the test saction exlt to t’he'f_ '

‘I.‘he" prima:cy a.i.m of mnd tnnnel'testmq is to simulata as closaly
s as possible, . as:.nq "’ scaled—dawﬁ ‘model,. ;t:he performam:e of ao
‘full-scale flym? aircraft, or part therecf.. The wind tunmel is. -
4 ay aa +o ‘praduce ‘& “Hlow field that is well T
behaved and prEdlctahlﬁ, _thereby allawing ‘the, perfomancé of a ' ..
test nodel to Ye. accumtaly ohserved and. quantifmed. The: more:_
clvasely ‘the full-stale affect is smulated, the' greater will Be s
: the predictive capability of the wind ‘tunfiel data. Rae and Popelﬂ:__ o
~give & good overview of many reIevant tcpics dre 1cw speed wim%f-,g:_ e

SRS L % L u W ’ -

F:Lgura 3.1 shows schemat;cally the. 1aynut of a s:.mple apen'_

° contra 't:.mn, tha purpose of which is to accelerate the airatream

ORI ‘diffuser, after which it passes through’ the tunnel drive fan. The

m.rcﬁ:.t wind’ tunnel. Air  enterd the tunnel - via an- . inlet .
smoothly to. hfgh ‘speed . baftre - it enters’ the test section. Tha
' .___-'modal is pos:.t:.oned in the teat sec:t:.on, the airflo\x passing over
it being chgerved and its effect on' the medel measura&. After
.leaving the test sactmn, the ‘airtlow . is aeqfeleratad sby the

e tunnel cﬁnsumes the least power :1.% the va}.oc:ity af the. air o |



ua'

leaving the tu%nel 1t'is kept foa minlmum, henc ]_ .
the “aiffufer. . ¥he open cixcuit tunnel has - sevara,ﬁ,
advantmgea and d:.sadvantages.[" £y :

4! Anﬁ turhutmc@ screm{:’

in%erchungenhte . _' '
_1- : \mrklng 'Jihraﬂun i
.ﬂ“ Y

ek O Loyer d"onstruc:t*ii.un cost’, R
S 2{ - The' reguiré floor space. is. 1ess.; L ;
- a' Ig ilaw Viq alizatz.nn using smoke 15 dane, _there 15 ﬁn e,

" - _‘;!.',_@_- _-"_;Dfapendi /J”’B "tha caize ot the tunnel and the ‘:m:om) it 18 f-s.._
sxl:uatad An, the inlet mamequa.re screening ’ta gétﬂ high T
quality flr:w. el e ERRE S
*~ For a given s:me and speed, the. tunnel ,m.ll raqug.ra mnre ey
pwer ‘to runs . i ST
O A P 'J.‘he tunnal rmise lavel :1.5 m.qn since 't:he tunnel :Lé QP..:.’“-‘
AR R .-"~;&,«¢ ol
3 11 2Coni:muuus Circmt Tunnefs R T TR
f’igure 3,2 ahows schematlcally khe 1ayout. of a contn.nuo%;a cn.rcﬁm ‘
o yind tunnel. - The « continuous’ circuit - tunhel = also. has a
.. contractidn, test’ sectien, ‘diffuser and drive fan, .
'- add:.%mn to thaae, a #eries of ducts and,corners quide t:he a‘z/
| . leaving the dr:.ve fan back to the contractiqp.e The closed ci::'mut _
mnne}. akso has \re d:uating:i: advantages -md d;sadvantaggs.m ,; '

._%._~.::.___ :-' P T

oot -

(=

R

gﬁvgntagaﬁ '“ 'ﬁ.”n"1~-]_ jimgp' T’._g'f E ”_”.T;#JJ:;;¥i §$
R R S Through the use of corner vanes zmd screems, i“.hé ﬂ”'i.‘lcw_-
R S qualmty ‘oan be- aasily sontrolled, . ;
>7 IRV For.a- given size and speed, the tunnel w:.ll require 1esé
power. BT o SR -

S

T T T T T TR L

;4




. fé‘éﬁf-:The tunnel noise level is lower.«

¢ -_1 Due to’ the: eﬁﬁrﬂwccrners agd duets, :_

- 3, 12 Sunilanty Consxderatwns U '?"- .. | LR -
'“ﬁﬁ}Generally,5 order. to. 51mu1ate ‘a full«scale aircraft
'_;J;_aarodynamically, the model must be qperatad at the same Mach and  “ _
© " - Reynold‘s numbers , This alone does not guarantee aeredynamlc S
e slmllarity, but is a,good first 3tep, _ g”;@-g.hyﬂw:ﬁ = : ‘

S ) lﬂma&hers!otg’r " R

R LR Qﬂirectgoraf‘ﬁowmth#( & 47

n_s; section

e

';f;:: $ ¥;“sin0e‘th¢ _unnal 15 a j_aaed;c1r5u1t, it can be pnessuriZEd

- to achieve dlfferent flow characteristlcs.

o
N
T

. Dzsadvantagaa DT
: construatlan cqst

-_;ais hagher._u

N 3 :,}Iﬁ axtanslva smake tasts are Perfnrm,d}’tha tJnnel must ha f:”f

- purged. . - DR

_.;¢: ff3f_3'The tunnel nay requlre cnollng ta caunteract thg 1ncreaaxng

”;[tampErature of thi confined Eunnel f;gw._ff.uﬂ_.-

1 Q\ }

o

' _The Mach number af a flow is & meaaure of the rat¢o of 1nertia1 )

and elastle (or ‘compressibility) forces of the flow. Since the

. arag, in particular, is strongly. ‘dependent on compresslbility

L

e

(13

 ,effects at speeds approachlng that of tha*local sound - speaq\in -

 the "fluid; matching the model and fmll scale aircraft ‘Mach -

:numbera ia dasirable.;,w o n_._wu _

O . . PR ’,.-_'u_\',




._.Qa

. *the’ Reynold”s number: of 1 e
thara‘fore alsu desirableq ST

: _.__;llka 'Iﬁhe Iiuaae.z.-- M

R

- s R

e _‘.' = ™ * g " g n

Q “u- _;_ - tﬁ..

adh anii Reynold's number$ ta be the .!samé_. : _thasa

_full-scale aircraft flying at a q:.venf’59eed wouls

AR She fzru-scaa.e aiycrast, bt after brief consideration it isi--':
. Equaﬂlly /vaz.ous that. achigving this is not.’

| W Li.taratura Sua:vey :.n:'."

C. . The Reynalﬂ's fmmber nf t.he flow over 4n aircﬂraﬁt ar componént_:-‘_t::f“ -
o is a measure of the xatin of inert;.al -and viscous fm:ces, or in
. other . tmrds, _’the ratio of the importance ‘of ipviscid (far flow_'-f; R
: __'fialdj ‘and”’ viscous (bcunﬁary layer and wake) effect®. Matching ' -

é m&del and the ,Eull sczalma:urﬁraf% :.sq-r.'_""'

- ¥ fsiinplaw A 1arge:-.._f
'- qunre a\ﬁma‘ll - '

model ta baamnd funnal tested at. a’ much htgher' sp dy asgmaing o

“that tﬁe Kinematic viscosity uf ﬁhe fluid remains constant, or :
u_’;@iﬁfars insmgnif:.c‘&ntly.- A hiqher speéd in.a- flmd. of equal._-_ o
¥ kmematic viscmsity mplies & higher madal Mach number.=.... bR &
For this opreciﬁe reason,' sever’él mudern w:.rid tunnels ?:an ba ':_ :
pmssurized (for increased density)- and" cauled (for increased . -

o,

“density and decredsed c‘lynamm viscosity) An. an attempt o a:l.ter-._.‘_-'i'--"-'
the kinematic vi-ccaity of the fluid in such & way ag-to allow = .
_an accurate matching of both Mach and Re.ynold"a numbars.[‘] This..
is howevsr a cnst.ly aﬁfaxr, such tunnen?(s only bm.ng uded in cases &
where the abst::lute accuracy is of para ount: :meortanc:e, and where - -

the cost of achieving ‘this - accuracy ig" warranted. Another
approach is to use ‘a £inid with a diffe-:ant kinematic yisczcsity,

cagain with ‘the. objaci;ive of mora accurately matcha.ng model and

full-scale Mach .and’ Reynaldfs ‘nunbers.. Agam, ‘coBt is. the

decid:mg factar ‘aince the tunnel- has to be hametlcally sealed,

and may requ}ra mcra power for a g“:l.ven Mach and Re.ynald’ s number. o

a.

By def:l.nitﬁ.on, an’ :mcompressible f’low is one with a Mach numher o

of "ze¥o, Fortunately, if a model is tested at low Mach numbar,

ié. 0'< M < 0.3, compressibility effects will be negligible, and
the flow will be essentially incompressible. It,is therefore only
o n?cessary to attempt to match Reynold®s nu:m;b%: when pe.rfoming'-; '

tes’gs on'g model i.n an incumpress:.ble fti.mat.1 S

3 1 Two—Dnnensmnal TeStmg S

It\_ ;L.s afte.n necessary to te.ﬁt an aerafon.l :m guriditions owher.‘e.

- there are -only large scale pressure, velucity ‘and directional -

changes of tha flow i*hl"’ tyo da.rect:l.ons.- Phisg cond:.tion r:an be -
achieved if & w:.ng of constant sectmn is allnwe.d to span t'.he -




_— .Anothar appradch is ta use a 'é“’* ng c:f fim.te S %
.. . end plates at. either end to. ﬁrevent 3-D flows.9.If ‘the end .
- plates: abe sufﬁica.ently 1arge, thid ‘method appraaches A wingl'-’_ ael
. spanning the entu:a__ test sectién.

_._;._.._,,_.'.___.dr'esi;ahlish, ahd i‘.’.hﬁs the V
e ﬂ;.de,gree af apcertainty. Y Sy ,
. }

SN 3 1.4 Wmd Tunnel Interferences TN SRERr S
L 'One of the early triumphs af tha Lqpehester—-Prandtl wing theqry
'-_was tha.t it expla..ned tha effects of wind “tunnel huundary o
intex ferende, and: pravided explicit ‘and smple M1‘3:::::'11111:l,ae¢, to
co:a mnd tunnel measuramenta fdr these effects. -

| 1 o g 114 hlackage

. . - " ey » .;.'- . T R | = .
s : H e B 3 N
- P - .

-_ent:.re test seation. o Althdughn thareumay he. 3. (spanwi!ée) flﬂws._,,
=-__.in this sz.tt;a‘l:::.tm, e,they will b& small, and can either he. 1gnored{

ﬂ\\.

Iy but'm.th, large

This method is not }:ften used

T T A vanation of the fu:sﬁ mathaa, ie. spanning tha ‘test seci:mm TR
o _'-_makeso usé  of r2«-1} test . secﬁ:.an ingert, a. special®insert that:.
-2~ allgys a ‘test section .of small helght ‘to width®ratioc. to W& -
converted intq’ one of large height ta @idth ratig. Helght to -~
- ‘wiath {aspect) ratios ok or higher axe typical fn;r tlgisw type
-,of,gz-D tastlng techm.que.@? . L T R e

s \.\ - 0 S

nd }"M::q;ute.tlsl gwe detalle.d acccmnt of the 'pmmry
Fiax elwes encauntered ;m gonVent:Lonal rigf.d Wall wmd tunnel -

- testing.  There age ll ‘essentially. 4 types of wind tannel
' ".'interferences encauntared m 2-—D aerbfoil testing. . T

r/

. since the aerofoil occupz.esv a’ portion af the ava:n.lahia
'.crﬁas—secticnal area ‘of the test 'section, - flaw ha€ to- be _
_.--_'deflected ‘around the madel. The ‘strai ght' turmel walls
" yestrict this displacement, leading to d stortions of the .
. Elow field, _To satisty continuity withix the c'.cmfines of
. 'the tunnel walls, the £low. ‘generally mo' s faster than it
. should in' the proximity of -~ the mode.l, ‘causing lower
" pressures on the model surface to be experienced. Since. the
. model has ‘a: boundary layer that is dependent on. thﬁ
-__p;-assure grad:.ent J.mpresaed upan a.t, this 1ayer will be.
" distorted 3.1:‘ tlJ'qu general pressure ‘fjeld is distorted. T;_T__
- Ganerally, Enc:;’,ease in, drag@ ﬂrill_ ne measured as.a. -




"”faéuit,:lf the moﬂgl‘haa areas cf la¢al flpw separatiun on B
its rear surfaueg (as isqumte aftan ;he base wlth 1aminar o
f'aefofolﬂg cpmplete preséure - recavery® wiil. ‘not “be
f;reallzed,_resuktimg in Y} gFeatep drag. Also; sinde &he e
:surfaca VElaéities of tha mo&el are: inwréased, 1ncreased;ﬂg,f

aoy “‘“’dﬂ\that expsriences déag will Have s Wake behipd it
| i the yeke being & ‘region of lower average velocity than the® ..
. freestregii. To satisfy the. 1AW af .,cuntmuitm within ‘b;ha_
; tunnel boundarlas, the flow %%tslde the wake must have a
eorpespondingly h%gher velmclffgﬁhanathe ‘tunnel freéstredm’
-fVBlOOitY: giving rise td lower pressures over the ‘rearwaxd < .*
pprtian oﬁ}the model. Thlé?ﬁanifests itself asgan inareaae3. o

.r.;‘- '

nbrizontal bucyancy ) ’ s i T
Fhe presence of a boundary lhyer along tﬁg walr“ of tha
tesﬁ gectian displaces the 1nviacid test "seétion. flow,;
resultang inua d9creasa in aVailable ELbw cross-sect;onal
‘area for the inviscid flow, and hencd by .continufty, an
~increase of velocity along . the- tesﬁmaee$iaam&enqth This:"
gives f}ae to: a=negat£Ve pragsure gradlent duwnjthe length
-of the test. saat;nn, a gra&_:ht thsh generates a rearwaf@ .
* bloyancy -~ (hence .xte " name},’. or drag,. on - the. modelnf=.w
" Horizontal buoyancy can be- allevmatgd by eliminatihg any . -
1angitudina1 pressuge ‘grafients in- the: tqstmﬁacticn,rthLS'?;jf
usually being done” by tapeving tne test ~section, - W
inqxeaaing‘tpe oross~sectiohal %faa’towaxds the «aar of the, -
‘test ssction.to accammndate,tha oundary layer dlsplacement
thﬁckneqs} Unfortunately,_ diffaren  boundary 1ayer
displaceh thlckneases at various spaeda ‘réquire’ a > fﬁ
dlfferent egree of ‘taper for each " -ulinel apaed, 0]_.
- situation that is dlffbcult to aahieve wztﬁ a rigid tast%,j3
$ectmnn. e 3;»_, T R E A A B

Lo

o aﬁreanlina curvatura IR Sl (

- A lifting: aernfazl creates a eurved flnw field dua to them\“

3 superpqsitmon of. a% clrculatary’ and " as rectilineak’ flow

S f;eld.lﬁlnce the" tunnel’ walls are- straight and rigid, nn ;
;¢1stream1ine c&%ﬁature ‘can exist gt the tunnel walls. As A #
"result of this constralnt, the £low field 1n the vlcnﬁity




BT e

*:f.'unnelﬁ lnc‘kagﬁ, wake hlockaqe and streaml;ma c:urvatnre effaats
' can be redutied by increaging the ratio of test section. fmntal :
oo avea Qnd nodel frontal area, For a given tunnel, this implies a
K Smﬂl made],y and hanc:e- Aow nodel Reynold’s nunmbex. SLonversely, -
for a givah madei, a J,arga»« tunnel igy requirad implying high. B
mapita.l and aperatmq%dﬁsm. G e e e ma,«f s '

v 3 2 Adaptwe Wall %Vin(l Tunnels c 0 N RO
- : piacrepanaies between turmel data anci measamd i“i J.ght data have“-
- accéntuated the need for improved wind tunnel sipulations.l &c
low: aubsonia spaeds, wind tunnel data cannot’ pe appiiaﬁ dirdptly -
to fuil-scale f.n,igh't: conditions becausg  of  .an inadeguate f
Reync:ldfa numbes simalation, Furthermore, the effer:gs of test
G “section boundary mterference present a prollen si,nqg E:! post-t:ast"’ :
EE analysia of measureti data and . the spplication of wind- ‘l:unne‘;;:’“j
T © interferénce. corrections is often unsatisfactory,: ‘particularly
.. % ¢ in the more interesting -and challenging regimes of high-lift and '(.-;'
L ‘::"E;.” V/STOL. An attractive wind tunnel testing option, which has
S : “rec ntly been revived, is that of the adaptive wall test section. *
© guch a host gection allows wall boundary interferences to he
: aither eliminated, or. aigni,fiaantly reduced, by actively adapting a
~the flow heaxr the bow ri‘)ma_es of. athe test seaticn to :matc:h that_
of.' a ,1.1':&?& i‘law :Eield.

Tl

B N P

G

g0 Tha concept o;‘e a wind tunnel that does nut affact tha ;nodel be:l.ng e
R tested is 1ot mew, the idea being almost as old as the wind
0 funnel itsn'l,f. The first adaptive wall wind tunnal was built by .
© . ¢! the Natienal Physical Laboratory (NPL) -in the UK in 19379, with -
1‘3 ..,'e_}‘ -‘flL - E:gm intention of overcoming severe transonic wall, interference
R I 4 _1ie,  choking). Research done on  that :Eacility ‘proved the .
- viability of streamlining the flexible walls to minimize wind .
.., .« tunnel interference, despite the fact that streamlining the walls_ o
Q ‘wag a. slow and tedious process due to thé aﬁgﬁeme of
_ o computatiana:{ facilities. Wh:lgle. the original research inta )
e T Plexible walled test sections was- driven by the need to avercome -
» . transonic c;-nlokmg, parallal researchoefforts were being pursued. .
in other -areas of high apaec'l interfarenceﬂfma ‘wing ‘tunnel ¢ -
) testiné\, culmipating in test sections w:l.th ventilation, Since
thaaa Qeatmns were pazsswe, they did ncwt;, requxre the - 1ang wall

o

— et e iy " el - .
: o L R . -'$.’>._ R



e B

: 'settmg tOes of | flexfhle walleﬁ tes’m sgci:iqnst, and ag.a

- consider the fluw f:.eld creatad by a - auarafoml fly:mg in a.
. real fluid of unlimifeéd extent as shown in. S‘igure 3.4. The
. boundapy c:tmditiona def:.nz.ng this ‘flow are. t;wsa impased by thﬂ-f :a
| -aerofoil rg geometry as well as ‘the ey, ga,ow £161dy de. the
conditions of  undisturbed stream “flow far . upstrean “and’
. downstream, as well’as those at great lateral‘distance from £he ﬂ
' _aarofoi.'s. Let the mfmite. flaw fleld, be cnnﬂiﬁaraca in tw::» parts, e h
- namely ‘inside (region I) . -and- cutside ‘(ragion II) of twon ®
o imaq:.nary paralial. planes 5, ﬂwhich do no J.ntersact the bbundary
_+ layer or wake of the aercfoil. Tet the twe’ flow situat:.ona which
- coincitie at S, be considei'ed separat%ly. e g

'oé U
AR

’*«.3?-f3-%ﬁi?l;>'aisera%u:h\s§fu*:”

- consegquence becane’ ‘accepted as the’ ‘orm for transonic €esting.®”

_The adaptive wall wind tunnel was i'edigaovered in the 197045 when

tha need amsé for tr“anaonic: mnd tunnel data of higher qualmy. e
"Due to the ava:.ﬁ.ab&.ia.ty of ‘cheap and fagf com }guters, reapid gall”
stl:aamlming would . he. sachisved;  thus- alluwmg data fres of
houndar y interference’to e oh‘t‘f‘ainad‘.m Tuttie ang dineck™ give ' _ .
a detailed brbliagraphy af much cf ;ha work dpne on‘?adaptive wa:l.l o
tunmals uﬁ tO 1985.;'- P 3_-'_2 el ST e e L

3 2.2 Adaptwe Wall ‘Wmd 'I‘unnel Types AT U
o distinct;y ﬁifferena: adaptive wall wmd, 'L‘,;innels have evolved a

' ¢ namely those with ‘a, ventilatad \test sechion and: those wrl:h a
- 1f1ex1b1e Wall tast saation. S

L3

G IR AR RSN

a -

- 3 22.1 VentllatedWall Test Sectimf‘ _'; B S
' ’-'rhxa act:t.veiy ventiiated test section is a deveq.opment of the-
_ _ex:.st.ing passively . %ntilated test section. This aystam emplays- s
v a controlled inflow or Duttflow of fluid. thz‘augh the VQnm.la*l:ed S
< walls to adapt Jt:he test eectian flgw Q‘leld a8 sl-own m
_Figure 3 3.0 o S

T - ' k'l L " N @ -5
LI ?_-_ S é" e

#

Ty

: ._Considgrlnq firstly the flow axterinr o s, :.ri ragien xI, it: ca,n&ﬁ
" be shown that,” at least in the invisc:id—fluid approximatian, the -

flow is fully defined if the direttion’ of, flow is known at S..

. Once. th& £low is fully defmed,o all e{:her flcuw variables ﬂan be
L qarjhved. - e IR | |

- 5

o Cnnaiﬁering the flow :Lntarinr to. S, in rc.ginn Ir ii: J.s nbviou#:
N _t: fat: the boundary conditions of I can cmly nmatch those of IT,

vhers tb@y meet at 8, if the flow field is undanfined. DS T T

A - T——" -f-‘“' o
[ R I



Towided . T e e
Plenum« L B T S

oy Verinbie .
Pnrosity .

_'-..'o T

AR Figura :ha' Ver;tilatedowall tes‘t sectz.om”l S T o LI SO
BRP & e > e :___'_.'The a,botra dlacussmn lends :1.1;'sél.£ )
7 AP U N L '-'f__'dj.réctly to & means of overgoping wind .
tunnel  bourdary® interferences. aIf a
i, wind tungel, has ‘poxous walls, the :
components "of flow_perpendicular to- ' -
. the-walls. nan_ be adjus&ted in such a - ..
coway ° 2B to " eliminate baundary L\
R A e intarference..- _'Bh “is done ey
. R — * lcomputing ;ha flow. fs!.eld ex:l:armr, and
o &ig‘ura 3 4, ' Unconfmed meaduring the Flow field im:ax‘ior, o
e flows «taboude . an 8¢ The two® flaw fields can only matqh e
"_-'.._'__a.ero£01.l ooy "‘-o" o T a:.f th;ey are. j.dentic:gl, iew Af the
I et mterim- Flows. «fiéld im uncnnfs.ned.-
L mnisim ftl'i)e mathod emplayed by amangét a‘l:hers, Sea“.‘i'sﬁhf and ﬁ‘erri
Ciel T gand Baranti““ B R T T PO : .'

R I _; . 3.2.2.2 lex:ble Wall Test - U , S

© JThe £ exn.bleﬂ wall test sec?:\;.on“ amplnys fsculid impervsr.aus, ﬁat N
S -“*flemble, walls which adapt to.the, test sectmn uﬁlw fu.eld by %
I camtpuring }s shaWn A Fiqure 3 5. S e e b SR

. '13 c ER PV LA Q
o : B . A nﬁ’ .
R

considenmg a 2~D aarofa:xl a‘.n em J.nfina.ﬁa flaw ia:l.ﬂ aa shown m

. Pigure 9.6, it s evident that 3 streanmtube can be formed by any -

. twb of-an ingim.ta nunbér of streamlines. If the, walle . of a test -
BN '_n' séc:ticm muld be adaptecl o fallow this' st::aaa{ntuhe? “the test _
.+ seétion boundary interference on the model-would-Be. eliminated
s prav;dgd that>the straamtui;e wag infa.nitely long and. encloéed the 'i

- S modﬁ.l. A@ th:.s ccmditian, met;la,nting;, thez wa;'tl lqpun&ary 1a‘ye:rs for
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7 idagtion quhgaij - Q'"simbly,saa;_f ."j“lf"_*

_;._-'a_"_'-_suh’égi_‘gtfésﬂ.\ fov ?a{ﬂllﬁesd and
~khe va 4] .,a“: By s,tx ‘gamlined
. The Ehape;, r:*hzmz...' E‘t ﬁ - wa'%;l
" would very: foR diﬁf&rent :mﬁei -speeds, -
" loading - andy’ cmnfimm&tiun, therefore 7"',,%.&3- :_
R walls . ot gueh. an adaptsva‘\,wam
T T -1 8 aecti;m “would “have e
, alguxa 5 5.-_ ‘I'he 'fa.ambla, o h\nx only ‘i.n _s_ingle SR
principlé - of . test curvatura. /“_ e
sectmn Q;a-ﬁ:i*n‘aaml:L.'r,'nd.m;j.m e e
i N o _Le‘t: the mf;mte flaw f:.eld be .
: .ccn;u,derad :Ln two partsa, namely mside (xagj on R), and, outside:g
. (vegion I}-a streamfube which does not .mtersact tna csu dary -
'-:.__ﬁlayer dr Wake Qf tha aerctfo:lel. S ‘"\‘,,_ :
- consiﬁermq fi_rstly tha fl x( exteri‘nr tu s. :m reqion I, the flnw L
. is fully dafined if the ddvection of flow is known everywhere .
'__along the wall. The flow now being fulluy définad, all ather flow s
variableﬁ ::.-an be &Er:.v&d. - . S

S ._Q—T_'

' -_'.-_consa.dering the flaw :u.nterior to 8, in reqion R, it is 6hvmus; o
‘that the bofindary conditions of ‘R can only match those af I, S
'xghere they maat‘ at s, if the flqw field is gunfinea. )

eliminating vall bou ary interterences. If the flow exterior tq .

( Again,_ tha above X guments - lead directly tu E means of
o8 can he. aomputed {th

s being relatively simpls since the flow '

U, s ﬁinviscm) , and the- boundary variables of the ﬁilw interior to |

o
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i advantaqes aver mnvantiqnal turmels.

W .

.2.:5.1 Highe:: Reynnld’s Number | e SR
- Elminating wind  tunnel" bounda interfefenue a,llaws tha j:est.
© sectjon ~height - tp he' tfec:reaa d, “or - the  model size to he =
. increased, both actinﬁwresultmg in a reguction in the ratio of.
est sadtion haiqht., o ‘model “chord (h/c} . c:omrantmnal wind. . -
. tunnels require large values cf hic. to redupa the effects of -
- ot Qdary ‘interference, thud the model is usua.lly .made .
significantly smaller than  the test sectidn. A small mod&l - .
- néceasarily imﬁlies a2 small’ Reynoldfs number for a given tunnel .
- -Epeed,’ flow densq.ty| and. v:.scasity, hence the Rp,ynaldf s number'l___-"-'
c:apab:l.lx:b.y of. 'b%a turme.} &s red;uced. R o

o -3.2.3 Zﬂuceg Power Reqmrements

“ulormally, ar lgrge Reynald*s number can . he’ achmved by usﬂxq a']..__j
- large. moda;, jut this yequires a large wind tunnel to. Xeep” tiua.
- -Moundary ints ‘erence below acceptable levels. The adaptive wall "
- wind tunnel allows large models to be. testéd in # small tumrel,

" therefore the maximum model Reynold’s numbey can be exploited for

minimum capital’ (depending on the added cost of wall con‘.:ml) and

-energy input. The importance of large test Reynold‘s numbers, has - ,
long been recogniaed, Jbut it has also becomne éw.dent From redent .
‘research'™. that it is egually important to’ test” the- largest
Qpnssible model, since this not only - ‘maximizes the Reynold’s
";numher, but alse® n.mprnv;as the . accuracy of the model -itself,
'z’rasultinq in a. gréater ‘aceuracy, of the fdrces and moments
neasured inethe wmd ‘tunnel. The latter arqument lendsiitself
- mogt aptly to the use uq,f adaptiVe Wall tunnels since thaae allnw
.- -.i:ha larqest mgg to he t'ested :Ln a gwen faail:r.ty;

\1_. L .J --11..-

A
.n_'a' e

.2 3 Advantages of Adaptive Wall Tumels

“teS ‘the ‘elip J.:}q.i:ion, X a.:.gnificant: reductmn, ol
interferand,as ‘the  adappive wall- taah aec'hion h

LT TR

-

Lo Lj.i-.azatura survef "‘17
5 are measured, tha ‘two yan only be matcheé if ‘t:he intera.ar flowi;.-_ S

Eield ig unconfined.’ ‘This method of adapting 'Y test sect:,an naa-
been 1’«’59-& bY: am@ngst ci:harsg Gandyerm-ﬁl wolfrr.m and Lewis@ S

A properly designed adaptive Wail- wmd tunnel wil.l v:.rtually o
o alminata wirid tunnel boundary interferences, ‘aomathing whlg:h_"
cannot -always be . achi@ved ‘with a mg;u:,l wall turmel, i i addxtian- P
baundary. T
dis'cinct'
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il

-+ eliminat
tunneql allaws Bix modes of opera‘t;ion._ o

~ Pigurs 3,7: Closed tunfel mode.®

R

: ’;;itef awwguwag_ | w
3 2.3.3 Rapld l)ata Avaﬂablhty ; | -

: “Sirce the data obtaindd. frcm an adapﬁ;wa&wall wimi tunnal is'_'{_
_ glmady correg:t i data procasainq time durmg teat runs can’ ba -
reduged. This is aignificant in real=time simulatz.;ms where data LTTe

pan he usaad fnr further testinq mmeixately. -

3¢2 3 4Improved Fiow Quality | R I A
Adapting o o S rmel walls ta emulate st.reamlines not cmly
8 tmmel baundar:y mterference, bt also redu::es B
aecanﬁaryf‘*lmws in. the test gec:tic:n.ml In, 2-D. aﬂérafm.l tast:.ng, K
‘a- reduatian of either the h/c ratio, or an increase il am;mfoil
. -aspapt ratio, veduces the pagnituda of secondary £lpws. Since the’

ada ive - wall wind tunnel aliows low valuses a*.f h[c to be.

employed v wings. o8 law geometrical ‘agpect 'ratio tcs be usaq J,n

tgsting that sinlulates aerofmls af :-.nfiniﬁe. sgan. LRy

32.3,5 Test Mode Versatihty B £ S
Amongst ot:hers, LeyisPt indwatas that the aaaptive wall wind

":clnsaa 'J:unnal naas o Ll

© . ‘This is the mnode of bperation of most rigid %all wind
L -tunnals‘_ The test sectisn; walle arg st.raight and’ g‘eparate

i thg flmw fzald of ah iﬁﬁmte array 7 of images as shnwn .1.n
Flgure 3. ?. e . ; e

Lo S u_‘h .
Cy Testseiba. - R .
gwalls fsrgight)’ o S

. B I L
<€ . e L ]
L A | R -

o o . .
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B A R '_ Unifaemuad presursiiuii
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e

2 . .Open ggt Hode LT

© .0 thig ds the mcde af: operatiﬁn of tﬁ}aels W:Lth an’ open, cx'r'.f’__':': :
L thee. jet, as: shown in Figure 3. 3.. The jet boundarys is' -
s -.__.\.._.;=..__'expasgd to the. atmasphere (ot plenum - chamber); Cand
- -;_;harefnre expera.ences ccmstant static pressurg alang __z._ts B

ﬂﬂdb mlls

1m smm amb'm; prmm_ - e |
. °'. ._.- [N 3 .. .. L o . C
- Flgute ia_.s_-;-:_qge;; ;je:x:. made__.t?_: Cens L e

e

3 ntinike Flow riem Mode . | .

~ - o this is the most widely used made of operaticn of the |
SR T adaptive wall test section. The test section walls are’
S " aontoured €o e.mulaha streamlines, yz.elqu an :mf:t.nite flow

Ca

Yoa

field, as shawn in Figure 3 9, R DR ST

D e RV : o . lmagmarvl!uwlm}di '
Cowy oo [ extmdmgmmhmw*.

a0

i “""""'q-—. "Ekit}h e . ) .
!---...__“_“ - WI!IS'_' S

- i‘igﬁ:e?“ 3*_9_5_':-'J_irlz_fi_.ni.fté:’""'_f.lo“w_f_fiéid mode.®l - e -

e
! -

e Grnuna Etfaat xoaa B B T

In. qruuqd effect mode, the- ﬂexible walled test section

smulate a port:i.on of the z.maginary flnw fie.ld genarated by

[T




1 Ipﬂl" {l
i j'.lmumaw
| towtinid -

St ---..,...._...._-\ ﬁemblemlis
MHW-—-— «

puwctomenin
Alletgrouadh. 0 e

| Figure 3.10: Groynd effect mode.®.

Gaaaaﬂe ,llndn T ' A ' ' ' _
SoIn aascade:mode, ‘the flax;b;e wazled taét samtion aimulatesﬁ_
e portion of flow in an infipite cascade of aerofoils. -
' wsually only ‘one aerafail is-aituatmd it the pest sectlon-ifo
< {te obtam maximum Réyno/ld‘ s num?ger) " “the - hattom and top - -
- 'yalls being identical,.Fhe streamlining crit%tlan of the ™
" walls  is that thay ‘have the: ‘game shapa a’:nd pressure_-__'. o

:;.:.,dlstributian, as shnwn in Fﬁﬁure 3. 11_ B

. . B S
oo N ) EEFEEH T a
- X B =

J [ ——, "

DL e 1M=mwmml

_:"i;igure 3.11._ cascade moﬂe.




':ngﬁ;},gtaady Pitching Hude R PR SRR 3
e Im steady p;tchlng mode s posaibleﬂto slmulate variams .
"4 ¢ rates of model piteh rate using a stationary mﬂd@l"The“?ﬁ““
_,__ﬁ h“.¥_hb__;ﬂ;; stream11n;ng criterion is the sahe jas for the infinite flawﬁé;ﬁf
- .ff_j:”wfﬂjﬁifﬂiffiﬁld moée1£;xcebt th@t an.. additlonal curvature ‘about the .
SoSome o  tupnel centreline is  fiftrodiced to simlate a ‘pitching: o

.07 notion, as showh in Flgure 3.12. Although net perfect, this . .
*i'fmethaa vary clﬁsaly aPBraximates the real flow fieid. R

e mmhwaummna e e e T e
L Smhhtmlnl,A ___,_...- :

A A R
f . Corved Cenprelioe ~ -, 0 . T LT D e

it .

cmmnrmwmreaamsctuwmm TR R ’

Y "riguxe 3 12* Steady pmtching mode‘

| _.__3 2. 4stadvantages at‘ f\daptwe Wall Tunnels S e e
" 'The = adaptive wall® wind tunnel also haq sgmejfihhégént_ o
“f"dlsadvantagea.@_ R - SR

L3 ‘ Lo : . .

:_.g - "";

. _ 3LMH:FL;_ T ;Nh;ﬁ;;”_ﬂ. ¢
_ 32.4,.1 Operatmnal Aspects P
" since theqwall atreamlining procedure is am iteratlve praﬁess,-: =
a 1arga ‘propoftion of the avallahle "tunnel operat;ng time is’  _{
’ __“'5pent pnsmtloning the walls. Thig nanuprcductive tlme dan- be
';j:_reduced hy using wall streamlinigg strategias with & Hiqher j
sg;jcﬂnvargance rate, o by strnctuming the tests in suuh & way as
 to requlre minlmal 11 movement frum test tc te-t. fa;s_ o ﬁ.”;ﬂ

B 3 2 4 2 Incresased Los}uand Complex:ty B S

- The. pximary dlsadvantage of the adaptlve wall wind tunnel is the .
_ f,added,camplexlty'qﬁa cost of flexible and.cantinuously adjustable #j__
- walls, Such walls require mechan;cal aﬁ wall as. electronic and

Lt

B & R S
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L campui:er trnl which adds t@ the. capita;l. cantr:.butmn uf tha_

o : _.__prc:jec:t «" Cat _Futura aciapt:ive wall tes@ .
. dynamic tasting, _and this will rnqmre éven faster, and moxe .

' expensive’ ccmtrol.. However:,. J.f the.— Wallse are poss.tmned o tha."}
"mid-*posii:ion of the dynaﬁfi:: mode, wall J.m:erference may prove to _' R

L :_’_be mmmal, and certa:.nlg» Iass than :m canventxonal tunnels,

':--1."325__Wall Streamhmng Strategy BT R
. * The success of any adaptive wall wind tunnel depenﬁs 1ange1y onl
__ -_ ?_the degree of certainty with Which tha walls L%I;l be. pns:utiu s F‘!
Data obtained £rom the tunnel can only be gbcd if the £ldwl £i
S _.-r-reated by the ‘tunnel, appraaches ‘that .of- an uncpnst‘rained low -
s 0 L field, le.ca freestream. Several strategz.%a have been. pmposedf' o

<. and tested, each with their own. merits and eﬂ:xc:n:-i:z:'.-:ml:l.x‘igaa.r The. jiore

o - :_--geherally accepted- wa],:l. streamlining atratag:.es are lz.steti below. : 3 _'

‘m\‘ )
" T e e e R

3.% 5.1 ’I‘heNPL Strategy T o

~ 'this approximate . atratagy was employeci hy NPL J.n the 1940fs ta,---'j -l

'--;_'allaw transonic’ blackage té be reduced, ¥} The method is based e

" the obsérvation that corrections for boundary” mt'.erference rér -
- .open and closed tedb sections are‘generally of egual *ma@nltude, R
S buk oppos:l.te in sign. It was later analytically confirmed that =
: "streamliné& 4in - an uncunfined flow- always lie- apprnxirﬁately'-'- o
x -_..ha(hway between boundaries of constant static pressure. (open test’
o sectmn) ‘and ﬁ‘straz.ght boundaries (closed test section). The NPL. -~
o strategy therefnre rgquired the walls to ‘be laboriously set to .
7 ‘satisfy the condition af constant wall presaure . after. which the 4.
B walls wers noved to a pos:.tmn halfway between this position'and .

" the” stra:l.ght wall posxtlon, at which stage data c:ould bé_f-

o acquired. .

' 3.2:5.2'The Potentlal Flow Strategy R o
This stfategy models the aerofoil by means of a. doublet and f:cee S

 vortex in a potential freestream.” These two elementary flows -
- allow thd effects of size and 1ift to be model:l.ed, a Zhukovsky'_'

b : __'0
o ; :

. transformation sometimes being used to give  shape to . the

aerofoil! Since the tunnel walls are in the Far (mviscud) £flow .

fiald ©f the aeroft:ail, cnly Ppressure terms are rélevant,’ these ’ o
" being wel 1.repregented by the above model. Also, since the affect -

_-of the elementary flows is inVersely prapmrtwnal to the distance °

f:;am t:hair centres, the straamlinap at the. tunnel walls will
- change 1ittle if a. syatem -of distr buted double.ts and vortlces';_

o is us@d to mcdel the derafoil. 'I‘hn.s t:rategy ala.c:wa the walls to

. S e . - . . — . - ' : - - -
. = . R el I L e

({ R

et

rsectmns -may allow -



P L e udm

R kriowm; - an -inviscid. prgssure’ distrihutiop ‘along the wall . can ‘be

o '-'-be pnsn.tionad mmad:.ately if \ '1f1; valua"s (fr&m a pravmus dat:a__-
-_i'_-pn.mt} arg known - SN _ R

3253 Self-Streamhmng Strateg}' e EIE) et e
K ._.-""rhe t\ﬁ'mel Wall. fiow'- f:.el(l (ie. . an J.nv:g C:led flgw with, a

pred;ctable boundary layer. that caly be, accoun & for) is madalled; e
using a mmpu’i:gtional iethod. ‘Since’ the positmn of thé wall is

L i,-_:,\catlc:ulatad._ The, actual wall- presaures are then measured, and . -
- ¥ pompared ‘to the. calculate& ‘values. ‘The ‘wall is correctly"'-" :
- shreaniined when the me.aéured and calculated pressures are equal.
.~ . This method is very attractive since “it- ‘does. ot reqxi:.i any
e '-._-"'_'jknowlec‘.lg‘e. ‘of the  model - being teste& o ’I'ha acm:racy of the:’--
B streamlinmg procfedﬁre ‘{8 however; very " ‘sensitivo to the

\

. acetracy of the wall pas:.%mn and’ pressp:ce, meashrements, Due to "

* . acquiring each data point. Modern computational methods; notably
. those dntroduced by Jadal?, ‘have been devalaped which ré@utée the

- '.-_'.number of 1terat:.ons £rom mare than ten ta less than tw&w

" 3.3'The CCTB Concept -

As elucidafad in cnapter 1, .xt is pusslble t& use the ta:LL boom
- of the canvmtlonal‘i“helieapter 4in a more direct and efficient way :
- for the purpose of counteracting the main ¥otor torque. The taii-
:_'_-.boomt ©of a conventional hed, tkopter is usually a bluff body in=
-crdss-seatmn, and- ﬂ.n the p:ce e of a large main retor downwash o

be the case, resulting in a cz.rculato__
o .. :This circu;l.atory flow. leads dirgp
o '_smeWard force by the cylindric

%Sgparienaes a neglﬂ‘gible sideward foree. ci:r.'culatx.on control by

“ " tHe iterative natare of thig strategy, consn.darable tine is spent“_-

-.’i_

- 5b1awing through tangentzal slotsf causea the’ téxl boon to produce_._'- o
- a usable sideward-force, Lhis b&inq the unc{éxlying idea of the
. CCTB cohcept, The effect of CC on the . tail boomgis to. keep the .

flow on the sucktion surface attashed lqnger tgan would normally'-s L

. a

.'1"’ N but the cylz:nder. o
ro&uction uf a -

. --Tha attac{;me.nt uf a jat tn an aﬂjacent \ébmrex surfac:e is
" generally referred to'as ‘the c:oanda effectl'“ named after the

- Rumanian. inventor whq clipscovered it in‘1910. It is worthy of
" ‘mention that the effec‘t'. was actually described by Young["‘] as
 early as 1800, but was only thbroughxy 1nvestigate& almost a
 .century later. The Coanda effect: wan be effectzvely \am loyed m; s
- the generation of t:irculatmn around/x an aerafoil . resulting :m o
- a sigm.f:l.c:ant J.ncrease in 1J.ft . .




| 'i“Nurlckm glves & detalled gccountépf the “variBus analytlaal, N
':ff}computatxonal anq experimental methods . ﬁmployed to. pradlct the g,*;.
'fhehaviour mf circulation C?ﬁufﬁll&dﬁaﬁrafﬂllsr iny the more

_-:{,ﬁunhamﬂﬂ devalaped a’ mathod to preélct the llft qenerated.by a. cc 5
_3,§,tficircu1an cylinder.- His methpd uses a potent1a1 ‘Flow ‘analysis toﬂ*if 
R _;gegjpredlct “the pressura digtribufion : around . the gylinder. B
Lo 'turhulent houndary 1ayer calculat qn ‘. Igasaa an Spalding’s um.fied"_

,ﬁ-surfauesuof thé cyllnder torestahllsh tha polnt at WhlGh bath"f53ﬂ
f-separate, uhwalﬁe - candition, ie. similar static, pressures at o
. the upper -and lower: surfﬁca rear separatxon palnts, is- enf?rﬁedtﬁ[-

. to close the éguations. Referring alsc to Figure 3. 13, the actual '
”l_f'pracedure emplayed by Dunham is as fallows.sguh_: R

.{'-_' L s’um

c 'rmqura-s 13 Dunpam's ﬁc cyllnder (schematlc) W“

The lift coefflclent is' speclfied and %he %
: _ '” dlstrlhut;on Calculated. L - a j_
. 7:i,2 o starting at” the forward stagnathn point (Af -the fbwer;:_
el f_?“ %surfaca laminar bounﬁary layer (A-D), tranaitlon AD), and.,
) ﬁ ﬁ_  Yrurbulent boundary 1ayer (D—EJ up to separatlon pre¥j gT
.. calcula#t\d‘ _ o
, 3. startingpat the. farward stagnatldn paanﬂ (A), the upper’:;*’
' '._surface Jdaminar and turbulent" boundary layer, as well as-
'thé effect of ‘the wall slot (B), is calculated. This step
' ) repaated'nntil ‘the "boundary - 1ayar separaﬁts at C.with

‘“43,; g.g¢J the sama pre-sura as the lower surface boundary layar..:--~

o

. {?- __
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TR '.'..-*-i‘mnham compa:‘éd his ’theuretical pre&iatmns to h g Qﬁm
w77 eyperiméntal - work,. as well as- werk ~done by ° ' Jone 4%: fands 0
- puckinghan®™, and’ Lockwoodﬂ’l ¥ The ‘varions ;nesearcher“ﬂf used .
TR _'-:.ﬁ_da.fferent“ rw%iqa of. slot"thickness to c:ylm-.xér dlametq,rwnunham_ "
__:--'._"__-»___,used values - ranginq ‘hetwean 0 091.? and - 0 0087, tJones. anda
"Buck:u.nglgam used. values hetween 0 005 and 0 01, and chkvmod us"eﬂ
TR a s:.ngle va‘zue o,g 0. 501. S e e T

us:oczﬁm 'Ih:or; A 0411:6 ﬁ ; A :

£ —-—n-.-i FAR I

Py o203 o 05 0 NI N ey
E':Lg-ure 3.14 Effect of tfc om the. variation cf c| wplth c @y] 6 L

= G

—}w T \;_ - P LT ST . I T o=
J:Lg*hve 3.,‘24 shows soine typ:l.cal curvas of C.‘l versus K curves :Eor %“
h LT / :Eferent ratios of slot ‘thickness to eylindar dlam%g:er (t‘:}c)t o
’-“R\{ Co / Whereds the' experlmantal data - suggests 4’ square rogt type =
relationship between ¢ and. Cpr. :rt“ can be sman that th&;? e‘ozfy I
... Y predicts something between a linedx or a square reluagtpnshiy It o
D __,'J.s evident that thé th{:eorét:.cal predictionsc}ia not fJ.t tha data
R -'j‘--:part:l.cularly w:all. e ﬁ- oo P

o

. \ ST ..g " B u:.'z .

S _._'---.sun,_ Pai and Chopram dgVeloped a methpd to predgct. i:he..-. o

oo 3""-'.'aerodynam;.c forgés on an elilptical ¢c aerofoil. Use was made &f > "7

6 et A pltential flow made«?l ta determine the pressum distribution, B

e T J.ncluding the effect ot the sa‘pafa?&ed wike, on *l:hql surface of the. . -
L S all:.psefa ‘The- \avelopment of the haunda&ry'tjyer anhd . wall 3e.t waes-._- o

L .calculai:ed using a, fin,ite d:.fferenc:e metho&. An 1terahiva} '*>k
' _':__.technique cm‘ah:.nmg \the potential flnw modﬂl and. the. Houndary
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TR 1aygr qalculatian waa \mad ta detemine tha aaroaynamc fomea
C . % for.a given jet momentum ¢pefficient.- “The correlation batwaan

L ""‘j-ex*perimental results and - ‘thearetical pra&iutiona was. not very

T _gond‘, as. shoyn in F:Lgura 3.15. - .

o _'_"_":_'-.'F:.gura 3 :l.s. Variation af c, m.th C fnr an al].:,pse. S r,// o

34.2ExmrnnentalMethods | - o
R ;; The experimental work done hy de}:wood“’] ia by far the mtost“
R _-_'momprehenaive found, and will be dealt wi{:h in some detail singe  °

it provides many trends and starting points. Lackwood ‘teste
S L e single cylinder which bad 8 egually spaced: tangentiaL surfgl: :
,f’ A slots spaced 45\’ apart. These slots could be ‘operied or closed s
S desirgd to obtjiin a. large number of slot. cunf:.ql.:ra”tinnﬁ 'i%
T _;_?.__},'.'_cylinder could

also’be potated about -its axis to increase the

0 ovariation’ in  slet paaitiuns._- Lockwood u¢{id only one . s19t

; -'-._*E-'_'g_'thickness (t/c =.0,001), which is qu:l.te small when compared ]\ ‘
L cather e researcsh on c.yl:n.nders.[m o |

: -*.r.'here is, | howevar, one Iarge differenae batween the wark
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e 1aw spe.eds. 'I*hm cnnc:ept uaeé‘s ‘the long and slendar aircrafﬂ‘ &
L fuaelage as a high aspect rat“im wing nf large span at :l.anding amﬂ\'

R _fl:.ght. 1f auffioiently hiqh 1i£i: coeffmients, and lift to drag

C 0 . raties, wcould be obi:amed, ‘such a desigh could be quitel) .
. -effective. Since the space inside the fuselage would be needed |\ -
) - oo ke ‘avconmodate payl.nad pr fuel, the croas-saction of the ducts
s ...  supplying air’ to the blowing - slots would have ta ‘be. small "
g ._compared 6 the fuselage Eross . sect:ion area. For this :r:aaa n the o}
air would be &uctad at hiqh prassuxe, ia. hiqh dansity, resﬁ tmg

I AL

. o . . . ] . .
B N eSS . PR - R R S oo, o O .



- ©.77 i thickness on’ Laakwaaafa ‘cC modal was very small- u,/w = 0.0b1) EE

.;],?_}§1; L.l;.a;ﬁary high 1lirt caeffiﬁients {up @a 24) can be obgaina& _
o <;1“5 .;g_gigu;Tha 1ift aoaffic;ent increaseslraﬁzdly wlth,incraasinq sﬁaﬁ

'  ii-; _ ~ of the ﬂylindar

- R ok TR N T

Tiia P BRI e o RS T o
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:,_}_-»;:;in‘high siot valc&itiES..Since it is the mnmentum qf the ejeateﬁ L
~¢>g=*{-&ig ‘whieh" re—enargizes tha bauﬁﬁary 1ayer, ejastznq=thaﬂairﬂat°"'“’
« oY high spded inplies a luw mags flow rate of, but unfortunately a. |
S large resldual kinstic anergy in, the hlowing gluid‘ he | slat

.j'jand ey high ‘blowing moméntum . ﬂaefficnenta Were used. Tt is ;ﬁ
 “therefore inevitable that the slot jet velocity of his’ tests was
. vary high. The CCOYB, ia-e&sentially ap enpty duety therefors the -
. entire- arass~sectian ig available &n'transport air 3 to the slnts. 3
‘The air is theyefore:. ducted at low presstre, ie. dow’ density,. ;f'“
mﬁimplyinq ‘that  the ‘ejection velooity, andcheﬁma the reafﬁuai
kinetia enargy in the alat jet, ia lnw. T ¢9f“”

-

:'qLockwaad'a mainmaonclusiana wera: &”"§'¥ 2;Tf:

.”M~mnmentum.aaeff1c1ent at’ ;owwmamentum coefficients, but’less
- rapidly at higher momentum coefficierte. @acillustrate,ﬁhe
" point, for a given conﬁmguratiang ‘at low hlot. momentum {€,
S m 0418) c, = g, while at high slo mementuh (c, = B} 244
3. For slots” covaring léss than Ralf ‘the- cixeumferenca of ‘the.
.-, ey}indér, the slot poSitiops greatly influence the maximum _.-f
.. Jlift coefficient that can be attalned, [ e
4 Z[Fur qlats aavaring less. than half the airaumferenae af the e o
... 'eylinder,, the railing -slot poaitian was faunﬂ tp-be most - -
- important faztar ag_ far as maximom 1ift was cancﬁ?madfj-w
S Newimum 1ift was obtained if ﬁuia poaition wascolose to,
.M o, what wﬁuld-nrdinarily be considered to.be the trailing edge..
\Moving the traillng slat fu:iha* hack”",
& of lift. mn*l
ots’ distrihuted almaa; cnmpletaly

0 results in a%apid
5 . Fow a large number of

_; @"f}_-  ?ffVar$und the ayl;nder,gggaamaximum 1ift attainad “Was law. @Ja!'*'

: Figuraq 3 16 shows ona of LOGkWDOd’$ mora succeasful alat

-]

| 5: , | -,.';J_ Lo
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_2_"--'__,__.":__"Wind tunnel aalaula.‘\;inns. R . SRR
3. Cirowlakion controll L cglincler, balance an,d a:.r gupply‘ I
4 pdeac acquimtian and\\vontrol systam T L

S =:Sofhware. S R m o o L ._;qui

B tunnel. S _rr_.

o Tha wind tunnal was designéd tg a 1arge extent usinq the methads

e
T a

- L

. os" C o

.9

@x éignif:.cant amnunt uf equipmant was davelcped far ‘l:l':.e. purpgse
_' e of testing ha.gh 1ift c:,rculation cnnﬁrolled aerafails not- shhject
7 ko wind tunnel boundary: interference effécts._ Since the gesign -
. of each campmant ds intrinsically linked to its {ffunction, the,
| two aspects. will be dealt with
- descriptibn of equxpment . gan ha &wided braadly imtu the E
fallawing areas. . . :

cancurrené’ly. The. design. and

et _Dﬁsceriptian of adaptiva wal:L wind tunnel. 3

.

PR

. -"'_"'Figure 4 I showa a achematic p’lan ami s:.de views; pf tpe wind
- tunnel. 'I‘his figure will help ta ular:.fy‘ photcgraphs af the

. L .(;_ = &h F"° W o N PR £ #
- b . - Ll - . .

.’-‘":'\".'.t.\h .' ’ LR

F:!.qura 04.1* Plan and sice viaw af the adaptive tunrml. . BRI
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. ) o i a' ) ._-'n" % "ﬂbo E .]!:
outlined by .Rae and Popel,
raqud.red additional dasign,
racomma datinns by Wolfm

The' adaptivgy wall test seatién
and uaa was made Qf'

o

ES Toem ’ : ™
S - & RS & o
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4 1 Descrlptmn of Wmd Tunnel T T T T T ,

The” complete wmd ‘tunnel, _ viewad obl:.qualy fa:om in f;'unt anﬁ_’
behimi is. shown in Plate 4,1 and Plate 4, 2, The var:.ous wind .. |

tunnel components and - mer:hanisms will he disﬁussed An de.ta:.l, '

maving fram tha frcni; uf the tunnel to th& rear. o

4111|ﬂetContractmn | ST
'I'ha purpoaa of 1;11& inlet contraction ia to accelezrate st:atmnary,

' or slow moving, £low uniformly to the test section veloc:i.ty. Flow
. entering the \est section should have constant static and dynamc

E B

[}

»pressure acrols the test éaction, ie. . constant total pressure.. o

S In a&ditinn, the praceds of accelerat:.ng i:he f.low should involve

‘da few losses as possible. $ince the flow is acceleratmg,_zt

generally experiencea a favaurable pressure grada.ent* ' reducing

 the poss:.bi&z.ty ‘of  flow separat:.nm HDWever, locald - £low

sepa:ration Gan- occur i€ there are’ regions of discom:inuaus

c:urvature on the  inlet. surface. profile, or if a severe adversa S

- pressure gradient is. encountered. Such’ £low’ salgara.?hion will

7. prevent congtank dynamic p:msmzre from be:n.ng achimred aEross the
sl tast section.H Co S ST

- Rae and Popef“l gwe various gua@elines for the design c:f axiu-.'-r'_”f L
symme‘tric contrae:tions bt Ehesa are not d:.rectly hpplipable to .

the ' case of a rectanqular ‘cross-setction. ‘gince “no, design .
gu:n.delmes could be ‘found for- rectangular aectiona,_ it was .7
' decided to use the” inlet profile of another wind tunhel having '

'Ihe inlet contr ction cansists of an interna;g. woaden frama maden _
up of streamwise prnfiled rj.hs ahd pexpendn,cular str:.ngeré“ This

structure <is covanad on the ingide and.the ou‘l%side by a Q@sm.te

+ skin, whieh forms the smobth sgarfice ?equired oh the inside. of

- the contrac“i:ion. Tne inle.t is aupported ‘on a tubular steel space

- frwe.wgl show%s 3 viﬂm af thé iﬁlat gontra,cta.on an&l_ its
- Dsuppor&ing framé. - L e e T

" . .

412nmnHMMmmmb‘P‘i'”jfb_ﬁfyﬂfx-Qq;ﬁév

{ivderted. between the inlet _tontraction and the kest sectjon

& simiiar- tast section aspe@t fﬁtio‘. ‘A" suitable ;tnlat, namely .
that of a bouhda? 3.ayer invastigatian rig, was fmmd and copied._

ET

R

P 150mm. thick slak’ of Aalumidium . honayc:amb material c:an he e

‘inlet, to reduce f£low anqularity and transverse velcj\nty. o

variations. The hnneypomb is hpused in a wooden halder, anf

ha e.asily be remnved from tha tunngl. mmther separate 't‘.a

e e LR N 0 N .
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T htplder Withnuf‘. haneyc.omb can’. he inserted, thus ailawing tha o
e tunnel to be: run ~ either  ‘with or  without ‘horieycomb flow A
IR :xghtener between the inlst cc:ntraction “and the test sect:}.on.

Rur ing - the -tunnel  without honeycnmh allows. a. low “tunnel’
tutbulence level to be achievdd due to the large- - contraction’
: ratia of the inlet cnntractmn. unning the tunnel with’ honeycamb
. y:.elds straa.ght ‘flow, - but at the cost of ' increased tuinel .
- turbulence and decreased tunnel speed. Plate. 4,3 shows Xe test o
‘gection inlet with its’ twp (honeycomb and 'dummyf) r gvab;a.___ '
honeYcOmg holderg“‘ : SO

4.i>3TestSectnon T 7 o,
The test sec‘l:wn is easentially a 1arga box housing 52 actuatnr S
vdr::.van slides, ms well as two fléxible sheet metal side. walls,
hetw:aen dwo plane ‘and- parallel top and bottnm walls. Fd.gux’e 4.1
‘-shows & p.Lan vi,ew of the teft sec;t:.on, and - ind,wates how ‘the 52
slideé and - flexihle side dw?lls are oemplayed to gohieve a -
cuntinuaus and variable flow channel, designated a, ™e flemble o a
B side’ walls are not physic:ally attached to the slides,: instead '
&’ [, .. . they are held againat tIrxe slides by a pressure difference across
L0 the walla. This praﬁsu:”e d:.ffer?nca is aczh:.evad by ﬂpumping air N
g j - out of regioxaa B and’f such thit the pressure im these regions '.cri»\"
R “is. lower J:hmn that inregion 'Aw The test section height is & »
. ' .. v-constant 0, jm throughout, while the entrance and exit widths are
A fixed at :f«f.l and 1.1m raspeatively, allowing the test section to
P ,l}"_ be positiched between a rigid inlet contraction and da.ffusqr. The
% " - slope (i the X-Y plane) of the sidé walls at the test'section.
77 tinlet and exit is zero, thus any side %all shape satisfymg the = -
. cond:.t.mns of :Lnlet ami e.xit w:u,dth and slope ia al:z,qmable. R

The test: seatwn putgr sheli conaa.sta o:&‘ riq:.d tnp, buttmm,
: . ~ front, rear and side walls. The outef shell is suff,,iciently stiff
Y o to suppart the Targe suction forces generated inside: ‘thé test =
(.. section by bdlth the test ecti%n flow and tha flexible wa11= L
S .ﬂsuntian ' S ﬁ EE U ST
MJ 1ngld Top and Butt,gm ‘Walls\k [
The test sectmn top. and ‘Tottom wails are supported by a
- laminated pé.ne bean suparatructura, :w*hich gives them the requi(gad -
", stiffness to withstand' the large pressure loads. created by -the ©
A ‘test section flow, as well as the.flexibie side wall attachment
N _sc:heme, Plate 4,4 shows a gpide .waw of the test section,
NI ra\real:l.ng tpa 1aminated pine heam supar§t:pucturg ahave and helaw "

u

.ta'-'

b . . . . . Ly . : B . L . R



4132 Flex;ble Side Walls

“:jThe flaxlble sida. walls are:made of 0 Bmm.galvanizedm teal ahaet.vff
. The side walla are riqidly attached to the test-
o intet, and are. able to. slide in aurved . pucke

'“”.fffthe teﬂt aectionr as well aa thé outer side walls- ;’“:*"

_~_f@hé test aection tnp ana bottnm walls have 1arga w1ndows (BOOmm
i?.by saomm) in. their centres, allowing optical ﬁaasurements {I&ﬁg
-oand: obsarvatlana {smoke, tufts etc) of the model, as. well as i£3-:a
§ ~far f£low f£ield; to be made. Details of the structural analysls":f
;_ ;“fperfarmad‘to determlne the stiffness of“the ta and bottcmfﬁﬁils};*
”ﬁﬁ ¢an be fﬁund in Section 4 2 2.; o : " g

‘F' : L BT
RO

g

HVfwalls._The“sﬁﬂa*walls are préssure’ tapped” aléng theix centre-“_
Y pressura‘tappinga :
0'1_;;per wﬁli. The pressure tappings have & orifice diameter: of img,

and-a- vq}ute diameter -apd depth. of Sim And  3mm respactively.ff

innscat 1htervals of 250mm,_w1th a tntal of

e

P

Sction at its
_ % at the test o
- megtion exit .to " accommodate - changes /it avclepfith' of the side

Das:tgn af m Eament 32

©silicone tubing, with a nominal internal diameter of imd, running -

" towhrds the test section inlet transfers the pressure of each

.t owping to a multi-tube alacohol ‘manomster. The top and bottom]  
- euges of the FlexiMle walls are sealed by means of triangular-- -

section £dam strips, which a)so prevent the sheat mbtal side
'walls from scrapihy -the wooden floor and ceiling of ithe test '
'aﬂctzon. Plate 4,5 shows the (straight) flexible walls as well

,Q;as the triangular aorner strips_ R .°«g,gs.ﬁ'
s N Lo s s
:j41&3&ﬁm ;ﬁﬁ_q%“.;;g,g35 _, e

.....

The slides are amojgst the more important. parts of tha adaptive_

* . wall test ‘Bagtiony There’ are two.types of slides, 26 short ones

-_;;anh si*da is guiﬁed hy tWQ taflon rallara on its bottom adga, L
. ap well as°d slot’ in’its tap?edge. The rollers run on. profiled_ymi
'-aluminium tracks 1ﬁ'tha test sectlon, while the aldt in the top
~edge is guided. Qf a tubular steel rail. ‘The front end of the
- =lide, ie. that,pcrtian in .contact with the flexible wall, i=s
'_radiuaed to” accdommodate ﬁhanges in the side wall alapﬁ, ag well
‘as being recessed at its centre to provide apace for: the‘pressura
V_%appinq tubinq. Attached tu tﬂe rear end of the?slide is the

N o m———— - —— B

W . X A e .

. @apable of . 300mm - e movement, and 26 longer ones which move up
_fto 400mm. The short slides aré found in region B-of Figure 4.1; Ca
*whlla the longer slides are found in- region, €. Plate 4,6 shows-'
lone af tha shqrtar slidea,°W1th 1ts acdhmpanylng aatuatar. “fj"
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, ;$:*_. ~ ffactuator 1ead5crew nut. The nut is adjuata@;e in tne vertical .f;
oL  uadirent$nn, aﬁlowing vertical mmsallgnment hatween the actuﬁtaf
L L Qeand thé Elid\ to be aacommodatﬁﬂq _.; *;_3_-;._; _ _1;;~:;-,3;;¢3 m;

R 1.3‘%‘4 Actua,__
*_“Plate 4,7 is &% o
..figlate, a. dri;a motar, ‘a bearing and°uaupling; a 1eadscrew, as1,r“;'

S wellﬂas o p&vpntiometer. Each actuator back: pmatg is Dboltad ‘to 1

,--jn7the qutslde of ‘ong of ‘the rigid’ ‘side walls of the test section

PO | sluts. Thaaa slots allow horizontal misalignment
| | “ {ts  accompanying slide to be

‘. 'Maccommadated.wghe actuator dr ve motar is alsd attached, the  i
S h ‘back plate, mik
_3;;,f:j'{'m;motar, leadscr4

d:potentlomaﬂer and attachmant plataa 3 ;'3~_;fEE_;gi

“\i-.'- o

:'f_The electrlc ﬂrEVe notor 1sfa 12vpe, autnmob&le wxndscraan wiper;f R

1ars have a/worm reduttlon gearbax which ylelﬂs*ﬂ[;ﬁi

irque -at. 1qw rotational speed (typlcally 1 Hg)y

- {'between 14" and ZA t% avennama tha mechaniﬂal'
fre31atance of tthmwtuatow L e

'ff_The aatuatar heargng, anﬁplzjg and 1aadaq;ew are. alsu shawn ln?;v"
) aring is formed by the shoulder of the coupiing .
by _bhck p]ate.“mwo locking, ruts.allow the axial =
bl =]play-cf thg ﬁearing='o T ad;ﬂsged. A dog~clutgh conpling allows® -
o .. for ::\adial and axialipisdlignment between the dfive motor and the
Lo _?back ‘plate bearing. The ﬁeads?rew is a M20; threaded rod and hasut? -
A p:.tch o,f 2. 5mm. : : e B
% ';ﬂj_T-E-W.VThe potentiame;er alléfa thé agﬁal pasitian of the slide tc he _
oo 7 determined. A werm treduckion gear (45:1.and 60:1 for' short and_ I
Y .. long slides respactivelyl cunvarts the ratary pqgition af the -
SO  leadsoxew to° the 3-turn range of the potentiometer. The“'”
'patantxbmater is spring 1oaded onto the leadscraw =3 1min&&$#
Co S f‘aacklasi’r. Dq,e to ity vd?a;gn, ax;.al play .1.;1 the actif." T _bearing -
;~&;;-' , " sdoas not affect the aﬁtennlomaterﬁ Axial- b&cklaahﬂbetWean the e
A sleadserew and slide’m<levdscrew npt ‘is nok _a ‘problam. since the ¢
'f_almdajonly expemfén“hs wiil snatian forcea in one. diractluq.uf.fl;:;

8

NP a.1. 3.5Aétuatior Powe Supphes
; o %3' qur 2zovac/12vn0‘t nsfarmara are.nsed tﬁ aupply aurrant %o Ehe-'_'
b B2 aatnatora.-whe output’ of the transformers is’ rectifiad,nand;{_--
R . ,ﬁthan smaothed by‘means Qf twn ﬁ;?m? capaciturs. hach actuator is

) . . . . s : . . . a . . RIS
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4 1 3.6 Wall Sl.lctlon Fan ‘.'."0-_;.'_ .. . = ._ P .. . ) . "u S LT
e smai:l 'c:entrlfugal fa.n is" used to pbs:s.tion thg ,ﬁlaxa.ble tesE_Q .
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-

cantrolled by twga relays, 1e one fnr cm/off , and ofe f"or_}_ f: :.
forWardfbackward,, Thasa. ralqys are controlled lﬁy the PC via an.. -

i? I/0 card and sofid-state Darlmngﬁnn r ‘Lay ampl:u.flq"" J.rcuitas.--,;
Plate 4.4 is a fide. view of the test sect:um and clsqarly ahows
o the pcswer supp] 1&5 and relay boar&s.. ST T

Y TR A

'1‘0 avercome a hunting problem with the a;:tuatars the 1zvnc powe.r
supply is onl.y used to move the slides to@a
- degired posihon. A 6VDC power supply then mime

tha:Lr final ;:asiticns. The 6VRC supply is ohtained by passing the

zzovac J.npu'l: to the 4 transfnrmers through a ZZO?AC‘{ 110vAC -
tranafoma&: The curr@nt drawn by* the motors is s:.milar at 12V}§c L

o o Jand svncf “therefore ‘there is' no ‘danger < of ‘burhing the
! rm;ers out by re'i m;.ng the :mput voltage from 220%(: tof_-{-

- '_-sactia ‘walls £irmly onta the i‘ronh edge of the sli&ea. The. fan .'

- has a max:mum operating pres-ura of 1000 ‘Pa, which is suff:l.c:.ent R

te ﬂef;prm the flekible walls i small curvature, but insufficient .
Ctel dduﬁe excass:we waviness inthe wall. The’ structural analysis .

o Presarited in section 4. 2.2 shows that a Mz Lmamn wal'l wavinass%??; U
T8 mdﬁrons is caused by a pressure differential of 1000 Pa across__j--; "

-, the w%.}.l. ‘THe fan has a- suff:.ciently large ﬂ.aw rate cﬁapaclty

 constant

_ e.nabl’h txie wal\ls to be suckea intc posltmn very nap:i:ﬂly, in the

_turﬁ'nal

4.1 4»Ex|t Hm:eycomb ' t R -

&PHonefv conb mat‘f‘arial t:an ba insérteﬂ betwae.n thgz tes‘c aectann and
1}‘l:}na ;gliffusar iw exactly the sagi?e “fashion . as with the,, mfiat

., order of 1 second: -The fan exhahst is ducted back intd the wind =
it the ‘diffuser’ J.nlat, ﬁhua the .fan ‘merely’ mamtains a - -
_ _:|.fferentia1 prassu.:t:a acrdss the wala,s, and does not_-___'__ .
" have' to .a 'count for tha ghange in test: section p::essure &t
= r‘*diff‘grent tunnel gpeedaﬁ The E{haust air is. ajectad ‘into the o
' diffuser in the ‘Streamwise direction by ejector nozzles. The wall o
. _suct::ton fan pressure and, flow rate charactemstic% can be found_ '
LA &ppenﬁix Ds. _' ST . - . o

‘honeyconb.: iy’ is done to ensure that swirl effecta; ‘caused hy 5 o

' tunnial ‘als¢ has-a.’dummy’ r§ar folder, thus allowing the tunnel

" t6 be' run without the rear qfieycomb in°pogition. Aqain, when
R usin} *l:he x;e?r lmtibycomh, the tunnel spee,d i\red\;ced.

oW

L .

~ . the fansj ‘do not nropagate upstream ifto the test section. The




St 415D1Efuser B A A
LA ;]_' g purpose of the diffuser is \:c slow dnwn the ngh speed test
e [EJ - séction flow before it enters the fans: As' the flow is slowed-
down, ‘its pressure . indreases, thus the f£low experiences an .

R . adverse _pressure gradient. Flow separatiun is. posa:.ble if the ’
adverse’ Ppressureé. qradlent is" too -sheep. . The. ‘optimum, dlffmser

. -_y rsﬂ':.-

equ:walen{Z) csanic ‘diffuser half. angla of ‘5%, This. mesng that the
“rate of ohange of cross-section area wa.th axial distan@%" of the

. ‘?.

4.1 6 Control Room

" e tunne;!. control room® is situated in the empty spaca below the e

diffﬂser. Plata 4,8 shows the PC that controls the turmél {on the
1eft) ‘as - well as another PC and some power supp].ies. tl.‘he tunnel
s normailm operated friom the control: room, the operator cnly
hav:l.ng ta leave tha noom to make adjustmemts tu the model.‘ -

e /, ux 38 inch - diameter Waads kerofm.l ‘Fans’ (Géneral Electric
L e

o Q the swirl a't: maximum poweg.‘ to be minimized. N

& L e . Co

velocity of the two front fans to e

> ntinunus.‘by Vaf ied between

o _°'_ are switched directly on line, This 'mbinatmn 0

0"and’ 100% of their maximum spequ, yr} reas the tw%;gar notors

| 7Tunnel DI“WE Fans R o L IR CsEpTE
ompany)  are used to ‘pover the wind tunmel. The vthrae-phm“

" electric fans Opara e at' 380V and 294, giving a maximum power °
rat:mg of 21 BHP eacﬂ. The fans are arraq&ed“ diinté? two - side-by- ’

.side ccmtra—rotatmg tandem pairs, a configaration that allows:_ L

~ T therefore slovws down a given f:lhuw in the shortest distance,w trf:.{:h* .' S
PR & -the graatest p:ressura rec’nvery Rae. and pape“l reaammand an .

2 ghe tummel ta usually run usinqtbnly the two front fans, but for |
IR . increased power, the {wo rear fans \"an also’ be swit d on. _A_'..
G o frequenay inyerting. speed ‘control . ystam allows eﬂ angularg_ e

- connection allows the “speed “range _c:f the  tuf ‘to be

o contlnuously varied batweén 0. ‘and- 100%., 'I,‘his is achieved by
‘varying the tunnel pohwer from 0 _tn 0% using only the fromt
motors, and then sm.tching on the rear \motors  to ‘achieve the Lo

el povi‘er.- Pressure =

ntrawi‘otat:mg tanﬁeml K

R ' remaim.ng 50 to M100%, Variation in the ¥
e Verses flow ra{:e charact:eristics for the

" aiffuser should be the same ag that of ‘a cone with a half angle _-
“ 01" 5" ﬁe'l:.aa.la of the dlffuser dé’a:.gn are. g:l.ven :l.n Sec-.tmn

3. 5

electrical o

oo Q'b;‘-_i:-:'_



 ?;:_where q dynamic preasure‘bf the.

" Low spee& win& tunnel tests ‘are performed at a law test Hﬁcnf B

54""_421'1'1111!16]1’0“'6!'311(1 Size B i ST S
" The design of wind tunnels is qenerally—dlatatea by “two mutﬂallyifhf”'”
_ {contradiatcry factora, namely, the size-of test sectian*requiféifj
. and the financial resources availgr;e. Since “the “tunnel drive . .

fans uaually make up a 1arge portian Hf the cost of bullding the ="
+tunnel, the  tunnel power i usually 1im1t%d by the funds . : .

f;The calculations naad ﬁa determina the siza _ard power
-@requirem#nts of tha tunnel ‘are discussad first, faliowed hy a
jshort struatural analyé&a of tha critical“tunnel eompanents.

1} d”’ .",-":

 available, For this: partigular pra3$nt’tha fans vere dng;ted,f ”"’

_ 7ffther&fGra the gvailable tunnel powar‘wdb N6t a variable. Thé anlyffi_ﬁ
s real v&rlables ‘were the test sentiﬂn siaa and speed,_agaln twa_;i'ﬂ
*-ﬂ; *mntua11y~contrad1ctary qqutitmas, e g T ce

_; §numbar, but in order to simulate full-sdale effects properly, a a .
7 high Raynold'a nnmber capability, is rﬁquired. ‘Rag an& Popel -
. recommend a tunnel kise and -speed that Will pruduce a nhodel

.”ﬂQfHReynnld*a number patr fost (apprqxlmataly 0.3m) of over 105. Far7ff'
C o alr ab ambiant pressure and temperature this Reynold?’s number: -
- corresponds te'a tunnel speed of 60 m/s. At this speed ﬁheﬁﬁacn;;;

.f-:_number is approximately 0.2, which will make thé flow virtually -
* incompresgible. The tunnel -size was thug(chosen:so that ‘the . "

B tunnel coukg amhieva a spaed of" over 60 m/a w;th the availahle--'

":fThé energy ratxo (ERL af a wind tunnal ms deﬁmnedgas the ratlo ?fi 
,,Of the energy of the air at “the jet to the inpufy en rgy, This .

‘”hgdesirable to obtain as high an energy ratio a"“pw |
this implies a minimum power 1nput for a given: tunnel apeed and_ C
'cross-sectlon area._The tunnel energy ratia 15 g;ﬁen %h R

) t refers to tha test sactmon.-

*';  .uktat1° typacally ‘has values ranglnq between. 3 and

hat the'amount ¢f stored energy in the airstream is monsmderably

indizating ..

greatsr than the input energy for any given ting intesval. It ie

e | (Qﬂ?)e

O e p &

T — _fﬁtlf__g'g A

ssible, . sinae”.f“”k
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4 2.1‘1 T%nnel Loss 3

el .Using the me'l:h,ad by Wattendarf ag. nutllne.sl ;Ln Raa ﬁnd‘ Pq;ge“’b ’che
B aitjt_;.a’ pressure loss in each section.of the wind tupnel: can b
RO | estibys tgd.  The tunnel . is’ assumed  to have @ circular Grogs
seqL 'n, the equival&nt circﬁlar area at sach sadkion of (¢
&aﬂ%ﬁiﬁ tunnél beiny the same as the areh at-each statmn in ¢ he

a’etnahtunﬂal. Tha coeffic:.ent of 1nas is defmea by

o 3524;
““«zf

;3_' ii)' '

"“{? T . :_ % R wee ’. .

s where. Ap is the 1oca1 statm pressure luii,s, .q is the lo_cal
ﬂynamic pressure and q,, is the aynami}: pressurf af the. jei:.

ﬂlffuseﬁﬂ Tmrsmon Moturs —_

e

I

1 ]

T . I

E ]
IS 25m ._Lf, 35m L

..._.._._-.' - = s it 2
. . . e .

| .. uv 667 . vvégmr . V fr'—g‘ V_ZQ,L, V~23A cg:.‘fff—"
e _.'38-37*105 Res 133x106 | Re 333x*06 fes 13x1o‘5 T

Res 135x10‘5  Res 232::‘]06
.Figurq, 4,.na- Schemaﬁic dia.qram of the gene;ric hunnel.

Fs.gure 4 :a shows a schamq,ic: rep esentation :%the qeneric usme.l

. . Having ‘the same relevant dimenslions as the abtual adapta}.«}‘ wall
i . < tunnel, THe diagram gives the s gaivalent diafeter as well fag the .
T T Ny .Reymld's n&nm@v metre asad on a jet v&locity of :mis)

e

R P




' "--j"'-fwhere )& is the skm fr:l.ctmn coeffz.cient hased “on. Reyno]lﬂ T
:_numbar,ﬁ l:.c is: %‘he contractmn length and By isi, tha equn.galent{ Jat
- diawetgr, Using average of - the contrgctian mlet png exit - '_' |
_ J-?-'-Reynnld's” nunibefs ;e 1,2,5}51{10 ‘ y:lgalds . )\ <{1 0105, frém o
*.-"'-'-Fiqure 4 3 T R TR TR RN

'_-;_"_'Figu}::a Q 3._ skin frw;!:mn vs Re iﬁl o S f\\; e

42 1.3 Test Setion

: -'-;Tha 1oases in tha test. aec:t;ban are purely £ ictmnal s:mc;e thera

. are no J.ang:t.tudmal p"as:mh*e grad:.enta “For 5mcmth=pfpas tha 1oss
coeff:.cient is g:wen byt . oL T T

aha2 Inlet Contractmn |

* The losses, m ‘E\hé‘ onf:rar'twn az:_ s i
sk:.m fm.ctmn, th:t.s baitdq reasana”_

___e' Eaused nnly By
_' ax 433 aeale separatiom
g ;kna’mplz.maquer% d‘f

e

e d T B . i o - LI
B “f}"_- - % B LR L
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t'_.} [

tq.a) ;uff~;
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D= P PRRTNE . . o - :

_ w‘hera L.; i.s tha tasi: sectian J:angth. Uﬁing an average Réynold"s
' mumber of 3 333:10“ y:.elds N o= 0.0085 «sfrf-.‘m Figure 4‘“3 x>

’ A? 5 m o \f’ S &
Kﬂ,:g t;aog 5x._.:L,.. =0, OM.&" -

4,6
\8 (:1

. T‘xa lmaaem ‘in the diffuaer are c’tue ta fxieticﬂ‘i ‘as well af
expansinn._ .'rhe cambineﬂ 1oss coaffim.ant is givan, by

" ‘--+n %an(a/%ﬁ (1----; um
whare a/az ‘ns the diffuaar half-angle and. Dz is the d:.ffuaer exft

aquivgzlant diameter. ; Using an average: Raymmfg nlmmgr af
2 333‘106 ?1315503\ - p 01 fa:'om cF'aigura 4 3,_ S \

L0 B [
[ ) - co. .

ORI 0 TR 05 ) L

Sow G.
n-_"' '.G_-.ﬂ

i o, n:. _.a. g Ckiay
ﬂi; 40,66, nsa (a. R ) =0.2 7 _u,};a;f_

. "'zf:'. :_' g

s e oo T T . : - e R

,2 1 5 Tmm,tmn S0 N .-_y Ly
’ Usinq tne_ aa:me 1oss coeffmient equation as ’l:hm taat sact:l.an, the
. logses in = “the transgtinn from Equare tﬁ round are pumly

:Erit:tiona and gi\ren hy Ll .

«)_ o “v L

- \‘;ﬂ." S ° b Kn"»"*"g Ca \ e 4r8)

.0__I . o 5 - on AL

; a . - o d e - T : % B & -
w‘ where. L.. iﬁ the transitiun 1ength. pging aré average reyncld' 8
numbe;r af ;. :mwﬁ vialds fi = 0, 0:1.1 from“ ?igure &, s_gﬁ'_ S e
- . . O 0_ - -o.' o {| o

. ."_' IR R',, 9 unx_.?_..,-«u oa'zsv IR uuu:




=T : o _. . A S
SRS - TR T ER
L e . 3} =) . . R 4

P

i "Das:.gn of EJ““#: -m

. {-"'_Using tha definit:.on of Ka from aq;uation 4 2 + J.f: can he shbwn
'b.;.;that : N R T

po- -""(‘,,-._ S ..k. L R ._._. i PR

.

0 2867

[- S . _:-"

.' '.-i "'I'ha: tunnel en;erqy ratin aa.luws tha poyer inpt?% 't:d tha tﬁnnel 1::;

d. : e“ '_ "_u o .
{0 BPWAWt .-':ﬁ_ i (4 :l.si
AT TR %

o B o o . : _ ua\:{ L -

be aalaulated. e

".Ehere are twa fans m.th. 21 BHP mot:or“s each, ‘pr:mriding a tnhal«af
- 31.3 kW, Assuming p = 1 and 5" = 0. 7, ana using nER = 3. 5,“44:1?1& jetm

'J.‘here is themfnre sufficmnt

o valm:ity J.S .fcaund to be 67 om/sa R L Ll 0

15 -

ﬁ.mqé%% R S '5 0 (4,12,"

oY t::: ruﬁ the tunnel up tc: e

. speeds of 65 m/s. In fact, bas:.ng the lgcal Reynold’s nunbor on

S

. exit,.the static pressureé within the tunnel is smaller than -
o atmq:spheric pragsure at sll staﬁinns. In regiong w;h\\ere, the air

' --~..? Caa ) SR

a jet velocity of “60 m/s as done above, will result in lgss

. voefficiemts: that are larger thad they should: be. The -above

analygig therefore errs. cm €the gafe side. The ari:or is- hawever
gmall since wthe skir& fricticn aoeffic:iant, A, is. not very

“argument is further reinforced by the fact that the turnel enarqy
‘ratio is mot a ;Euncstion of jet valacity or . Raynold*s number, only

o

csensitive tq relativaly small changes in Reyneld’s number«. The .'

tfm otunnel geometry. . -: o S - L e e

s
L+ N

‘422 Structural Consnderatmns S e

: QO
3emg an open’ c:.rchu:.t t.unnal with its fana aituata& at the tunnel

veloaity is high, considerable préssure 11::ada -are imppsed on the

... tunrel top, bottom and’ side walls, and since these loads are
B dlreptad inwards, away from any support struc,;t;ure ; the. stru&tural

‘design ‘is more critical, The structural design is dictated -

" _pr:l.marily by atiffnass cansideratinns, atrangth ﬂmita rarely

D
.

- being: f,raac:hcad. o

R T L T N N

5,
o

c;m e e e &
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Apart frbm tge tunnel drive fans, the tesﬁ sectnon is tha only.'i___
portion ‘of - the: ‘wind turhel that has moviﬁq parts, de:. th:e L
5Hactuatnr alldes anéﬂflexmblé walls. - Enr thig- raasdn ?he testr--?;;
| megtion outer shall ‘must be sufficiently cstiff” 80 a8 not to
TF’intarfare with tha mnvement of the siechanismg . insiga it. The ~ < -
. strdoturals aﬁalysla theratore - dealto . axaluslvaly with the¥’
© deflections of the test ectlbn gince this ‘was the most crit;cal
_:'jiaemtion of thé wznd tunnél. Aapeets cavere& were the stiffness”
o .GE- the test. sectian ‘baam superstructure, the" stif@ﬁbsa of - the'
UL test seatinn.celling anti £loox panels as well as the Wa?iHBQS’Of
’31;thg f@Bxible test seaﬁian §1de ualls. o e
o 9 . =__ & . =
. {Fnr a maxighm prassure laadihg of 5000 ﬁa, cnrrespnnding 40 a
- tuhne® speed of 100m/s, & max Limum defiaetlon of the test section
E_j{superstructure 8% 0.044mk “was. obitained: Subjeat £o. the' same
o 1aad1ng, ‘the floox andﬂceiling panels nave 3 maxinﬁ% daflaction
- -*of 0. 12mm. xf the. flexible walls are sucked Snto the actuator - -
~ slides by a ‘pressure pdifferentidl of 4b00 Pa, the  maxiiun j“'“f
- wavinaés in the flexible wall ig o2 075mm., It canﬂtherefnre he
ﬁeﬁp that. the defleatlons of the test section walls - are-

. hiegligible . when - ‘compared ‘to”™ the test section dimensions.’ o
.MNymerical details of the structural analysis san ha ‘found in ®
Mmmmurm - - -;~-;- - el

o B "m\‘-'@f - 935,7"f,g oL e
4, 3'Model and Balance R
431nmmﬂ R "gfaf; ;_ﬂ_mf

The. 200mm diametam circulation auntrolled cyiinder has four
1onq1tud1na1 sluta, positioned 70%, 1059, 140° and '175° €rom. the
eylinder leading. edge.amhe slote eject fluid tanqentially ontc
. the circular surfage, ‘and are lndlv;&ually adjustable from.:Owm
to Smm. The adjqﬁtment of’ each slot is effected by opening the
‘slot to-the dea&reﬁ .gap wi and then tightanlng a deaw-bar, g?t“
allawinq the\xsldts to be adjusted accurately apd swiftly. =

. Plate 4,9 and Flate 4,10 show the cylinder with its adjustable

| 3lots, as- well @é its 1ocatlon with resgeat to th& wind tunnel

- iﬁlr iarauppliad to the slota via a perfarated inner oylindar, _
‘which in turn..obtains its air supply froi  the bilance. The
B perforated ‘inner cylander also transfers the mechanical laads o
© frem the 'model to’ the ‘balance, [The 1ongztud;na1 velacity o

25 [;-¢f'; component ‘of thie fluid ejected from the sitots is kept fq a°

A minlmum hy tha stra;ghtaning efﬁaut qf tha six hulkheada Whl@hc

R 4
o N - -y i .. ,,_n

S
_ - Y T
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 ;3?;4332 ;ahuum' _> .-f' L e g -
oA tma—campnnent halance suppqrts the madal in tha test gectlan R
' ang allawgﬂtha Lift and drag. forces sxperienced. thawmaaal o

: *f:;lfi 'f' nggigu dg Equipmeni 421

o6

F nmnnect the modgl auter surfapa tn the perfo:ate&-cylinder. Thefﬁ
uhava cansldaratian ‘is important  since “ahy 1anqipudina1 flow

"g;cnmponent in the. ajected ‘£luid will make th& flow field arnund;ﬁ“*ifi

the mnde%’lass twa-ﬂimenalonal.“#~__“._h.

'fﬁ'ﬂ{hf -

Y -.'1 -

“be meagubdd, A'wide view of the balance i showri in Plate ﬁ,lis:ff%[;
;j@he flaxuras df thﬁﬁhalanee are. ﬂaaiqnea ig}auuh(ﬁ waf as to:f,;zﬂ
av16w qnly movement-if, the lift and. drag directions, Load’ cells -
Crestrict this movewent, therefore itg% 4nd drag are measuted.

direetly..@ha -i6ad vells are rated to /e L load of 3000N. 1n|;ﬁ{f;
tha lift directian and 15nﬁN in tha d g dlrectlcn, ' TR

4 3 3 Cmulatmn Control An* Sugp]y | A RN S
A madium préssuke centrifugal fan is us,d to supply Girﬁulag;¢n , T

“""f control air to the model. The fan is powered By a 7,5 kW three-

phaaa induat;bn mntgrg and uan supply a volumetric ﬂmow rate afu -"
0.8 ciibic meﬁres pey second at 7,5 kPa. Singe the fan motor spaed,
:g;s ¢onatant variatzana to Ehe output flaw rate and- preasure af']_;;:

B means an 1ntagra1 diﬁch&bge dampér. Plate 4,12 shcws thesjj.'
ﬂ_'culati n control blowér with- its Alschargs: ﬁhxottling valve. X
 Pressure verses flnw rate éhafactarlstica forvtﬁa fan ara qivan. e
in z&ppendix Dz., : '/-f- : e R -

. : -ﬁ%;_.-’i;"-'
43.4 Ont‘iee Plate Z? “ R |
~A“D, P/2 -orifice plate, esigned accérding tqfas 1342“ﬂ ia]g_3'
aitgataﬂ 5m . dcwnstraam of tha.cc blcwar, and is used Lo measureﬁp A
the flow rate of alr entering the o0 aerofoils There are fws
_ oritfce diametera, amaly 200mm and 125mm, wh;ah ‘can be select ed_-;q’&
- iepending on the flow rate. expeatéﬂ The orifice plﬁte has fbur -

'ﬂ'f; lmn tappings upstream and doWnstréam of the.plats,” the four

tappings being combined intd™a single tube by.a menifold ring.;;f.-
\ Detaileg. of ‘the orifice, plate design, aa %ell qﬁ its apﬁra*inq, S
aanstaﬂta, aan be faund in Appendxw ﬁ. _ _ W
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. "I'hree Rasemount differeptial pressure transduaers, modal 1151bp, e

| 4 4 Data Acql
4, ¢.1 Transducej'

... 'There are three
transducers amd Pasitwn transduaers, ST T e

: o .4 41‘1 1md Ce]]s B P " ,

: f.#’

types of t:cansducars, namely J,oad cella, pressure%*

oau.

f ""-_’-'rwaﬁ load. cglls are’ nsed to ‘me.asure t‘he model 1ift and drag.. 'rhe K
» load célle wers designed and supplied by lLoad Cell Services, - =

_Pretoria. The load cells are rated to 3000N and 1500N for lift
and’ drayg respact:waly, and ‘aach have thexr awn mainsg {220VAC) PR

Pm"er eupply and signal amplifiex, The amplifier ‘cutputs amalog -

‘data via a 0-10V voltage Bystem, ‘as. welz BS.'a ‘5-20mA current
sysi:em ‘The' cu‘rrent ‘Bysteh was' amplayedu sa.nca .11: al:!.ows lanq-" L

leads - té be used from the amplifier’ to the- data® a gaigition o
‘Bystem, wit-.hout introducing noise. problems,’ A 560 ohm resistor .
- is used to convert the 4~20mA current signal into a g..;._w VQltaye
o signab, which 15 compatible “wi{:h the A/a system ST e

£ . L

R

.'3 Lo
0

o are used to mehsure the following:

2]
o

Py Tunnel scatiic pressure.. .
By ora.fice pla%e differenta.al gressure.

':. signal., whic.h :Ls campatibla with the A/D syatam

| Fifty~two Bournes praaision pot:entiomatera are , Gsed ‘o meaaure-" K

‘B Bom. presé}gfre and orifice: upstraam presat.uge. o e { \ -

L e S

The prassure tranaduaarék emplﬁl” & 2-—wir:a c:urren'l: system tu powar
* the device as well as tyansmit the data, Voltages ranging fmm"

T12YDC to 45\?9:: Gan be used to powex the dav:.ce« ’I‘he current based
. data tranewmission system allows 1long leads to be usez;l t;,d the data

' -acguisition “without introducing noise problems.. A 500 omqv-

resistor coxwerta the 4-20mA current signal into a 2 -«:mv volsags

S oo e

o 4 4, 1.3 Posntatm Transducers B N

L.

the @isplacement ‘of - the . adaptive wall actuator§. The ..

* potentiomstere huve a nominal ‘resistance of 1000" ohns - and an’

independent linearity of 0. 025%. ‘A ovDe prswar supply 1s used to-

power the potantiometers, but. the regulatmn of this voltage is L
~ not ‘oriticsl since the data anquisitian gystem effectively only -

‘measures the resistanca ‘of the. pcat:anti:ameterx._ This is achi-ved

by measuring bnth the applied volta% and the patantiometer wi or o

) i . i B . o : o L . o o
o : W i - T . . L . : : 1 . .

s D ’
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B '.'valtagm .The ratio af thesa twa valtagea“is 'I:hen o:gly a fune’cian
e of “the potan;tmmetar and sy%tem resa.stance, and independent af
U the appl:.ed véltage. All voltage eignals are transmitted to *l:ha
BT SO R ;iAfD syatem by, a shialde.d aable to avaid noise. int&rferenae. a

- '{"\Hﬁ”’— - : . . . . \‘§ . e . LA ."‘\.P:‘.. -

# A‘h Eagrla Electrm Pcsun A[n card, J.n c:ar(auﬁr:tion wx‘hh a PCS:L °
SO0 U input ‘maltiplexer, is used to ‘convert 0-10% analog voltages inkd
S p ’a twelve bit binary number. The input. mudtiplexer is powered and
' S ‘¢ontrolled by the data acquisit:.an :’.ard, and was selected for its”
cnmpatihz.lity with the: A/D card. 4.7u¥ capacitors, inserted. *
R ‘between the. multii:lexar inpufs and ground, were used o reduge B
SIS, ' Lalaotrical niise gaused by the wotor speed control. Demonstration .;_f’ '
AT ﬂ software - supplie& by. Bagle Electric in khé . form df numarous
LT pr‘b%'edures : .ww used to wr:.te the tunael Operait:.ng saftware, _ :'-_; .
. S e T T 1 DL
.4.3 IIO“System e R e
An Eagle Eleatric: Pc‘:192 I/@ card is used tc output 5V 'I"I‘L d.igital
o si,gna,ls. These alqnals are used to switch solid stats marlingtnn |
S L W relays, o whidh o«dn o ctucn activate electra-mechamc' 1 reiays
L contrall:.ﬁg the adaptwe wall actuators. L SR

! 4“‘5 Software Desxgn

. namely calibratian, aperaéting and util;Lty saftfﬂaraﬁ Al‘ i snftware -
“can Be foupd Uh disk iia Appandlx F, | o

;ﬁ

e 4 5. 1 Ca!nbt‘atmr; Softwaré I S .
e é; .':'oftware was develapad ta s:.mplify xthie aalibraitidn prg d'l.u;'e. far
o0 "7 the dptirve wind tunnel system. This software kllgks the tunnel = -
ﬂ e walls (ﬁbsmmn transdugers) , pYessure fransducers and joad calls« oo
b te be calibrated, “The calibration.data is 1at{ procegsed by a
s . least squares . regﬁ‘eﬁsmn, ﬂieldmg op&ratmg gonsténty £ all

C the transduce‘fs..a.. I _ - NS

i 5 o '. . 2 e . "\r__g.ﬁ }

. 1 . . @ ) :.:. ) _'.Q_‘.-,-_ e
4 5,1 1Raw lata Acqu:sitmn . 5 L T J ?‘ T o

,_..

Do 4.5.111 osntmnTi-ﬁnsﬂucerﬁ | oo
i - 'rha “progian . WALLCALY . EXE requésts thf operatow ‘-‘-C’ mn“alli’ :
I chit"ibn all the slldas “to. a’ known pc:sa.t;iqn.- Position

: v h
a R ) w Ly T . s on . J" Lo =
. o S T u_r_ o

R

rions " ; . . :

¥} . o L . L e *w ] cti-)
s :
: &1



SRR th "h_ thay Gan. be uaed by the tunnel operatmg sc;‘ft,ware. e

measuraments am than talcen y the A/B ayatem.i The @mgnam tEen
7 requests the eperator ‘to move the slides to the next pﬁs?ﬁ:itm, RN
. the process ‘being %epaatea wntil all the known positions have .
;. ~peen . cavered. V. 'I.‘he ‘raw. daﬁ'a is Stored .in files: UPPER.QOQ,
; UPPER.I&G, -UPPER 333, U%?ER. U}?PER 666 aﬁd UPPER.&ZS For thea
" #hort slidas, ang™ LOWER nis, LOWER oen,. fower. 166, :e,owr.n 333,

- LOWER: 800, - mwagk sas, LDWER. 833 and, mwn;a.mc for tha 1ong
'-‘-'alxdea. Q e ST

= ra : Dagign af mimm% ﬁ}i g

| 45, 1 1‘2 Load Transducers L

“The. prpgram LDABCALI E}{’E prnmpts th.e us for the magm’&uda Df ﬁ« :
tha known weights. that are he:.ng us ’éaparately 1oad the lj.ft L
and draq load: ce.lls. The A/D ?-‘ Wy records  all e agad
measuraments, and, si:or% 'l.fhe data in“h fileé’ ‘LIFT ST .DAT fﬁr

o .Li‘f:‘t, angd Dmcmx.nm fm- drag. e s LT G )

4 5 l 1.3 Pré%sure Transducers Q R ST e A P At
“ The prbcfram PRES&ALI DAT promptg the uSer for ti’ge magmt,ude of e
‘the known presgures that are being appl:n.e.d o eagh pressure .
transduaars. The A/D- system racgrg;la ‘preasure meauurements, L

“#md storés the data m_,, the filés PR;;,: A DA'I‘, PRnscju.z nyﬁ and
PREBCAL:%.DAT. B A R e SRS T

4.51 L@Tunnel Speed Cahbratmn RS S Sy e

- The pmyray CALSPEED. EXH pirami&-r-s the qger for & de.sired tunnel
i speed. 'The -tunmel walls/ are then adjusted %o give,’ a, zero.
| ( longitudinal pressure (g;:adient.l The tunnel static: ‘pressure and
L true pitot. ﬁaelw:.ty are. then measy}rec‘l, and stored in the fi -
\l sPEEncm:. BAE.._ AR T

| 5. 1. 3 D‘ﬁtﬂ Processmg e e Tt

o"_ ¢ a3l tﬁe vaw data hava been obtained, ;they are procegsm 5{

""”4 5.1.2.1 Posmon Tmnsaucers

The proqra.m mIBBM} EXE ig’ uae& to read in all the raw P°31ti*°n SN

- data’ files, ie.. IfPPERm* .and LOWER.*, and then apply ‘a least:

fila CELIBRAT DM!, fur W'

Sguares. quadrat;.q regression to the readings of ‘each trarisduc:er. SRR

‘The resulting three’ constants per tranaducer are stored in the
' nnel aperating‘% saftware. e




v T

\ e
N

..U_’.._._

4.5 1.2.2 Load and Prpssure B R AT
‘The’ program cumma EXE reada i‘n the raw }Qad and pressurg data D
:EJ.les, ie. LH-“IGA&I DA‘I’, DRI&GCALI DA‘I‘ ansi: PRESQE&L*.DAT. Ik 1east

?Zfsmuares ‘Linear| Tegression - i& app;l.led “to. the data ‘of gach e

[l

1

?.ﬂ-d’_.ii':” Prompt. the user for ambi W

SR~ '_.:-Prompt the user for orifide plate and slot aizea. SRS
. it L
5

z
.3 P%sitinn wgllsT
4

S e

. '-_.'.__-_»t::‘arisduaer, “thel resulting two- cu@stan;a Jar eac"h transducer L
" being stored injthe Eils CALTRANS‘DAT 'l’his f:.le is used by the e
o _;:Wel oparatin _ saftware. ST e e ﬂ

. -The pragram SfPE PRG  EXE' reads in the raw tunnal speed aata, ie. -

| SPEEDCAY,DAT,a
; '-_'_daltaJ. The réguitmg two bonstants are  stored .in the ﬁlle
e stEQPRO DAT, qr use by tha tu’hnel aperat:ing so;etwara.

d fits & Muét squares 1inead regression to-the

E . P
AP - U

P
#

-‘":‘4ﬂ52Qperatmg Suftware ] LT - e L

C otk

“The Prigram MAT PROH*EXE ye! trnls the apaz:atmn af tha *‘i;u;nnei;

_during orpal £ at:ing.. “This proqram automatica J.:Ly psasj,tionﬁ “the « &

» wing tunnel side walls, and then acgiires dath from the vazs;ieoua L
Ce transducers. tha operating softiate perfoms the fcallom.ng gasﬂka :

Lte” im{:ia‘lize. th{,i" tunnel and h “dware.. PR

__.Init;:l.alg‘ze the Mn and I/ »cards.q ' £ s ﬁ &

atmospherm tf,&nditians.

:_"-'_-__:lgeacl in tr4nsducer zero values, - )
Raati a&.n ca]ibnatmn c;nnstants fc:r,, all transducars. _‘*._.

o,

 Gnce the tunnel §nd hardvare’ has Keeq init.iafl:u.zed the. follwing N

tasks are parfoﬂned =8 obtain each data ppint.’
" 1. - Prompt- the uaar for ‘tunnel streaml:.n,ing parameters.
: Calculate ‘wall pos:.tions and hnundary layer thickness.l

45.3.?eluc1ty’l‘ravefse el e e C'j
'I'ha ‘program VELOFROF.EXE ret;uszsts the usear ta posn.tn.dn tha ps.tot -
" tube at a gertain test section transvevse position, Tunnel static o ¢
amlqpitot welocitiaa are t:hen recc:rded evary 0. 15 far & ?;otal nf




'tal?pmg mmremgnt.- as a rasult af ,:,el chang‘ing Wall '
" hence arclength% :La takc-m aqdbﬁnt of by tha-
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Plate 4,5: Internal viev of the test secti




4,7:; View of an actu




4,10: View of the blowing slots.
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streamliniﬂg algm:‘ithm, as weil a8 a dimansional and an ermx
anaiya&s- A e e Ry

LR

*rhe thearetic.al analyaia dealga witb. t’he dave;l.opment r:f the -

.. a’
3

I;; ordai:'to streamline the walis to the corract positionsf an -

invmaa.d, ineompresjlble potential f.l.qw analysis is used to model.

_t 2 effact pf 1ift, drag and fluig - additmn LN H pytl.indaf* ina '_
i eestraam. It was decided to. Ase a potential :Elcm analysis since -7
thaary i simple, eapecially ‘wheh ap’plmd to a ‘dircular

c”. _::.nder. ‘Binee the tunnel walls are in the. J.nv:.sc:id flow fie{d

9'4‘
BRI 2

c.I.ﬁw:fie:i"l whaaa work fcsmased on transonic ' aptive wall testihg,

of the' aerofai;l., ponsidering only prassure “and inertia torces te . _
_find the’ streamllnes in- th:.s ;-egion ;ﬁs a suffigiantly goc:d-_
_ appruximatimn. R C;, L e 3 |

‘found that a.potential flow solution wag ‘adequate for subsonig..

Ch testing, eape&ally 1f. the:effects of aerofoll. th“icknéss and
" gcanmber were Eg;mn ,in@a acr:aunt by meana nf a- Zhukovs‘i‘ey
transfnrmaticn. T m e e

."7 ~ _;-_ra - . .- ﬂ o Do o :

hﬁemmt.a; '-.Zo-. .

‘S ' N S w04

_ Angle raund eylmder. 8"M
| E:l.gmta 5 1.. Pressurg dlat‘&-ibutmn about cylindef..“"l

Ty

i
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.al'\ .
r‘ve:my 1il&a,].y ta ha corx'etct.

- L
=

e

”;fa oy Thanrehical nnalyﬂla 5f 

Dunham“"’ found 'l:hatm the pressure '&J.stributa.on about a 11.ft1.ng\" L

ck\”imder can be aacuxataly pxadmted by, means af A s:,mﬁ;e;;',
; paterbtiai £low - analys:.s, CWitho drag being - modelled@as an_
. additional source flc-w‘ The left hand dgiaph of Figure 5.1 shows.

the meaaured and predicted pressire’ d;strlbutian ‘wbbut a h.fting
aylimder The dot\\e: are exper:.mental paints, while the splid and.
dottet JJ.nera are ‘p'_‘gdim:eﬁ pressure distributions cah:ulated with
~and withaut a sa_-_ o8 flmq in- the ‘potential - flow. ‘model,”
respactively. h

,\?L&tmua shuar, or segparabmn) the straamline ahapes preaz.cted are
'I'here is onew aifferenae between the thearet:.cal modqel used by

nunhém and the one uaed .in this reseaﬁch. _Whereas punhian uses
empiriaal vdltes for 'tha vortex, Cyr gnd source; CB, strength, as*

{. pe seen that ‘the solid ling mat‘.ches thie ﬁ
fxperimental" po:.nts almust perfgctly. 1f£ the pressnras c:an ‘be '_
“matched  so clc:sely in the vics.nity of  the model, it -is- v‘ery
. likely. that the fa:: flow Ifield pressure predir:tian \«r;.:l.l be. very -
aecuratea In. ‘othear werds, if a ;mtantial £flow madel 15 uaeﬁ that

h’“,' i «“*‘anas inty accoufit the effects of Lift and drag ' (cauged by

gn.ven in the ri&ht_,-haﬁd -graph of. Figuxe H.1, the strengths of

~ these elementary £iowk used in ‘the p:;-es.ent reseawh is based on

theoratinal consiaeratians. O L

Suppos% a lift:.ng bady of arbitrary geametry is flying iﬁ an

real, inccmpressible and unconfined flow f:n.ald.:: If an maqinary

boundary is drawn around the body suchithat’ it is in the inviscm
ﬁar flo :Eield of the bady Bt all poinks, ie. nat pass:l,ng through

. a regions with notable” viscous forces &xcept “the wake, thHe only,

evidence . to be found o'.ttslde that boundary that the bady A8
1ifting is & circulatory flow of strength. Li (pU) 2, similarly,

'« the only ‘evidence that éan be found outbide the bourdary that the

e

body has. dray, ig that the unifarm flow :E:.Leld has bedn ﬂ:l.,&;placed
Cto an@w _for the slower muving wake: of the bedy. * Thisg
displaqament is the same as that created hy a suurceuaf S‘Er’engﬁh
o, (pU)W in an inVJ.SCJ.d £low ﬁie‘ldﬁ AR R “”

.-“ ] . - . -_ . G -

These two ‘bbizer fl_tmns are still noi; suff;u.m.eﬁt ‘o desumbe the

Cflow field completily;. since the ‘geometry of the. btbdy wé.‘.l.:l.Q
influenca the Shape aof the streamlines, iea the circulatory and.
| semrce aff\:;gcta are distributed. At very great d;i,stances frow the .
hadﬁ‘, ho‘exgver . the f£flow will be fully &afinad aince the sffect
.- &F vortex and source digtributioh willkbe zero. as a raaul’c of the
J.lr nai:ure c\ the twq elamentary flaws. RS - O
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: regresent thé mcadel drag, and a vortex tu re*p;:e

B ’__'-add;t:tbnal* sourcze.

5.1.1 Potmial Flgw o '__?"Q G e

| F‘m: the present res@&xch, Lhe geamatry of the body is knbwn, and .
:i.s eaamly represented by a daublet in-the freestreﬁm. Sirnce the&‘_
: nal wallg are. nbt w’ﬁ:}{ (;clnse to the bcdy, th:l.s representation e

_ étreamtgge shatpes. ‘:Ehe cylimier is therefore represented as the
- sum oF a3 ‘doublet to represent” the model qeomatry, .-._a_l saurne to

A {'_aramche“ﬁiﬂ“, amongai. othars, g‘ives a detas,}ed dam :.on of the-'-
T r{/ " conggpts of. 4he streamw—functiqn, +the ‘main- results now’ haing A

o A velterated. Streamlines are’ represented by ‘rines of, cnnstant

S streamﬂfunctlon, since there is gmi flow acraas,, ) .atre;amline.n

oo, . . *‘!.-."-,..';'- RO LI
T B . £ . . K

5 1. .1 Elemantary Flows
ch the uﬁ:l.farm stream, ~If is qn.mgn,a lé}'

!: _.’ i . . .- . r u .\5 _. 1. (x‘y) ﬂﬂmw | . . . .r‘_ TaT K

'-b-_ ISR -

For a source c:antrad a*l: the orir:ﬁ.n, ‘If is givefi by
. .. -{;._ *(ﬁ,y} —_g.a_xatan('z} +a : -. ..?_ . ‘

; e : S s
ol o e .. - R ) "._"crun"

T e EF v SR
t , s 8 - . ’ Lo = L

<= ,_ . For a line vmstex centréad at. the crigiﬁ, ‘If is biv'en hﬁ

p _ ._ o *‘x’y) g_ﬁln( a+ ),H;- g Q r ‘5"“

L o DRI S
i _. y’.-.‘_' ) ’; R Q‘ . t;‘-?.- ST S . uﬁ o ,G .. L % 0

[ JV

oL -'J.’he streammfuncm;m :ﬁcr a flow consistmg oE all fcmr tha'

°'e1ementary Elows listed akove is merely the sum of  the- ;
SR st¥ean-functions. For a atagnation point at fos @, in.. to obt
t e v v a elroular streanline vaarresponding ta the alpaedbcircuit T =
e T '.'!.t can be ahawnuthat: . :

. . T LT
- . . . P

T A I
- — mo P
.. : ) Y

Fo? a doublei: cent:red at the éi’rigm, xxr is given by

e
i



h . ; - qum,---pcrzd% o sy
i ..i,_  ;hA:5¥ ;;?h4- i;ﬁﬁ;i*'iﬁ [“iTF:.;*'#w-; wf5;h ”ff ?  ff“3f\ff“ff
. Q; at s ‘ e i 2 c K
.__,_ :._; " Since &% za“ the §ource strength representing the- cylinder arag,,._;.;
i . . .. oL _. . é. . A - - .. ) .: ._ . .. K " - . . . 4?__3 n . - (a ) .

T S . . .
\! R g .

CLoT L chever, since the sourae repréqgnts tha effactS-pf bnth drag and

0 'jﬂ{;‘@ “fluid additicn, -an additional’ +e§m representing %1uid a&ditiuﬁ’

Lo T is added. Thimhtarm is wrztﬁfw in ‘the same units ds source .
.~' strangth,0i -fluid added per un;t span.-Thus qhm is tha sym- of
Uy ANA Qs the cmnplete e,quatlon };'rrﬂ aoux'aa strengtl& being‘

'-glven by e s e e LRt ---_~&;__:3:

: c" LT i : FRE

TR

N

AT P I SE L ooy B - TEam
;.CI .o ’ T L Ty - L Soenl ol T S - L - - o . "_°“_5_ -
-;.r, . o a' o N . . )

_ _”§£; wﬁere this thﬁ ‘net Vblumatrie flaw rata 1e§ving tha slots of
 df_;£.,3._ the aerqgail and’ b 13 the aerofaml Wingspan. e T
e n : X ) E 't:o - W :

: 4° The comblned stréamufunctlan is giveﬁ By"-*”

oo

et \ I ﬂ'"&w “mamtﬁm‘z) “-&'—w*—*m(w} =c tsn.m

.: . Sh -n . . . W oA N
R I . . P - e . o o : .
.w Q . . BT 0 . . v o _U___':-." S a L .

{0 o o 3 v 5
F .._:: ._“;: whera Quﬂt #aand k are taken frum equations 5 1&, 5 5 &nd 5, 7 ﬁ%;
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ot 5 _ 1 2'. A e%n s Raphson Metlmd o .
In nrﬂer spJ,v'e ﬁze canstant st::aam“-%uﬂatn._ m fm: y _-:uq
_:|.1: is necessary o - usg a. m&merma:g nmetht

waAnnot: be writtﬁ egplmz.try apg;.ying-_, _t:he ‘Hewi:on o -___Raphsqn :

._methgd %m: the. _selutmn cf tﬁé g:oots af 'eqaat‘i,nn" 5,1;

el g
3 JL {(xA-yr Im oA
E%}(z. _,,._h 2 aéx*’*sr=?;5° 28 (:E‘f‘i

'I'ha fina,l value of ¥ is o%tainedEwhen e ‘giifferanpe betwgén( -

 gucdessive apprnx:.mations of y "":Less than hi ‘bertam ur:mr J
| tglezahce.ﬁ LT e

S T i e
-
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5.2 Dimensional Analysis

flteny STy R
. _{v[ﬁensmbnai analysis, using Buckinghamps s thanrem, was

"'hf;ff Tahla 5.1: nepanﬂent aﬁd indapandentﬂ"ariahlasa@fﬁfj_V?fV:ﬂ"'$ e

'ﬁﬁﬁiﬁfﬁ f_ﬁ;égﬁf._;+g,fi_;;§i;3:”;ﬁ¢_ff:alﬂ,

& uomantum

perfprmed to°estabiish the relevant dmmensionleangrcuplngs to
".f &d in the ‘reduction nf the fast. data. Taple 5.1, gives 8
ELles which gauld affact the ﬂata. They are. the aercdynamla

]ure,ﬂslat flow rate, alr d‘g
ss| ‘of the wmodel. The latterﬁ_
'endent,_ leaving tﬁe~ uthe'f

:1ty, tunnel VEchltY and the
“varlables ‘Were taken tu ge”
5 variables asq depehdent

'fh an@ time, fﬁw Y gh variable aré g&wen in the tabla.

R 1n&ikgs relevant to. eac fVar:lablé are élven ﬁelow the vaq&ab1 ffﬁ

{7=

Force Momeni Power" 1 Pin ;fq@;[.*u:;p=

L

“Bach’ “aapendent, Variﬁbla aan be. ertt&h 'ass a dlmensionless :”.{
parametef, P .
below.]ﬁ_

p@&@ﬁﬁ@ n*' ﬂ&~;.¢q»a~m-rmw
Expgnebqts Qf H‘ l + a :..“.' 0 :.‘__ .' _,. .:_ | : .. . .- . : :.'.'_'_o.:: J
_ Exponents of L: 1~ 3d+'b +—c - 0 e e T
Expananta o s - b ST e - ‘ S e ..
" Bolving for a, b and ¢ Yields as «1, bi= w2 = S B
Thns ﬁ}-—-Forae/(p IF dﬁ :3@ S L

ﬂ Ub dn ezmo Lﬂ mo Vo ;, ?\ L j j
Exponents of H* iR + a of e ;:f3 A L S

- Exponents of Lt 1= - 3a 4 b * oEg e e :g“'”_?l';::' S

. - L e S R I

Exponents nf Ty =2 « b 0 7i?-'"'w@7 S ““ff'k Lo ’ }¢3_"3 3_u=
.Bolving *for a, b and c ylelda a = <, b= -a* -—-o-z. IR RO
‘i‘hus S Homentumf(p: v dz) R o e o




Tree o PRI AL

- :3*31?1?195 for.a; b a'nd o ‘ylelds a - -:L.
B gnus 71’4 = ?ressurai(p wy S

L __Wlumetr:la Flaw Rad:g
U =MLt

Crrhowe 3o “-L" b
f__'f-'__..Eacp{;nents’ OF M: & . RS
;Exponent:s af L' 3 -a3a + b\,+_¢ =0
salving :Eur a, _h unc?f o2 Yiélds 4= 0: b-—-.""‘la o= "2--_;-.
'"‘*_.'_"I:hus 5 = Volumetria Fl

(
:‘.\ i1

] moxiel confi&ratwns. Y

& -
By

i - ;_chokmg a'!: ‘."l';c;r« m, and 'rrs, :.1: can be deduaed that pawer “is. thé R
> produet  of pressure and valumetgm Flow-rate. Iridedd, - for - .
- Incompressible fluid,. this is B80. A @msmnleas@boom pover. wan

".j;thus bé vbtained from the pfqﬁuct ofiboon _pressure And booit flow R
. rates It 'shall be seen in. Chapter 9. that this is quite,a useful
ﬁ : _-'parameter, since it can hé u‘éed i:r:r campare the merits af variou& L

Jeferwdy -
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- __j;{ ._The 1ift and
o of the, ca%lbr_
G -«’_ 1500 f-

SRR Tb,e pressuré’ ‘&S:ansducers have an independent 11nea:r:1&y of 2%

___}r:'t- af the” calxﬁr&t&d spanu 'I'}'.l&j

SRV -5 %nd pw"me‘h- calix;srat:aﬂ“.--_far a -span .of. 2000Pa,. 500@& and

- *‘“‘*%5 008, r%sp%ﬁz't:ively. : The ‘maximum uncerta:.nty dn ,,t:ha mrt;mta of

- the  three ‘Eransaucers; 15"‘“ thamfare 4Pa, :LnPa .and  15Pa
.‘_raspectively. ,/ e s .

Since the analag, readlnga of the i:ransduc:ex:s have ta bﬁ q;;ﬁﬁverted

R

th.ree prgssure tr&hsducer§, 1e. ‘,pﬂ _-

oy ke djgital vgluessbefore they can be prucess ﬂ,ﬁ_ the raédiutiun o -'

.s_'-.;.f sthe /D system muaf: ‘be, found.- B‘or a 0 =10 inpui:, tha A/n
SRR - - | generates a 1P bit dJ.g'Ltal uutput:, 1mp1y1ng a heselution of
1"part in’4096. However, thé trissducefs output-a current gignal

ranging beisweaﬁ v 3nd’ 10V to be. aonfpatz.hle with the A,l,l:“* card.

R ‘ramging between AnA and 2om, which ‘is.converted inte awoiﬁage\

B %L, 7he gimal, rasqlutia of the A/D card is therefore only 1 pare i;;;"_

ﬁ\af the remluta.on of the A;nﬁaard,.- T e T
= f\ The span aqg mhord the cy_-'_indér can be measured accuratcly to"
L e withiﬁg‘o ‘DU‘DSm, and i_gzn::_e__s_,___

. _;;.
(=3

R \_Usmg Ab = 0. onos &c‘f = 0 0005 b 9;5 and a = 0 24 yields AS‘}S
= G 6035. e R F A R : . . o

‘?' 3. o

- '- ‘J.‘he dynamc tpressure J.s obtained dire.fctly from the tunnel static

_ ._-_(4f5x40961, e, 1 ;;lrt in 3277, or.0,03%. $inge this q:escﬁutlon.__};
 is  smaller than “the uncertainty 4An’ the autputs of the -
- transducers, - the ac:curacy of the measure.ments is nnt. a functian_ﬁ_{;,.:'- o

b x ch the uncertainty in S can be

prBBSU}'E; therefore the. uncertainties in dYI“amlc and . ta'h:l._cs " e




M e e e R
i DR
v

= '.{“.i_o 012% m& = 1.8 and As;s_'*-

._____=_'j-'.t‘he drag? ceeffiment aaﬁ?'ba written as

_i-'__,_i";_';.'rhe max:.mum uncertaa._nty in & will be obtained at&e, i:he lowest
' ‘measured ' 1J.ft.. which 4as ﬂl = 3 or L = 31. 25. Us:.ng Aqf R
04 0035, y:,,valds Ac;fcn ='0.064 or 6: 4 o

e

. f‘."’-‘:’.""‘

 The maximnm um:ertamty in C.: will be abtained at t:he. ;ng

. "_.-”_'_measurad arag, - “which was ¢, =0. 4 or D= 12, 5 Usi:q " q =
| 0.0128, AD = 0.6 and. Aﬁ/s = oﬂaags, ylelﬁs Jmc,,,zc‘1 = o 664 ar 6,4%‘. S

. ,a '9?)-

'-""-.'_'_The omfa.ce flaw rate can he written as " 5

'_jfwhere k incmdes the orifx.da coefficients.

'_01:




s

| IhE slat size'-.f-c.@
;fsmallnét slot siae used waﬁclmm..the uncertainty 1
u;Uszng'AQJQ = 0 029 aq/q-w 0 0128 and‘ASIS wﬂo 0&35, yialaau&c;[c

 :0 anﬁ_thﬂ ﬂrrar in tha arifice coaffiﬁients are estmmﬁted tn be  I:,f

  ﬁh5diQt1¢!1whna1YBi5 GSIV-

T NK‘ NS

e _ _ typzcaily 0 nm/s, ”ﬁﬁ:
respﬁndinq ta ayﬂszgngntial presaura p "180Pa. Since Ap =

u' o

n-be ﬁeasured to. within a OSmm, and 51nce the b
/o s 0.95._“_,ﬁ§

ol l, .

: 3 el e 0 .. e

_ }whare 'S is a calihrati&n aonstant, The & aert%inty 1n U can be_ﬁfLT
'r_gwrltten as AL ﬁ N _ §

'__" . - b S

a0 . .




'Vﬁf5¢%m-o&ﬁ Aq/q = 0gie, A
} :_yia1da Acﬂmjcmm =y 0 gq7 o? ;; jxﬂvn

e '*J.‘ha-uncartaini:ies in éom¢ nithe calculated.quantltms is high,'_z.- o
o w 5ou1: it must _n,é rememhersgd at tha valt:es gn.ven ahave are the .
. "worst casel “Readings ta:};en : at ‘higher - tunne-l velocmty, with %{ff@
0 : greata—r,,_lif’g and:: alat mope .:__um will have -3 :wae!r uncaxtainj;y‘_. AR
_Since almost - all \ﬁtha ﬁ_ﬁ (A | were g:ompq;%ive, “the, absamt B
':_ - accuraey oi mea%*a ?emEnts -e-ss cntmal. "(.r '_ e e
Tl g 'rl';e L';xrge uncerfhinty 4n T:he li.ft and. drag caeffit:iezém 'ca‘i*?bha“
RN ."‘_-attrn.huted torusing load gelld that hag’ tpn great 4 “span. ‘The'.
. laFge uncerti.dty in the pressure’ rﬁﬁateﬁ quantities, ‘especially
[ . %, . tunnel. gpaed and orifice Flow. rat%f‘}‘?i. % 'béaptributed to thesd
Lo square-roat nature of *'hgsa quantities.” 'ven though the spar of
.o thetransducers was compatible with tie magnitudg of measurements
S, 0T T taken quantit:.es of low magmtu&é ‘had J.nherent"*unq:ertamty due
P e e t‘:'?a very nature -5 t‘he measuring teg:hnique, iei-t:he omfwa
S plata or“prl:ot tube. RN '

s

A S .-laa& anc‘t pmasu.re réadi%gs ‘were *Eaken ai‘. the stant 6f aach tést .
":{E?_' o '-'these wvakues. be:mg ubtracted - from subaaquant aadmgsa “fhis .

L procedure ‘!:ands 40 reduce the uncertqinty in the measuredg'---.‘_-.:
quaﬂti*ies, but. s_alfficulh to predipt by how much._;”f;_,J;g:?f
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6 Ca‘hbratmn of Eqmpmeﬁ.ﬁ N

the calibration. ALl camputar pragr

T

|)

’ jnue ta the unaVailabllity of & tahalﬂhead rake, velnclty could
. not be measured similtanéously at all\3g stations,. therefore it
. was therefore decided.to measure both the locsl dynamic, pressure - .
- in the test section, as well as the tunn%l static;prasaﬁ}a at the -
test section inlet, The ratio of the dynamic pitot and static. =
. tunhel velouities yields a fiseful hormaiized parameter mince its
.- magnitude .is not dependent on a tempopally constant. tunnel 7
©.wvelogity, a cnnditmnn that wbuld be veryﬁ-ifficu&t to realize,];z'
- ainge the acquisition of the 36 rag@ingsaﬁas effeatadenver a
'-_;_perxod of apprnximately an haur. S H_ ° g T

R The 1ocal dynamia pressure was measured using an E1llpticﬂhea '
o pitob tuhe in the arrangemant shown in Plate 6,1, The tunnel
g'istatic pressure was obtfined from.a ring of 8 st&%ia.preasure
;- teppings at the test segtion inlet. Due to slight variations of -
. tunnel- VEloaity wiﬁh time (suspeq%ed %o be due Lo local ;aminar  .
- flow separation nacurrlng at the very farward edge of the 1nleta-

"
-

ﬁaglahratibn cf'Bquipmant 555. '“:

: -j:%The confidanca wﬁth which wind t nel d@ta can be preaented*zs;;;,-?
5“”ﬂ_dlctatéd to a large axtent by How carefully the entmre test
o faclllty s calibrated. Ty ensube the repeatability and accufacyj}g_ﬁ;
'-%.cf the antire wind tuﬁnel calibrat;an;“_ R
-,dedicated calibratian software whish w q;d am& the bperatar fn-;gij
. the calabratipn.af the funnel. The use”of this software relié%es-a*fj.
.. the tunnel operatdr of khe tedious task of remembering details
ot %he .calibration procedure, since the calibration: software
. ,performs{?ll the ralavant measurements and. meraly prompts thﬂz;'a
o user: forany . external 1nputs when these - are, requlrad., Tha = -
' operator: canzth1'efore cancentrata on other Impartant tasks puch .
 ';&5 the qualitat_ -3 abservatlnn, P laoklﬂg anq“lletening fof
e irregularitigs, “_'
O mpntianed 1ﬂ this chapter can he found in%ﬁppandlx F.

t was decided to dsvelop e

6 1 W:md Tunnel Cahbgatmn T o PR
6 1 lTest Sectmn Velcc:ty Tl‘averse 4 A ,
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R T L T canbration of Equipment sa e
e L e R
e _;___cantractmn] . it waa dem.ded %o r:ecarﬁ,, valoc::.ties at ‘each sta.tmn ;
S et over @' relatively dong. periad of 60 seconds ﬁeaawefr@hts being”‘ R
1_."_-i:aken at intervals of 0.1 ssconds, -the ‘large number of readings, ,,
A b&:mg reqairad ta get an :|.4:1¢taaatn af the teraparal var:.atmn uf the
. _'_-"'_-flow velncz,ty. SRLI S D g L e s ~=

S I__-__IFigure 5. 1. thraug}z ta Figure 6.4 reveal some typical variations B
S LT of - pitet velowity, tunnel veloaity and . their ratia over 80
oS ”'_;aeconds, for 4 ‘different transwerse 1ocaﬁions..0n1y these. &
e velooity traces are shown because they are indicative of the type =
SR af variation that was ﬁhsarved in all the athar velcnc:l.ty trﬁces..-_
R 'Tha ‘random - veloaity variations, probably caused by  flow
- T meparation in the irflet cantrac;tmn, uam?f se.en qwi.t:e clearly - -
A * - from-these curves, It is. ohserved that, t from periads where SR
0T the ve.lacitm suddenly decreases, wt.ha tesi: sact:.an velodit:y yoo "
-_'-mm{nanﬁtf constant with -l:irma. o oy e o

u‘*‘_ . . .

- -seconds, and Plotbing it for all 36<ﬁtaticns, yislls zi':.gum .5,
7. - This plot shows the transyorse variations in the test section :
Voo mlmity ratio at four different. verticalop:ai;tians (2 = <0,15m -
P i ta 2 = 0015mY and it csan be observed that the greatest @rari%ticm I
O 1= only 0,5%, 8 dguite accaptahle levgl csf transverﬁe velacitya -
EEE ”;}variatmn aacorﬂing to Pape and, Raal“’ 5 ' R

3 L oe . :-Taking t.he arithﬁatic average af t"ua valnaity atm wer GOj'
i -
H

- ',J.

T . S B R
U 6.1 2Test Sectmn Flow Angulamty T A R
e ' Due ta the limitedﬁ time available for calibratian and testing '
. the aﬁgular:.ty of ‘the test section flow was not maasurad
- _qu;mtitatwely. Hov}aver, to btain a quick indication of the flow o
. "'3“angu1ar1.‘ty, it was decidéd to investigate the flow qualitatively. . -
o 7. by means oamoke £low viaualaizatioh and the use of a tuft grid. -
© . Smoke flow vishalization hifited-.at the passibility of ﬁlowa.- "__"_.
' separation on the left igand (if viewed from the front) ower lip-°

R
A

B el PR, R W

; Q -7 of the inlet contraction. This separation was due te & Burfice i
i o . curvature discnntinuitr, caused by a manufacturing error, on. ’-‘-he -
P -_‘-1ower: éurface o?f tha iniat cantraction :m that regian. _ a-"_'-; RO
| » ' s e PR By
[ -3 S !I‘he t:uft grid investlgation cayfirmed t:h;l.s suspiciun ﬁinca the .
SR ,‘r;' - \,}-_ Flow was generauy wall aa.ignea everywhere in the test seativh,

o NIV _except - the shnrt periods .of  tunnel speed instab:.lity-o .
s N ~ Plate 6 and ‘Plate §,% show the tuft-screen from two different . = '
f IR perspectivgs, namely, vfrom ai:'l:har side of the in)et Gont‘-?ﬁq':tim‘- "y
R 1t Plat.e 6,3 ia carefully studa.ed the inareased anqularitv g,n
) 3 T b .

] b L
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; the leit hand battnm (if viewed ﬁram tha frmnt} norner uan ha&j_“
. observed. ‘During periods  of speed- instability the flow was .
- obierved to have large and.unstgady flow’ angﬁlarity ix the. 1owar_;g'
- left -hand req;nns of the tast sectian, this observation: beiny in
e ‘agreement wfthzthe evidgﬂce of. the - gqggam temporal valac;tyaf;f
i fluctuatibns in the teat saatloh velucity traversaa.- : S
It was alsa noted that the tnfts wara very wali aligned and':;
steaﬁy as tha tunnal spaed was @ncraaazng, ‘e« when Wne tunner*ifj
drive power vas , increased,® fhe oppbsite Yeing- true'.once the -
. tunnel Was slowed dow: This indicktes fivetly that it-is inbeed
- the inlat eontraction that®is causing part or 41l of the tqnnel. E
temporal instabliity,‘and ‘secondly ‘that ‘some smallfmodifiaation-;iﬂ
of shape at the inlet front: edge may. be, all th@t is raquired to.
nhtain a- sliqhtly more: favourabie prmsaur& gradient in regions .’ - )
o ' af separatlon. It should be nated,that the inletali;Fwas deslgnedf-g 
SR Ff radiug . to - simplify manufacture,  but . frém an:- agwbdynamxc;; -
SR fﬁi of view'this 14 not very favoﬁrabies The “fack: that uq}y the
o ; :'_: bottnm 1lip sSeems tQ be: causing trnuble is cnmfcrting, since ondy
7+ " this ip has“a severe surfdcd curvature diaﬁ&h@;numﬁys If all .
L surface curvature discontlnnitias arg removed, ie. with' tillbr, S
noo grinder and sandpapar, the tunnel %amporal ;nstabilzty could be - -
. '_ alleviated, or xemoved. If this does” not rectify the matter, a4
new 1ip may have to be shaped. The. 1attgr~operatian would.not be
tcto dif:fioult sinc:a tha lip .is not ° subgect to . any pressnrq "
e _lpading of hote,. and a simple expandad polygtyrens 1ip wuuld be -
S _'_' “adequiate, smoothness. of auxvatura and Surface baing'tha majc:f'
J ﬂ_'requiramanté._u,.;.{ﬁ'_-;_,- Al ;w,.;_____ T e

| 6. 1.3 Tunnel Turbuleng%Level S SR TR RV S S IR
'";;fmue_ Fa the - 1imitea time. availahle for testingm nu dzremt
. meapurements .of -the tunnel ‘turbulence ‘level were made, Apa =
. indirect measurement was made in one of the 1atan,tests ‘when the
. drag on the cylinder model, without circulation blewing, waa@
. f'measuzeﬁﬁ This test showed that the tunnel turbulence lével is
o low, which can be.expected aince.any (low) - atmusﬁneriﬁ'turbulenae
- level. at the tunnel inlet wml’ be reduced to. a larga. ﬂegrea by

_the high contraction ratio of the inlet: contraat*anw The full
]_d&tails of this test are dlscusﬁad in.Sectinn 9 2 1.,- et 9'

o

e N A . ’ AR

e 6.1.4 Wall Baundary Laye‘r Correctmn

_ ‘The effect of boundary layer growth on all four walls of thér tests
ﬁi'jsectlon ig acaounted far hy .the . diaplaqement of the twa side ”';

{f D T T S T T

R
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regicm '

unqla,a, G»aaicrek aﬁd Swaffia:tdm‘ to he

L en :a._:_;- LB e
T

cai}butian mf chuipme:ht sa e

wgl;l,s of the test seq‘*{l{inn tn obtaj.n A zem lang:.tudmal pre%sure
* gradient down the 1aﬁqhh of the Upst section. It is agsumpd that -
- the tast sebtion. boundary layer is’ turbulent,- anci, that it ds.mol
sera.‘bualy d:.at.cartad by pressure: ggadiants ‘craated by the model..

< Thiag is |

Blasnis, For a fq'l.aw ~with zero pxessure gradien’t 3.5 g&ven bj

The buuﬁﬂary 1a‘yer displacement thmkness can be calcufated uging
S “tha followiny equaton from Hﬁarmrﬂ” Fm: a turbuleni: rboundary
S 1ayer, Prandtl’s powarmlater q:.ves n : ?.- e T

&‘% {_—_—> / R ts,z y =

N .0 .
L. ng e

1-!-1'1

. - i) LT T o .«\} . @ o
= . L Lo . : L . . . . . .
fw . R o

reashcmam% assumption since preséure-gradients. in-the
4Ne wall caused by Ehe mad&l wild not be tvo steep. The -
tupbilent boundary layer thickness, as suggested by Prandtl and.

C

'J:‘he £inal bnun%lary 1ayér displacarﬂént thickness equat:.urp fer the e

tunnel Walls :{:ggiven by._ _ R Yy o

AN

Loy -

- . A . s . S T am .. Caooo
£ a. - L oL . . o TE B B R

6"“50 0462511{;:-:-3) f.E_J__) 5 L o e3)

‘I'ha boundary ‘layar equatlorf tmntams two cnﬁsta‘ g, namply &

magnii:ude coéfficient &, and a shif hvalde B,
‘coefficient accounts for tlga fact that e. side wall

“the ﬁap and botton walls.. Fori% test se

test sectmri._.. L e
o o e ur__ .

Using a multiple tuba alcahol manametnar, 3,1: is passible ‘i:c: v::hu:u:;;-.;h,éI _ _
values for the" two boundary layer coefficients for each tummel
pead such that the  longitudinal press e gradient is zero, .

e wagnitude

g displaced

%o aceount, for- its own' %uundaw layer 4\1‘.\ ell as that of kalf of

: ‘with an aspect ratio ©

? .""; (width to height) of 2, this aoefficient hould have & valde &Ff

5 _'3 , Since the turbulant buundary 1ayer 32;% .
ylet aontraction, and_not at the start 6f the test seetmn, as .

shitt value is. :mtrnducéa to indicaté tne apparenﬁ: start o:[: tlw6 C

te somewhere in the . -

' Varying the magnltude caefgime‘trt allows the general slape of the

g .

1angitudina1 pmasure prafila to ha adgust?d, whi 1a°ad3usting the :




~'”',':_shift c:oeffic::.ent: allows the shape, ie. t:oncave cm ccnvex
.7 cyrvature of the pressure profile to be varied. It was . found tha%
e magm.tude coefficient of 3'and a shift maeffmz.ent of 2 yielde
B .-_’_-prassﬂra profiles that f#eré botﬁ fiat and. level - HLL tunhel
S Bpeeds, | The magmtud.n x:neff:u.ment wag ag axpecte ~and ‘a shift
SR caefficiant of ' 2' indicatgs that
. starte 3m ahead of the test: agction centre, ie 0.25m allead of the™
. test sae:t:i—.ﬂn inlet. This makes gense singe: t".he boundary layer at
" the tunnel‘contraction exnﬁ’c would be thin, or,in other wordg, an
o equivalent inlet with a zera longii:udinal preé‘sura qradjaent &ould
v beivery: shart (O zﬁm) « The fact that the two: bounda.ry ],,ayer
e maﬁficients are the same for' various tunnel speeds is a%sa-ful .
S -;_'-.iflnding wince it meand that the tunnel wall boundary layer can
. be acaoﬁntee for wi,t.h only twa ccnstants m a simple equatign rfcn:'
- all"tuhnel spesds. Plate 6,4 shnws a: typical wall. pressm:e
o _'dist.nbutian after it has been’ currectea. “There is some scatiter:
“in the reaqus which /ﬁ prabaﬁly due. ta slighj: wavmess in the

o -._"_of 5 m/s. Figure 6:g8fowe i |
e _“;_n,._j._-tunnel ‘yelocity: (der ad from tunnal statz.c pressure by the

0

18 tu‘rbulent houndary layer

'-Onca tna teat aactf%g bcmndary la,yar waa aamunted for, tha
tunnel was ‘calibratéd for speed. This was done by measur:mg the
. tunnel speed at the model location, ie, at the centre of the tept-
. section, by means of an elliptic head pitot tube, as wal as the
“tunnel atatic ring pressurg at the test gection inlet. Readmgs

were. taken for veloc:itn. 8 rangmg from 0 to 58 mfs In J.ncremen’hs

Roull:. equatinn) B J,east squav&s linear regressidn was .

per formed: on the data to obtain operating constants ‘for the
. _--tunnel softwaré. Figure 6.6 shows that the data has very litt:}.e
o scatter, and that a .1inear flt is auff:n.c::.ent (standarck ﬁaviatm’n

- '-mcarded the t‘ranaducser qutput for aamh patentiometer. R

"?f e RN ; | cali‘hriﬂ;i.on: ci:f ipmant | 59

ks '.3(1_
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_6 3 Data Acqulsltmn Cahbratmm - e
-6.2.1 Position Transducers = N SO
" The 52 wall pomtitm transducér:g (potentiometers} wera ual:.brated
with the aid of the calibration prqgram, WALLEGALL. EXE. -The wall

~actuator slides were :.mtiaa.ly moved g knowrr positipne by means -
- of an external power supply, after which the PC based A/D sgstem :



'-_Alu..-

-.:'a:.since b‘hare ‘are two »types af slmea, namaly thase ﬂin e:u.ther_f e

3 “Region I or. Region II.of. Figure 4s1,; thé calihra'bian &F the wall ..

. position trangducers was divided imto two' se.parai:e opgratfona.
.. . The short.slides were calihz'ated fne:r:st by pba:utmning all of thpm-._ S
T :'_,"_'coimidentally at. stations ‘Fanging £rom  Omm o 300mm.’in’ o

inerements of 50mm, Oxy:a all the slides were ina g:.van positicn, .
L ;1.!}00 voltage readings of each poﬁenté.ameter were recorded by tlm

fD syst:ém, the procEas bemq re,peatad un@il all the pd‘siﬂuns

. cgquares  gua

¥

S _{”'once the snnx-t slides haci_"heem calibrated, the ltmg s‘*li,aes wera
- calibrated in & aimilar fashion, except that the posit:.ong rangebd_. T

""-'-'fram -:LOOmm thrauqh tp 30@:@ m J.n;crements nf.' 5omm._-__- R

-

Onc.'.e the physical calihratian had been complgtéd, tha raw_-.";_

cmilbration Zj*ﬂat fc:r egth transducer ‘was fitted to a 1east_-;__:",_'_'-"-

c regression by iﬁha Cprecésaj,ng Program,{___'é';_.;':"_

 CALIBRAT.EXE. * This proyram autbm&‘tiaa;l.ly reads’ in ail the * .
, whlevant raw data files, processes the -data to obtain three "
! aaperating conatants for each ppaition. transﬁubcem and. ﬁinally‘-; s
-@tores the nperatmg constadts in the file, CALIBRAT,DAT. This . ..
file i accessed by the tinnel opefating software at tunmel skart

. Up, in order to obtain the calibratwp constants for the position |

transduaers. T IR ._e__ oy L
The raw calihrai:ion data carr ba found in the filéa IJPPER-UOO.»
' UPPER: 156, UPPER.333, UP?ER.EOO; UPPER,SGG, _ UPFﬁR.&.‘B!a .and -

"'-avpsm 100 . (for - short wslides);  LOWER.N33, LOWER.Nis;

. LOWER, OOQ, LOWE’R 166, LOFWER 333, LOWER. fﬁO, LDWER.EEE LGJWER 833' N
and LOWER, 10@ (fm: tha long‘ slide.s) '

6..2 2 Px‘essw Transducers s

" The ‘three ‘pressure, tra.nsducers were cal:.hrated independently N
using an inelined leg alcohol manomatar. The pressure ranges for

- the tunnel  static pressure, orifice differential ' and hoom :
S manifold preaﬂmme were 2000 ' 5000 and 7500 pa respectively. e

Thez preasure transducar calibratlon was aiﬂed hy the use af‘ tne' .

fnr 21;} knmm pressuraa, _usually twenty equal J.ncrements of the_.--' =
‘total transducer range as well as a zero . readinq, and then.

samples tha relavant A/D chiinnel 1000 times. -
Befora c:ahbra.tion ccmla cammenca, the signal amp]é,fiars af tlae_

. .o_
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:_?Bemg 4-*291:11; currént deviges, it was nece.ssgxy to c:hecf: ‘that tha .
-.__i;._ze::gp pressure Gutput did not drop below 4ma, and thak ‘the maximo® .
'prasgmra _readiﬁg did n,gt exaeed 20mA._ Addimbnally, s:a.nc:e the hﬁz o

(gg,nérat:ed by a 500 obm nbmina}s resiatance resmtﬁr} aﬁ the Airp
had ta__ he checked tc: aea that _xt-_d:l.d not ékceed :LQV.

ﬂ R . - _‘ cg;;maﬁﬁm af Equipmant ?1

transducers had t.m ba zeraad, sand adjuste _ for ‘-hhe carrect spam, e

;equires va}.tages in a- i}_lnv range, the voftage OUEpUE;

o

: .r;\.' -

-‘I‘he raw gallhratn.cn data ﬁcrﬂ the threa presaure 1;ran§ducers is R
ST sho‘sm in F‘.i.gure 6.7 thraugh to Eigure 6.2. & Jeast r@u_' res. 1;mear a0
L .-_.-.regresaian as agpliad to7 the raw. calihraticm\ da 8 byothe |
-V .pracessing prcgrame CAL‘I‘RANS EXE, *ylelding “two ﬂsperatinq
. constanta for each. préssurq transducer. From the curves ‘it can .

- be. aeen that the data has: very 1itt3{e scatser, and Chat a lzmea;'

S titcis. suffic:.&nt (standasrd deviationa of ‘3 05% n 04% and 0. 12%
'__:?respecstiveg.y) SR BN e \ \

_’.lzhe ravf ualibration d.ata caga be found in the f:l.les PRESQBL:L DA‘I',\. g
%, PRESCAL2.DAT and PﬁES(‘:&LS IJA‘I‘, while' the processed: calibration -
" % consténts &dn be found . in the ‘file CALTRANS.DATA

_hisffixe“”}

Sontains ‘hh& calihration \co‘ﬂatanta for’ ‘both- “he " preésure -

. transducers as well as the load c:ells, and ia acce.ased each time =
the: t.um'lal :Ls s‘tarted up. R

ga3ima PRAEIEHET N Bl (@

ke ‘load  cells ware r.:ﬁ:.br:ataﬁ i nsi-t';u us:.ng the halance)
dalibrat*ion rig shown in Plate 6,5 ahd Plate &;6. The balance iz”

loaded in the lift'and drag difectidns by means of Wweights, hungf' o

‘beneath’ the balance as shown *in Plate §,7. Multi-strand steel -
' cables (rated at 200 kg) tranginit the’ tension 1c:ads, via pulleys,

. from the weights to 'a column inserted into the kalance. The
: 'pulleys of ‘the galibration rig can bé adjusted vert.mally and_

_horizontally, thereby making it pbssz.ble tc: obtain tensjﬂn'n-__-.'--__-‘

. .._-prec:.&ely 1n ‘the 1ifE and drag diractions. _'

ﬂb

o Bafore caliﬁration could cammenue, it was necessary to aﬁjust the ©
. épan and zero se.’ctings -of the signal amplifiers._ Since the - -
-_'-::.amplif:.era autpui: a &uznm z:ange it was’ ngsuessary ta. check that e

- the signal did not drop beiow 4mA with no load, nor ‘exéepd 20ma -
- -at maximum load. Furthermcare, since the A/D measures & . V=10V - -

. range, and sipce the vesistor convertiny the current output to

.. a voltage output only has a nominal resistance of abau‘c 500 ohms, .
it was neceslary to nhez:k that tﬁe maxmmum 1oa& valtage at the

e
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ﬁﬂleasﬂ‘squares 11néa: regrasaion was app;;ed ta thaadata ta

L yield’ two aparating cor tants per 1uad ﬂéil._Reﬁkrrlnq t6 tha

calxhration _curyes’ e evident ﬁhat “¥he regreesions it well

fh-%ﬁnr both caaas (standarﬂ deviatiana anO%Qg% and @:27% for the
”'V;lift and . drag Load calxs raapectival?); and ‘that sthe unloaded
f;;.load cell in aach mase has a- canstant nutput thraughuut the‘rangﬁ
RN - 1oading. This indlﬁatas ‘that the two - 1aad directiona are.
"f*f'eomplete&y uncnuplad (somathind 'whﬁch ‘tan’ be ‘eongirmed o by
inspection of the raw. &ata..lt is natewaxthy ‘that Titre 4% not
- ogo much as a 1 bt variatxan {in a range bf 40954h
--;oﬁtput af the unlaa&ed laad aell._:._Qﬁ

pag iT

o - jThe prucaasing{pgag;'m is called GALTRANS EXE, and°thé~Pr0cEESEd

aj

s) in the  "”

/
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Bxpérimental ?roaa&m, 3 83 -

7 Exptenm@ntal Parocedure

__"sit:mn o‘f a sariaa nf_ data_ L
_=points'w1 " one Partlcular‘m“dEl 816t configuration. The test is
) _;usually ‘doihy at & ‘#ingle tunnel speed. To obtain data points for

" Yarjous tunnel speeds, it is advissble to run-diffevent tests. . -
R .._.__J._*I'hia is doneto’ avoid varying two indapenﬂent variables 1{1 such
S a ey ad “to msuit :.n a narmai:.zeui data pm.nt that is identmal e
_tq prevmusr**nes; . L - T

, P "';‘a
By smgle test is def:.ned as the ac;' "

| G e e ey
7, I Tunnel mltlahzatmm R \ IR
1 , Bwitch on all power supplies.q o 5=W'f“;3Fﬁﬁ{-;l[?jﬁ'r uf &
.. ‘Boot up the P¢ and run MATNBROG.EXE,. -~ - .~ ¢ o
. Enter: ‘ambient pressure and temperature. . ;'ff;'ffﬁwg]“gP
‘jEnterQerﬁica diameter and slot thickmess. -
.~ Bwitch on the wall suction fan before running the tunnel“;”_
o 'ﬁ-ariva tans. If this is not done, ‘the . flexible walls eould
L get damaged by getting sucked into the tunnel s
6. Switgh on the tunmel drive. fans... PR =;'-'u' e
” 7 ‘switch on the cC blower, . T
5 -

12 Acquirmg data e a T
'fu 1 Entef the 2 predicted at%aam1¢n1ng parametera, le. tunnal "
o spaeﬁ U, ¢, € and slat £low rate. Q for a particular data . .
. pointl If thésa are’not predicted corrdotly, they dan be |
. altered: in successive iterations, -T’l@ walls will- be -
~ positioned td the gorrect shape and real-time ‘measured
s+ Vvalues of U, c“ €y andXQ will appear on the screef. ';j.. Lo
2 ' The tests are usually dane  at. constant’ tunnel ‘gpeed, -
| “therefore adjust the tunnel - drive fan apead unkil 1t::7-
o makches the streanlining speed. o
T'ﬁaj;_ Adjust the ¢t flnw rate.by means uf tﬁe diaahgrge damper at
o the nlowsr exit. . S N
W 4 - If the predicpeﬂ streamlxninq parameters matmh thé méasure&-f'-
’ . values of tunnel speed; ¢, C; a AE slot flow rate, acyuire
i

s wm

‘ the data point. If nat%atreaml the walls. agam w:,th an"
updated set of: etraaml:. ing par tera. s . g

E R - . CARE 3y




7-3 Termmatmg atebt SRR R St ; IR
SRR S - onee’ “sufficient dad:a ;goint:s hawe been ‘_cqui:;ed fm:_;a test, EAR
Sk .iq\-lit the aperating program.. .. L,
. 2 Switch off the cc blower- and. the tunnei c;a‘rive fans. L
SN __fﬁm the tunr;al flmr has stoppa& smtceh off the wa:z.:l."
---f{_;'uctinn fan. PR 1 T
If further: testa are raquired g'tf aci:mst 1-.1;1& muﬂai ,4 etc. When
- __.rurming ﬁAIN?RGGnEXE -again, make. . sure the - floWin the .
g0 W Ttunnel hes atappad colﬂpletely aince ‘gero. ikt and drag' o
e raadings ara taken whan the pmgram is :Lnita.alized. e
w B IR ne further ‘testa are requi:;ed, swiatch c:ff all power’._j'_-'_'_“-
T j"'-.:.._-'supplies as well as the BG L
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. '8,1 Adaptive Wall Wmd Tl?mlel

BT Wall Streamlmmg Strategy

}The streamlining ‘data is yiven gor twn dmfferant. tuﬁ‘hel spee&s,i-."*
. Land can he ‘seen in Plate 8,1 through to. Plate 8,5 for a tunnel -
- gpeed 0;‘ ' m/s, and Plate 8,6 thr
0
i

o d:l.stribut

. "mahia'-?é;i: chedule of tmsts“.. ool T TR

!

oot |25 |70 1o,af- {240 J275 |2 j1 J1 o fr fa

oo fss | o p p ol b
" lcoa [35- |70 [108 |2d0 [avs J2 {2 Jz {2 Ja |
deosfao f 1 1 T 1T 1 “;i,-;f;-f-%ﬂ"‘

ho o Results 85 .

8 Results e T

speed of

o

o Tah‘le 8 1 shnws the tests that were perfox;med, J.n tha saquance." o
- they ware performed., A:Lso .shown. are the tunnel.: speed,
_locations and’slot sizes. @ is measured fiom the cylinder leading
o .'edga, havinq values ranging between 0° and 180° on the eylinder -
_ suction : (upper) surfaaaf “fegt nusber 26 :Ls a ﬂrag tes*i: at: tunnel.- o
- speeds. rariging fmm /A:’o 55 méfs. L e

. "

‘No | U e, -'ezj o oo, |

) m/"_'s- : de.g deg dag '

‘foo7 |25 |70 |1208 Jud0-la7s 3¢ |3 fs ls a2 |

009 |35

S N )

roygh to Plate 8,9 for a tunnel =

m/s. The plates display the measured wall pressure
hs by neans of a multi-tube manometer connected to. the -
. wall prassure taypings. Suparmposed on the heasured Pmﬁsu’-‘e' I
d:;strihution is g predicted pressure distrihutioﬁ, represented
by the. multi-colnuxad curves. ' o - S SR KAR

fi&ZTmmanCCCWMMa*_ .-ﬁ-f;jé~”} “3€ "
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Data ézs prncesged by ‘the el PC hafare. it e

“The unpramesseq data 1ig stured in. the . safhy file; ,.
preaented in this r@port.aﬁ e processéd data i
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: Wall pressures U=30
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SN f‘ba PO modlel the dbag-as a Binq:l.ay o mayhe even . diat.ribuﬁ‘ed, :

e

.

D:lauussian mﬂ

raferreﬂ to ag the upﬁer wall foﬁj unvenier@ Similarly, 'cha

flexivlg wail closest to ‘the cylinder Low: surfaea will bé
referrad t:s aa the 1awar waa.li e | : .
Tt%e upparg wall préssure distﬁbutim is shown on’ the left harld
‘side  of the manometér ‘bank, the readinq on tha e:'&.rema left

(upper :L) correspnndmg to the most ﬁpatream wall ‘tapping, while. SN

- the 12th readmg from the laft {upper 12) norresppnda o the moat
downstream ‘tapping. Tha lower wall pressure d:.stribut:fon is shown

Ceon the right hand side of the manomster: bank, the réading on'the
" extreme, rigm: ( lawer 1) carrespaming to the most apat ant wall

tappinq, vh:.la the 12th reading £rom the . right ‘(lower . 12)
cdrrﬁspands to the mcst, dawnstream tapp:.ngi ‘I‘ha central Jtall -
 eolumn in the manometer Jank’ mrresponds to the presgsure behind
“the ffeﬁ;ihle waﬁla. For pusi!:wa posltioninq‘nof‘ the walls, it is -

n%cassar}a that this pressure’ i always lower than the presaures
in the ‘tunnel £low channal, ie. the pentral alaohol column must

a;!.ways be hb:.ghe.r than amy a;e tha othez:- csalumns. T

s

Louking at al““a t:he mezasured and predictgd wa:l.:L prassure

d:stributiana soXlectively, it can’ be seen that' the wall
| pressuses are, fa:l.rly wéll p*ediated, eépaci”ally those on the
| upper wa:l.l, in- the wall. r.‘-lpsest ’l:c:uQ the olgylindar. Tt is also
ohservad that the pressures, upper and loWer,. ‘upstream of the,

- oylinder correspond batter @than those downstreanm. A source Flow
affbets the velocity of the' flow. both' ups’tream afid downstream of -

. the sourcs, upstrean velacitiés being decraaﬁed, while downstram
welocitias ‘jnorease. Since the static: pregsure in-a flow is
propartional to the sguare u%the flnw vzlbh@.ty, the difference
latwaen duwnstream pressures‘and. the fyeestream pressure will be
‘graatar dowiigtream than upstream, A c:hange in. source ‘strength

- therefore haa v more effect on- do&mstream statzic: pressure than
_ upstream pressure. Thé disarepgwy in the meaéure& prpssures of

" the'c¢ cylihder downstreanm of the oylinder is therefore. prg‘l»ahly
~due to the' incdrrect hodelling of .the cylinder drag and fl\;xd

-' '_ addition. At present the dray and £1uid addition is"mpdelled ‘aa

- agume &t tha ‘cylinder centre, but a hattei: approx:.mat:.nn may

sourcg at the cylinder tra:.ling‘ edyge. Durhan™ has ghown that the

- ° pressure -distribution dpbout a ¢ cylinder can be. fairly well

appruximated if a gingle source is positiangd where -the ideal’
CElow would normally leave the cylinder; ie. the "dawnatream
st%gnation point, in addition to the other three elamentary

li e TR . . - T B . o _;,{31:-_

~ flows, a’.e. f:tmastream, dbublat and vm:tax. His method doaaongt, L

U."ﬁ
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'-"-maaaured wall pressures for a similar amed ri.gid wai.l tunnag.?
.7 using the samg meodel would be far wirse due to the large blockage
. of tha: tunnel cauged by the :mc:del. Tunnei haundaryf corrections. .

applied to the data of such a test %rew not 'likely to be very '-

auc:cassfu:.. eithez:, aa_pecmuy ‘a. far as boun:iary 1aye; effact%-

are conaerned, a c:entrgl issue in cc aarofm..lsg

oo
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9 2 Tests on CC Cyhnder e
921 Drag of the Cylmder TP L
P'I':!ma drag of the cylindaz:- was measurad at: vax:ious tunne.l speeds, o

: _to establish the" relationshn.p between drag ‘and Reynold's number
W and compé?ra it mth well-documented data. For. this. test, all four

slote were closed and sealed Wwith masking ‘tape. Furthexrmore, to

jﬁ'"--_; elimmate “BNY asymne-try af the model, the slots were pas:.tz:.aned_
¢ symmetrically ak the rear of the ‘cylinder. The slots: (and magking -
e tape)- were pusit:.ona& to be situated in the wake of the cyiinrier, e

thepeby not tripp:l.nq: the - boundary 1aye.r and affec:ting; tha
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_.'i"._'FJ.gure 8,1 shows the accapted vanat:.on of drag coefficient with..- |
‘Reynold’s mnumber as given by Houghtqn and “Carruthers®i, ‘The
iy -important fsatures of this figure.are a drag coefficient of 1.2

© .. before, and approximately 0.5 atter, . transitmn. The transition

. cowmences ‘at a Reynold’s number -of 2x10%, “and is ‘complete at a
'_-_'-__Raynuldfs’ numbe.r of “ﬁp;i?&xmtely 4a5x105.,, 'I'he freestream_

o
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To ohtam a. single drag curve, readings z.n the. low Reyna )
nuiber range ‘would have to be the average .of a 1arqe numhar of

measurements taken - over - a permd that conta:ms ‘tdmerous
\asmllatiu.w of the drag rea&ing.f R R S
9.22Elnﬁensmrﬂess Groups B

wFlgure 8.2 thruugh to Figure 8.6 sh&s; the variatian of c, and c.,

- with "G, for. a cylinder with ‘4 slots of fived position, but

rang;.ng in thickness ‘betwesn 1min and Qm,. s The figure’ caption CE

qives the slot pasitions, g wvell as their. carrespbnding slot. .
" thickness, he tests vere done &t 25 m/s, 30 m/s and 35 m/s to

" establish. whether ‘the ‘dimensionless droups normalize the data
" onto a s:mgle curve.. I‘l: is avident from the curves t:hat ’t:his is
mcleed t.ha cage. | - L R PR :
S nr"igura a ’7 through ta Figure &.d.z shc:w tne variatian of c, and cd'-f'f-_
-~ with €, for a cylinder with 3. slc:ts af fixad position, but -

rangind in thickness between “lmm  and Bm-. Again,. the slot

'. : "-'.‘ positions ahd thic:knesses are given in. the figare aaption. For.
:this siot confxguration, the tests. for- slat si¥es ranging from
RPN 4mm waie done at 30.m7/s and 3% w/&- (plgure 8.7 thrd .kgh f-- T
. Pigure'§.10), jhile the tests for a slot size of 5mm were done’
“at 15 m/&, 20 %{s, 25 mfs, an m/s and 35 m/s (F:lbgure 8. 11 and- o

ﬁ'igufe 8. 123 Lo o o
<:- .@ ‘il' -._ﬁ_: A -,- e b '”-_ o o
'I'he. 3 slot, 'Smm slot cunf:.guratinn wak ntestaa over a Wldﬁ range»
. (/ ;p'f epeeds for twi%reasops, flrstly to- eatab]::tsigx the behaviour of o
'Cpand C, over a range of Reynald*é numher, and secondly to obtain -

e -'__high yalugs of 1ift for the limited blowing powet ‘that was
o _avaa.lable from the CC blﬁ@Wer. ‘Bince t} e hiower supplying air +ta
- the CC eylinder only has (a-limited power, high lift eoefficients’
* éan only be obtained for cylinder confiquraticms with large slots = -
sizes, ie. large slot flow rates, if _the tunnel speed is kept

- Jdow. 8 wﬁmall slot. sizes generally requ:.re lower blowing volumateia
. flow rates for a given boom pressure, therefore they '%P not -
s -"'_suffer from tha hlnwe.r pawer 11mita1:wn tﬁ a. graai: axt:ent‘ _ o

o Referring aal.l.ectively to Fiqwe 8. 2 through ta F:.gure 8, 12 ie. S
those. tests perforraed with varying tunnel speéd, it can be seen
 that the data collapses onto one curve for different tunnel
i speeds for agch ‘eylinder configuration. This implies that, at
_Ias tunne:l. speed is &oncerned, the dimensionlass -
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_ To determing haw wall’ the tun;;al wallia wera be:.ng streamlined

durmg testa on the cc csyl.inder, predictad Jrall pfessures were
c@mpara& o maasurad wa:hl -pressures. A cylinder with. a ramdom
slot cnnfiguratmn was® chnaen to provide 1ift and. drag, the -

'; ' geometry of the cylinder slots not being important sifice the Onw

. inputs. gaqu:.rad by the strea‘mlining strateqy are. t'.he model 1ift,
drag, ta{:al §1nt flow rate and the. tunmel spaed. K s

. . L
g PO T

Phe predmted wa,}l pressure di.-=:.f:.r:ti:nm:;i,o:m.m was calculatad using i
inviac:id mcompressa.ble ‘potential £low theory. Detalls of the .~

pthod - u\sad are -given in Appendix. B. The method predicts

O velmitiea" at the "tunnel walls, which are then converted i:ntc:

.,.

pressures uainq Bernouili’a aquatmm A computer program, called
CALOPRES, EXE (to ke found in Appandix ", was uséd to caloulate
" the wall pressures, The aaxgorithm takes into account the movem@:t
- of the pressure. tappinga as the wall aurgvature changes, ie. as
the flexg,ble walls chanqe in amle:ngth._ The predicted praaauraa

* gliould fherefore carrespon@ Ly the measured prassurea exac:tly ig o

the wall atreamlini.ngnatraﬁue_;} is perfect. R __

tt'he meﬁaux‘tﬁd wall pressura distr:i ";m,. obtained from tha wall

preasvim t:appings, wag diaplayed ueity an alcohol mqnamater, the

predicted Pressure. distribution heing superimposed onto the
 ‘measured one by means of transparent - overlays. . ‘ﬁgth presanrg
“distribitions werg then photographed. smultane-musly 8o that tl,;éy
aould be compared at a later stage. The photographs ard, showh in -

L) N

B

Plate 8;1 through to Pl;aga 8,9, For nompleteness, the compariaon -

~ was done at two tumnel’ m&eds, ‘namely 30 m/s anq, 40 /s, for two

* drag coeffitients and for yarious 1lift coefficients, The drag

coafficiént inéluded the “weffect of)finid addition’ thrnugh the .

“Yslbts, and ‘because the - pressure diatribution is" not  very s

sansitive to changes in drag ' poeﬁfi’ic:ianﬁ, only . twa cases werd

- plotted, les y = 0.5 and ¢, =/, Whichever dray case vas c:fluser

to t:hg actua]r ﬁrag of the CC cylmder waa then used.
since t.he tast section is 1y:.ng ‘5h it.s side, 'i:he flaxibla walla
cslo;ast o the cylinﬂc:?* auc‘t:ion s‘idé (upper aurfaca) wqgi ha

J»‘-
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o nowavm, pmam: the- effects 5t gyli“ﬁder dmg ‘on thé’ Preﬁﬁu-‘m

. ! -_i «. U distribution, thera&éi-b it cannut be appl:.ed d:.mut:ﬂ.m Qqn, Pai..
7 an@ Chopwa® have shown that hs

©.r . ellipse due to dﬁaq can be &
e Cincthe mgion of the. ideal

$mated by a distributed. so&r%

?&?ﬁé downatmeam stagnatian poink Y

-essure distriBbutioh about a cc:=' o

R ‘It~may therefore be possible tiimedel the drag’and fluid dadition 0
S af th&-cc cylinder using one iﬁ@ the twb mat.hed% mentianed above.,-_'-_.__..‘-'
TR e B “. '

ORI ___-_'Referrmg ta ?:late B 1 and Flata 8;6, ie. .'tfhosé tests wiﬂh the
S el c:ampletely closed and therefore. zeru 1ift, g Ban. be seen
e &del are  lower thah .
‘__;.__-pregiated, or in other words, ‘tha velboities behi:aﬁ the model: are-.--_ii_::_'--' o
A luid addition or lift ip these two ',
\J. es;.  the incraaaad Yalovitiess behind the wodel .can be

%h ﬂ) “*the measured praaeu?:es ahind “the

high, Since €pere was no

-attributed to ilie effects of drag hlene. Any body having drag has

a, wake which displa&es the'

e “‘cle displacemént of ..i:he fraaatream. __ . 2E e
. 'I' f I.\. . P C;-; i’a_._ o
L .1.1; .'I.B therefx:re suggegtad tha,t the snurce strength in the
- Y potential.” ‘£low model is. increasea uni:il tha pradicted wau.
LT pr%ssures ngtch the measured Wall prasaures. mh:.s may - aeen{ to he

See very' ‘empirical meahs of gettimg the theory to'wokk, but it mist
SO ba remenbered that: % change in thenry affects  not anly tche

--;'presaﬂra ﬁistribq,ts.on; byt also the way -in { :Lc:h the" wa‘ilg"ara»

‘streamlined, and hence the- ct:ual flow . fie Since the flx:w
“field near the tunnel walls i the. ganus of. ati:entian, thé manhey
© . . inwhioh'the model’and its effects are rapresgnted ihoan invisc::.d
se e flow fisld is- arh:.trary. Theﬁxgnly requwamant ‘is . that the
.o caloulated and measuxed flow fislde near the tunnel walle match,

. mubject to the condition phat the p:;admted ;Elow fiard. has beéen

: csalculated tusing a- methbd 'imat repres%nta ;m unconfined and
 that the flow £ield near the tupnel walla is indeed inviadid, arta

- is required: to be unconfined, AN inviscid potentizl f£low model

 can be used to satisfy both: these conditions, irregpective . of '_
' 'whether the mudel uses point or. ,distrihute’d e;!,emantary flwa. o

El o S .E ..

s fa;:* as 1ift<“n.a csoncarned, ie. flnw cuwatura, ‘the meaaurad a»nd
" -f_predi::tad présaura distributions match guite well. It.oan hwaver
e ba - obaerved that, fqr higher ligt coaﬁfiaienta “the presaurés

sestroan flov} qausing higher
“valocitige - bahind the mudel. ainc:e ‘the pressurag bshind tha 5
o .;? °cy1:ﬁﬁdar are too high, ie, “the- vglocity ie Too low, it is
- uspected that the .source strength in the wall - -strdamlining -
-strategy ahd wa&i pregiure p?:ediction is- too smail cansing %éa_-
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near tha teah section inlet: ial thbse a_z; tha outer edges of tha
manameter, hatoeh less wall. In thenry, ‘the maasuyed pressures. enc
e ybper apd lower Wills should approach one another at the test . -
) é‘ec jon ‘inlet .and éxit, as inditated by the pradietea pressure -
digt:ributions. In othet words, ‘the wtemast preésures dE- ‘the
. :aanomat‘,ar sholild be almost equal, the sate being true for the .
- innermost pressures._: From: the pnotagrapha, espaaially those-_-'
carraapanq(ing to higher 1it¢ goefficients, it is obmerved, that
‘t:ba.s is not the case. Thie abedration is due to the . finit.e,. ln L
faat vez:'y sho:‘t, ength ﬁfﬂa flexihla test saatmn with respect- L
. Prck. antering ’&he teat. aea‘cicm parallel to the tunnel axis is :
. forced to thange direction rap;.dly in order to comply with the g
- test section side walls. Since the flov i= being deflected - .-
L tanwards the upper ‘wall, soch & ehange in Tlow dirmtian tgmuld o
“\f pause h:.gher prasa&ras on the 1awer wall, angglwer presauras on
R ‘the  upper’wall. This ‘trénd im observed in the ‘photographs, .,
| Teinfam%g the deduction “that the test’ section. is too short. =
SR Furthermore, aq the test secticm exit, flow having a angulavity |
 towards the lower Wai.l pi-3 straightaned rapidly by the diffuger -
- Wnjech is pamllel to the tungel axis. Since pressure effects are . .
transmit.qr;d upatream in an inacmpressible £low, - the ‘effects of - {
o a chahge in dirkotion of the flow &t the test section exit are
'+ . felt both upstream and:dowhstream of the test section exit. The
ERE '*straiqhtaning effects of the diffuser side walls; and hence the
'%:.egt section side walls, upstreamr wau:{.d ‘¢ause 4 lower pressure’
oh the upper wall, and a nigher pressure ofithe lower wall, From .
the ,gahatagnaphs,_ this is once again  apparent, “dnd it can be
e uongluﬁeﬁ that the mighatch in teat section upper and lower wall
 pressufes at the inlet and exit is due ‘to the rathar shc:rt 1engt1§ S
uf the fl&xible test. aectian‘ o -V.%- RE - &S

RE)

43

g

- The flow ‘can, only ‘he st::eamlined perfectly if the ;* ax:.hla Walls :
axt%d very fax upatraam and downstream. The tra. .é.onm funnel
used by Gaody%r ‘and Wolf‘“l has. a 1ength to m.d;:h ratio of 10, .
whereas the plesent ‘tunnel only has a ‘ratio of 3,5, The' atcuracy

- of the results is obyiously a fwnction of the tunnel size, and

‘henpe cost, It is faﬁ however, that the preasura ﬂistributmns L
~  match quite well in {"agion of the model, and thege are the

- pressures which will affebt the aerodynamic fomes on the modnl =

the most. The * fact  that the wall pressures, measureq and -

predicted, agtgally correspord i magnitude dnd trend, is already.._'f
an at:hievament in J.taelf 'J:ha cq;:relat:;nn between “pred:.ctaﬂ and

N
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cmeffmienta ‘o tha test oylinder with Reynold's number {Re = 10%

o sorresporids t& a tunpel Epecd of 9. m/a) Tha T1ift coefficient is

- glso shown ‘becauseg-its magnituda was nnt necassarlly zera durlng
_thel teat, ‘the reason heing that tha cylimdar model was. not.
ISL ted -in the -centre of the test sectlan 1atera11y, buﬁ aﬁfset i
uf:rom the tupnel’ centreline by 125mm, . The tunnel walls were

.”'f;;%i;£ ﬁ fj ;v L:&.-f'7:fif.j;ffffﬂf.;g,]'ﬁ5?. nisousaion fﬁ"
turbulence lavel i& zeroto"'w\v
T Figm;re EXY shnwa the vaigtion of measured 1ift and drag!

‘therefore not symmetrical, ana wauld aause a lift cumpnnent if o

"l»hwt streamlinad prﬁpe£1Y-

From the fiqure s can’ he saen - th&t the,tran51t1on amﬁurred
. between :Lc;’ and 3.5%10°, and that the drag coefficient before and .

aftar*transitlop.is jyprcximately 1.2 and 0.5 respectivelyn These _' :
¥

drag trends are ve close to the: accepted values, ‘the only
“difference beinq a alightly early transition. This impliés that

the tunnel turbuIEnca level is not Zero, wﬁmch is’ very. lxkely -

‘sincg a tugt screen upstream of the tast section was still in
placa durinq the tests. If the’ "ttt screen were removed, the

i

 tunnel. turbulence level would prabably approach zero. A zero ﬁ*

‘tunnsl turbulence. 1eVel could be expected since the air. entering
_ the inlet contraatlon will have atmospheric turbulenca levels
wgiuh, for an énclosed volume such as the inside of a bu;ldlng,
should be clpse to zexo., The tuft séreen was never removad aince
-1t was felt that a higher effective tunnel Reynold’s number would
- be useful in furthap tests since a lower tunnel speed could tgpn
be amplnyed for aigaven flow Raynold's numher requ;;eméntu J } _
. f«r-
'.t'he J.:Lft coefi x::u.emt w obaerved to he abaut zem for all
Reynald’s numbers, which implies that the tunnel walla are being |\
streanined esaaﬂ:.:xks;Fam:t-.n:ar:u.ly'.$ This obsarvation is all the dore L
remarkable when it is nnted that the tunnel blackage due to ther;
“eylinder is 20%, end-that the difference in the width of the "
| gtreamtubes on either side of ‘the cylinder is 250mm; ie. 25% of

*.9'

‘the tunnel width. Therk is a slight vafiation of the 1?/(
he

aoefficlant about zero, - this prnbably being due to
atraamlinlng not halng perfack, It can however be. deduced t at,
&t least for lift aoafficlants around,zera, ‘the tunnel wall are

o being stﬁaamllned sat;sfaatorily aa;far as 1ift is cance' ed._' _ 

E

Tha divergence of hnth the 1ift and ﬁrag cnrves ah 1ow'Réynald’

number is due to . randnm transducar readings taken in a

LIPS "o f': P e

vrfluctuatinq flow fiald caused by the cylinder shadding vortices‘ _7'
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_ .:_'J.'Tha above mbsarvé‘l:ibh uan be expeutad s:.nc:a t.:he lift, d‘ra,g and
"mmentum aaefficients are well established parameters in derafoil

sting. Nevertheless, At is reassuring to see data aollapsing

: fs‘onta & Bingle curve, especially when one conmde.rs The. complex

-flcm field qiving rlsa to th&se curvas.

t""

will a'.i.so bey amaunted :Eur hy t}la dimensmn}zeas 9”“’“1’5‘ b

"'_'I'hg, small amuunt of sc:atter in the. daé;a suggqsts thrft the flaw |
R __was steaday gnd ¢hat the tr&nsdu@er outputs had lzttle naise. N

: - . oog- r'c_ Cm
o 33 ] ‘! l‘? a"'. g
B SRR O S SRRCNR RS Y =
S -variablas« Lo e S

% % R q____'.; -_ A

B sim:e the a:u.r density ant’} cylmﬂer diameber cc:uld nat he varied

_ '-:-&e]ribarataly, »nothing card be sald’ about the 'sucdess of the

- difensfonless’ - parameters with ‘regard to  these . variables. R
o HweVer ', "based gn the previaus sumess of' us:mg these parameters,
it can-be assumea €hat variations in’ air densdty and’ mbdel size

Referrmg to Figure 8.2 fl’: ough to. ?igure 6.6, it can be seen  °
. that the data are orelatlvely \insana‘i.tive to changes. in freestream

. velocity from 25 m/s- to 35
~o . desirable td test at as a lp¥ a tunnel speed‘as possible, since -
- this implies that the ha.qhest 11‘.&? cgaefﬂcientf cam be achievad :

ﬂ:&' & given c:.rcaulat.iop ‘mntrol blowder power., . S

'_i'Fic;fura s 11 and Flgure 8. 12 ahow J.i.gt axg) ﬁrag data far a

/8. This is Important since it,is:

.__!_[ L

. . ‘eylinder with 3 slots op&n Smm, But, for variouws: tunrxel spaeds.
oo Itis gvident-that for very ‘low tunnal spemds’ {1% m/s and 29 mfs}
- .ﬁther'«ei is a definita ‘effect of Reeynuld'é number on drag, whila the

_"pawer. VR e

Uittt  pesms to be. insegns:.tive to Reynold’s humber. Thik is |
expected eince drag D% dictated by viscous “shear as well as
[*-"pressura affects, while Iift is governed almna?t excluaivaly by e
. pressure effdcts. At a low Reyhold’s mmber, vigrpus effects. Wil
_bacone prominent ¢ and hence the drag will be 3 ected moke than
- the 1ift. For tunnel speeds of 25 m/s- and g;-eater, " there
‘virtually no Reynold’s noasber effects on lift or drag. For this
. reason, the majority of /éubseguent. tests were performed: using &
Ttunnel speed of .25 /s, the intention ba:.nq to Eh{.a’in the highest

‘are .

iift coeffim.ents fm: tha availahle c:;x.rcula on cqsntro:l. z&fﬁi

. B
K3 all

) -Al&thth thé_"rcga of spaads used (*m: tham teats was n&uite. sma.ll

L]



L transa;ﬁion qf tha nan-”lifting cylinder {15- f& to 30 m/a) Sint:e

IR . the . glot ~efflix iz almost. cerfainly -bi;t:lf:eni:, it vissvery
T uuang;k@ly that the lawinar to turfulent : t;r nsition o ‘a Lifting |
! }*iwhhy nop~ | -

“ \': | c:c c?yliné{ar wil;:L accurm & hiqheﬁr R*ayndld_’ e

1owez Reynald's numbar ( cormapﬁndmg

i _'_ g flow. Reynald's number has 1:Lt'cﬁe, ai’-faﬂt off 1ig€ a“‘i
e cylind‘ar e ‘\

9 2.4 Comparason of Conﬁgyrhtrons" L
A whule aerie.s of sJ.at-: cunﬁiquratm_

%orgue\using the s-mllzast amoun‘l: of & 80

tranaa.‘ PelIE diratzt‘ly gpga the. creatiom of
L g the least pawer ¢ “Rox ____:,-_‘s areasong it @
L .'_.f,\_“? ; ' uaaffmmnt aﬁ, -Er‘,""i;im;‘__ v D1-,\c:‘n\n=r.v:t: e __.i._c'
LT aanfiguratians té by i Q

O“

B -'-P" .-‘ " -_ ; : ._‘_,"_'_ ‘
. .ﬁ v .Q\'

-.-.u-m-
'.‘:\
“o 0

&

-.'\ :
N \__._-

B ‘{) .:' ~ i! : e 'LI; .. .
---“? H\\w’ Figum 8.13° an 3 F‘ig&e a 15 ah@ tha thvas uot aonfigurat -ona L
‘& _ _
yely, plbt.ted in- the
Fhe aimas, ga well\ agll

‘p.w T

o Cwith 3 cand’ 4 equal.. slots vespect
e o - convent;iana:t. “fashion using ¢ qgma s
B posmt:ﬁmna, “of the sla{:gs are given in “'l:

- data ag&insz: |, suggest %hat the ort;@mum

___'w:.th the - mallestﬂ slotsy ,howa’%rer, “wlg
« I plotted against Cy @8 ghown in Fignre : nd Figure 8. 16“, it
' DURTE - ‘evident that this. is not tha case.’ cédn be seen from the
- curves that, “for ‘hhe case’ with 4. Slotﬁ LEa.e. Fg.gu:l;e Bv16, _th

re. Plykting gt
anf:. 1ra1:ion is the' one
Coy mg 1368 data ark

- lowest power . tonsumption ‘for & giyen 1 is® cbtained ‘whan the
= alet _a,%:e is betweeh 2mm (C, < 0.7) and 3!

|
.7 ) & on the Besired 1ift. For.. the suse wi:th 3 alots, fe. i*’igure 8. 14., -
o 7 dw i elear ‘that t&m ‘configuration with sllots of lmm is no bettey
A f{ ' than-that of 2;\313: ari only margiimlly bed ter than ‘the \scﬁsé wi"t:h S

DI N 3mm &lotsy. TR R EiE &;»s _- e
o . . . . .- .. I E Q’f;; .. o np B 1 - ; . . .

v '.'.As fa::, as. ti:xé GeTB- 19 canqarne-i, tha rhrit ot a- particu:l.m: :
R byt ‘power than the slot
mnilanﬁaﬂ}j The reasunsmfor gﬁs is th*xt. a pa ﬂicular élai, mnmantﬂm o
| : A
. | o S

' 'confa.gurahan is mors a function eof’ Ehe dn

o (}O .

) L RN

L I Cooaah

; et 227 ij- ﬁI‘twaan )
g therefore be daduced that at velocitied gr h‘l’:’érs. afi zsﬁm/s, the |l 4
ﬂg-ag Of th&‘. Ce

( “kh : °comeﬁad* ’-’fw ] 193@& p soma v:.nnG-"J _"QsJ. resgiarding whieh
. qpnfigurgtmn ia the Best for a pa?micu‘l tat lmatinn, Fm; thel

'bgd engine pnwer. Thik& Dot
the greatest. 1ift usingl .
".vdecidad ko plot Lift)
cpowr fqr all the

(¢, > 0.7) , Bépendin

1 . /J ’ Q i . pq 3 ". o -u't'- L o )
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| cc'rﬁfs due. to tpe ralat:urelf Low pewer requj.rement for a qiven

an the amount nfs ual kinatic energy presant m “the jett
_-: “s:[snae dne of the gaép' es of thé CQ 48 to restore the mbmentum

+ sheay garc:es {by ént ',Jining ‘the pcundary yerj , :s.t fnllaws that

 various amcunté‘““%f powsy “oan . be abaarb@ in this proczeﬁ*s{ ysv .

dependa.ng ‘on what jat velocity and nass ‘flow rate is ‘employgd.:
“Inia manner anal‘ﬁqous 4o the high. bypass-:at:.o tx;rbafan,,,a. given-
“momentun transfer. can be effelted at low power if the transfar
invelves a large ma.ﬁ”s Elow with a small res:.dual kim.\\\t:.c enerdy.

“The better afficiency of the larger ‘slot sipes (around 3w}~

especially in, the case of the. aylindar with 4 sluta, is then
pmbahly due to thia affaat._ . e

Sa .
e

Figure: 3%’1: shnws ‘the variatwn of c, wi.th for varinus ramiom
cpmfigurations with. ‘differing Blot sizes,n bul Fixed slot -
pﬂﬁ‘lﬁiuna. The individual digits of tha codes in the legend of.

“lost by the’ cylindar hgandary layer due teghe Q;Efacﬁs of ﬁufface o _'"-

LI

tfia plot, dorrespond to the slot gizés (in mm) ‘at 70°, 105°, 1400

a:@d 175°, It can be. seen that’ twa parti;:eular slot. configurations,
ie. 2,0,1,0 and 1, n,:a.o, seen to perfori better 4han any of the

' others. The former of these corresponds exactly to the slot
ucmfiguration employed by Habaﬂnell Douglas on. ‘their HOTAR

amonatrator.l‘l Figure B.18

oS tne Bame 1:Lft. ta platted

- against cww and reveals a\intareating facks 'J:ha o wlof-

aanfiguraﬂon 24 3,;4 0 -has & better ‘performance over a greater
“1ift range than 2,0,1,0 oxr:1,0,2,0, A CCTB helizaopter empla?ing

“the 2,3;4,0 slot’ cﬂnfigurat:.orr would requive a smaller Xoom

- diameter ai- less ppwer to obtain the same boom torque. 'Fro‘ip a

design and oparat:.on paint of. view ‘this is signifiaant._-r ,j, * e

In° an. sffort o esﬁ‘dblxsh whn.ch confiqurqtian bad, the hest‘.

' pex:formance, all confiqurations that - had been %esied were

compared. Figuré .19 and Figure 8.20 show couparative’ plote of
several successful configurations plotted agalnst ¢ Afd Cpon.
respectively. ‘The figures only inciude configuratipns that
- performed well . in p::eviuus campariacms. Using only’ mnmentum to -
judge the merit of a eonfiguration,- oconfiguration’1,0,7,0 would
‘seem“tu be best, especially up to lift coefficients of about 4.°

o (:onaidermg power; however, it cah ‘be seen. that c.,onfigurat:iuna'

2,2,2,2 and 3,3,3,3 perform best up to 1ift coefficients of about
445, For :Lifi' coef:ﬁmienta around 3 or 4, uonf:.guratian 3,3,3,3

© would ‘be the best. since it has greater maximum Lift. Ak lift

::aafficients of 3 or 4, le, those that would be interestmg for

n

e
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2 0’7 . '.

:';.] if‘b . :Lt d‘% be se.en 'l:hat tha diffarengg in power absorbedi ‘
- _:;._betwaan conflgurations 1, 0;2 0 and ‘33 ,:g,s is not small, tha.' .
) fdrm ' - SR TU N

d ore, than twica the 1atte:r:.

_-since othe designar of a- cc*ns z.s mnm concerned about ‘l:h e bower .
“input raquirad for a. gwgn 1ifE Ty a Particular ﬂﬂnflgm.‘atian,'__-_
. andg/ not so much ahout the. (rather academic) momentum of the st
U efflux, it can pe concluded that the power coeftiient iy a more S
"+ ‘suitable parameter to judge the merit of - CCTB aerofuil execi:ions.:_.-_:_._
. ghan the mpmen‘tum cuefflaiant,_ . o T

i %.ZSEffect ofNumber uf$luts S L
L ._.Reier‘ring to Figure 8o and Figure ‘h 19, ie..plntting 15.ft data"" o
. against slot mamentum, 'it can be a.nf&rred that, for a gwam slot
. < momentum, maxamum ‘1ift is obtaifned using a cylinder with fewer

slots. Although no configurations. were tested/with only ong slot,

;-_it ‘has. heen suggastecl by Lodkwoodl! that, for. ama:l.l slot momentum . .
"'-coeffim.ent.s, A s:.ngle. ‘glot has the best. performanc:e. Th.xs ig 4
- haraly a surpriaing pbgervation ainaa Lockwood used the momentum
7 cuefficient as a figure of imerit when comparing different =
-+ eylinder iconfigurations. The cbservation is based on. the fact .
.* that, for a given slot momentum, Bmall, ~alots have more kineta.c’- SR
. Bnergy. Small slots therefore have grajter potant.tal to keep a .. -
S tired buundary ‘layer moving,- but this potential is not’ he:.ng R
. considered if momentun’is used as a yardstick At some stage the -
. price for 'this added-éfiGigy has to be paid, therefore a better
. - figure of merit would ‘be vne that o siders the Rkin-at:ic anérgy,;"
PR the jat, the power coafficmnt da__ S

] preciaely tha'l:.s

(«..

.“'-Referra.ng to Figure 8.18 and F:,gure 8,20, ie. plott.ing lift data

- ‘againgt boom powes, it is. noticed that the' larger the number of .
. aluts, the better the perfermance of the eylinder: This implies

G tha‘l.:, as f&r as power requirements ard concerned, it is better T
 to hava - diatrihus:ed mamentumn addition than a single pomt of .

_momentui addition. The reason for this is the rgsult of two

- factors.. F:.rst,w‘;\ addition of momentum at a single slot favours

'--'-a small slot size. and high slot velacity, ‘which implies ‘a ‘high o
rasidual . kmet:l,c energy. in tlm, jet, _9nergy which is mﬁhmaﬁ-#ly_

diseipated in the, wake of the cylinder. Secondly, . higher jet

. velncity will also generaﬁe higher shear forces as it pagzes cvex- .

- ﬁthe ayh?der, therefore the added. mumentum will be dépleted more .

“rapidly ‘as it is still .passing over the cylinder. ;o It can

' tharafora be aoncluded mat: a larqer nugbar of slots is canducive- :

ot

Diacusamn :l.:l.aj..f"_"
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“*_ attainad by the cylingér.-h_f §e¢< g,g_#__,

"1‘:0 lowei' Eower iﬁput, prav:.ﬂec‘f tha sl@’cs are nat situated J.n

sepa;cated flow . regions oY an thp lqwet surfaq,a ‘of the cﬁ',ln.nder.&:
" Ahe - ultimate ‘solution would: be to have unifarmly ‘digtributed o ’
momentaum aﬁdz.t:.an since this wbuldt approach the si.tuation whera'____

homentun is added at the safe rate and location whers it is being =

deple.ted. Such'a surfice effectively would not have surface shear -~
" from. the point- of view of. the inviscid flow field, ‘and ;once “a iyl
::irc.ulatary flow  had - bpen. . eatabllshed, it wauld c:yntmua

:.ndafinitelg prnvided the CC is main‘baxnada e

'-r.r"
0.

a,

0

As disc:ussed :m sfa::nm 9, 2 5, a. sniall sloi: t:hit:knessmay giva’:_’ "
rigse ko Very high 1ift: cneffwier;ts for ‘a. ghven momentim
c:aeffm:.ent, dat “this- is not necessarily ind:.catiﬁa of +the.

aff:.cmncy af hha cunf:.gurat.ion. Lift:mg efficlenc:y is definei
in terms of the abilidy of a aonf:.gurat:.on to Eroducze the highest:
lift fcr a givén blowing power, and'not the m&x:l.mum 1ift that. can
pe attan.ned by, the cé’nfiquration._ 313 s
~afficiency in conventional aerofoil testing is tHe Fift .curve
~glope. Referring o Figure §.14 and Figure
Cwith 3 and 4 equ&l slots respacti’irely, y
:daxmum ljfaftz.ng eff:.ciency ig obtaingd £

kKinetiq anergy, te. ::.ta Velocity is" too lovg, ‘to anergiz%: thae'

baundary layer. Even though the flow rate is great, afhdf ence the =
Tijet Iﬁomentum. such-a slot is-of no benefit, Phis latteh argument -
. i# yet another. nail-in ‘the coffin of a momentum haﬁaﬁ camparidonj

-----

[

p=3
.,‘,_-_.

;eia, fe. eylinders /.
t obn’ be seer’ that
: a'slot size-of 2mm and z ¢
_ 3mm for the 3 and 4 slot’ canfiguratmns fespeatively Incraamng L

__ othe elot size any’ further results in & Jét that ‘has too 1ii7-t1ei}_ C

ot different canfiguratiana. It Will be shown ‘in Sectlop 9.2. 8!
. that increasing fluid addition tqe wuch,: a@. using very 1arga
“alot flow, rates, ‘dacreases the lift that. can theore&ic&i.ly be

he slct thickneas nn‘l: cnly affgutg the effix:ien&*f:ﬁof 1ift e

praducﬂ,:mn, hut also the maximum et that can be“ aclﬁeged hy a.
particular configuratinn. Figure 8.15 showd hovw a ‘cydinder: with -
‘4 'egdal sldts achieves higher waxinum 1ift-cosfficiepts when the-_.‘-
slot'uize is increased. This-trefd can ob¢lously not beextended

“to any slot sizeg_and the figure’seens to indicate tHat the murw\

- cnrrasponding td~d Blot size of Sum will not obtain as high w
) max:.mum 11231: c:ueffiuienﬁ as’ that aarmsponding to a slat sﬂ“‘faﬁf

R & T . e .
R | . " . - o B ) . £ ’ a

2
a
)

o

B =N

'aloqy of J.:L:Etiqg' e



T " at. ‘lgh:is stage no concluainn will be drawn, btht wili be E‘.h "\‘ ,‘ﬂa:fﬁ-a
rl:‘u’i‘e* SEuté.nn 9,,,2. 8 that ’cha affmienc:y 6f ?i.ift grqggction _-iB - o

are pe:gfufmed to detemina thh affect of tiza
o g sikdtn,  gince, according to Lockwoodl®;. this 15
(xf a maj or fa‘“ci;ar infiuenainq the meximum 1ift which can be att:ained
N gj‘%by ‘& oo cylinder. Maxinum 1ift-is defined ag the greatast 1ifk -
- ” . that,can® “be" attainad, ‘no . matter what the hlowing mementon iSi_ -'

. . Figufrg a.*zl ahmm the: affect rutatmg tha cylindez;,, hag of 1:.33'&, L
X0 for a oylinder-with 3 slots open 3mm. The three-slots are spaced . .
-0 apart from. e}ach a’&her, ‘the tg&asiling slot pasi‘bian baing. given“j_-_‘;-_'llsg._- _
f-.;'ih« the” figure. It “dign ke seen that, for a. given .momentum -
meﬁfmlent, the lift: s’ greater ‘wher the sloks are 1oca1:ed.\:_’--_.'_’_=’ -
- fupther bAMK, Hawavar, ‘this . does not’ neuesaar:ily ga.tarantee that =«
_ the S imum attainabl,a 15.,,ft: caeffiaient ig  the greatest.
] xtrap&iating the dertd b the durves greaégr values of slot -
| 'mé%tu:?ﬁ, “:‘woaaems that hiqhest averall ift is c:htained when tha»
“.‘__atrai"ing aiat P "poéitmned at” 140"* P L, e el

A

_F:Lgx, e 812 af&a.'a t.o a éy:tindef mth cmly tun slot:s o‘pan ‘%mn. @ :
o il Phe glots 2 spacad 140° apart; the traj.lix;)g dilot positi:m being
R =given Jdn tna figure. %m the: figure it cah aga:i.n be seen that,. . °.
c 0 for a‘glven median momEntum c_aefficienis, Ahe 1ift is gPeater when .

+. .l thelslots are pesitioned-furthir back. Although the tests did not
c2o7 i include trdiling.slot positions beyond 150°, the data: sgems to '_
ﬂ' suggest - that positions beyond 140° ;0 not. yield “the higlsest“

co T e makium 1ift.« This is probably ‘due ta the fadt that ‘the trailing
L ges edge slot is approaching- the rgar separation point on- the.
o .. .eylinder, and the effect of: the . added mcmentnm is not felt oveg;
S -mucm af tha cylinder surface.. PR '_ : @J 2o S e e
el -_..__fiﬂigure a 22 and Figure -8, 34 ushow that ‘l::he sange trénda ipply When'gjul
DR tha! iﬂentix:al 1iFt . data ara, plotted agdinst ‘cher. It oan .
C . therefo¥e be. cnm:luﬁea that, ab least fox khe two configurationy,
e G -men‘,l.:;,cme&, k@&j.mum 1ift ‘is attained ‘when' tb,e sErailing slot 3
o % posdtdon i around <140%, Due to  insufficient data on dther -
oo , configurations with respgot to. ‘tralling edge position; ho L
-.-oganqﬂfﬁ" izatigns will be mads. Tha only. generalizaticon-that can
e be mage is that the further, back a slof is positiohed, the more '
el ;i;___.'-"‘ o 1:.ke=.1y it is that its effect wiw be diminished by the wal;e af
AN ,' oy " @ i'.ha c:mf \*tlezz. Pasitioninq the slc:t ‘too far £orward r:t:m‘.lx::i‘“‘ltcﬁ.'.ackJ tc;.
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prematu’ra muw aap' ratmn' a8’ A r&snli: “of g:?he., bmund&ny 1ayer
g - Hawing insufﬁi_cier mcauentum o overcome tn% adverse pressure ,
) ": _graﬂient o the rear '"_jartians oF,. the suétion purface of. the

- 9& 8 Ana"lysns nf a Smg“ie Ctmt" guratmn R
3{-'Du§ t‘.r.: e largef nu?aber of. \fariatmna thgt ara pbsm\u
- sighs and ﬁo&;\.tiona are altered, it .was decidad i3 ,
;"-’parti::?ular Yot configuration: dn ,dea;&i:fy “mhis yas done’ t ,obtain .
graatar msi‘ght ‘into the mechanisms of 1itt pz;aductmﬁ Hy s::c, add -
. £6 get ‘a hetter, understandiny of. the Elpw fleld in genegal. ‘I'he
?‘ygnfiqumatinn ahqaen was one . with 4. slnts, pasitionad at” ;7
X05° and -14y°, For each ga;c-tidularw test, akl’ thrge slo‘l:s hdd 9f
‘same slot size, a “otal of -five slbt. sizgs being atesteq. g‘;ﬂs
gartir:ular abnfigumatipn was chusan, becans: : ed el
and . fhare was a comprehenaiva set of.data (ﬁbst ruber 4016 to
0025) *to -bage the analysia an. A furthar dmmgsim/ ,:i.:l.l dcaa::.

: ;;,_ : with this part:icular conf:uguratiun. e g

.‘\-

B Raferring to Fd.gure 8. 25 'it cxan be seen that, 1.2 1eaa¥: fnr BDot
' . glzes of 3mm and’ 1&35 ’ LVu/D s inclependant for a vary weal
U0 'runctdon) of: awe sizd, and 18 only, & fqmtion of Zhe pressure
S inside the boom, whidh Is giveh in the fqrm af & presau;a
goeffmient, Gy FOX aumrenieme. The - indabendende of  Jet o
' _' ve.loczit:y and slot aize is expacted, Bjrices: the #leal velo(}it,y uf'
ooany f£luid ejdcted from. s ngzzle is onl? 4 -function 22 the. ;V_-
: pre.sburg ﬂlfférence and ‘l;.l;xe. fluid: aens:.t:y, qiven byﬂ Bernaulii as

T s-_“ Soowow L s
A R R Do S - R < S o

. _@. - ;_'3545. &h;' e S A ';_.wﬂﬂ“5 ";_7@3~-””

] - o ! ’J e . _%_ ___d’ T . L
I“igure éﬁ slwws tl-;a ab%ual v‘hriation ot et va],;bcity with bas:m .
" pressure. for various - slob thicknesses. The Jet ‘velogcity was'
| cajoulsted using the slot (Flow rate and the siof. thicknese. i
Sy .,J‘Gs chserved that ﬁh@ curves for- slot stzes of Jum Or legs Tie
] aimost -on top of _onR. am:thér, JAnd ha{,ve a small® ?&qn%awrmt} .
R c:urvat:ure. ﬂw_ boum prassura aoeffinient is dgfm@d ag” e ot

e

B B o



' where p,;;;l and pm fer t& tha absalute fraestream tatal and'j
dynamic pressurga, _'d pm “yefers to” the . ‘absolute’ Ppregsure’ .
inﬁlde the “baom.: gince the freestream total pressure’ is’ the. sEm

of estata.c and’ dynamic pressura, a8 a.first approximation, Cy can'_u’_ co
35& wf'rhtaﬂ An terms of the p!ressure dlfferenc:e across i:he jet r o
iel: pbm *—»- pm, whe..re p,m is the: freestream static mssure. eow

SR

=g (9,4) S

o -7

et '_.;'. e
- ol .

frh(is curve vfaa plotted a8’ the tﬁqu\etical pred:.ctiun in___.' o

@ . " Figure 8,26, From the figure it is evident that the actual jet =~

EE ;, welocities exceed the thecretical prediction. This is'due to the
. axigtefice of mraulation dbout the. cyl»a.nder Whieh causes the ..
at.atia pressure Sn the upper sirface to be. congiderably lower'.-.:'__ o
than “the: freaatream gtatiec praasura,._ ‘Since - the ,slots  ape
pasitiaﬁ_éd on the auation side of thef’ cylindar, -the static -
- pressurs. '“differepce aéross  the slot ‘will ,be ¢graster than O
pradmted. A% very 1arga pressure. :*Eefficlentg, ’thé thedretical -
curva ;ppraaches the autq,xal curves sinde the d:u.ffa:t:enca hatween;,i;'
freeatream static, pressure - and qyl:inder uppey. - surfaae statia”
pressure ia c:ompletely oyersnadrawed by Lhe maqnitu&e of the boom 9 _
static pressnfa. S n R o e

T
a_ ‘h .

Y g E}:igureo"a 27 shows t‘he variat:wn of 1ift coeffmienti wit& aloh
A ‘Flow rate coaffibient for various slot ghicknesses The Flow rata

Y cnaffic:.eht was ar:btained by umens;,onal analysi§ ﬁ{ chapter 5

A AR A and is defmad a5, . el e
"'_"“. 8D - R Tt

- RS - -0-. . .'e- oL . e e

e 'I'hea ql;Lnear nature of the data. .m% qure 8 27 is 1ntea:asting, and
e warrapts turther imestigahion._ It can be shown' that the flow -
s ‘rate cbefcfmient can f:awmtten in térms of 3at vequity can aJ nt L
thickneseg’as Koo T e o el

Lo e o ' . o : T P ' L e
T R | . B L. . . L. - . . L -




. mpking \:;nen at'the" extastior v, /0 and” “e/é on 11' g
_shown f.:nat. the ¢ 'rcula A\_;"abaut a 1ift1ng’ bsﬁ;lnder c&n be"

‘b -

f @glz. BT DTS e
since ‘31 is prnportiqnal to v,,lu, g\imple aubstitﬁtimn revea,}ls \k -
that k :!.s proportiﬁn&l 'c,a v __3,‘ ami B : _ : R

. s e N s,

- ’I‘he ahove "ig an iri‘ti@ra&tir cbsemra_ .r:‘,' aibeﬁ: ratheﬂ intﬁi'éive.
s;nce tie only  pgent promoting & p‘%ﬂufﬁﬁary Low, ‘about thef .
y1¢nde§ is'the Lanqent;al e:ection of "£luid from surface sl@ts,'_j
the magﬁituda -of " that. cilroulation’ mll al‘mpst certamly bea -
e . direct function 6f the velacltg of ejectign and the quantity afj“;f¢
. %hlid he.inq ejacted ° ' {f » : 1:1 -
i The ejection of - fluid on - the upper surface of & cc cylinder‘
- gerves two ﬁurposea. If thexé s na cig"qpla‘h:l.an about ‘the
cyllﬂder, the ejected Fluid Wlll cﬁpse a diff%ﬁanaa in. velucgty}fa;
e between £he upper and lower Surfaces of the ¢ imierp thereby
g*-gj;a*ﬁf oreating ‘a e;rculatan? flnwﬁvunlike ‘thée gasd of . an” 1nV1a¢1d . L
o0 0 £1uid, onee the u;rculatxpn has been estahl;shed it musg Che
©_ maintained, sipce Epictional. pffects 'in the fluid will tef d to -
- diseipate fhe’ circulatiog. If & cloaed, 1maginary beundary s
| drawn. araund the cylindef, 5ust oqta;Qe_gts boundary 1ayer, the
.-”;-.= funntion of  the ejectaﬂ fluLd i85 "to overcomeithe affeuts of
e i}lECdﬂi‘ty‘ within that, houndary. "gince the - eg- w mutsi&e sthe oo -
-‘ “boundary is’ essentially imvzse;d, the’ ,girculatiom ahont: the
Clifting. eylinder ig not dissipated n thiz' region, le.’ thé flaw-a_h
" £ield outside the circnlar haundg.ry thbe cyfmﬁer wili ﬁamtam
ii;self indefinitaly pr vrded it g.s-'ﬁbt: d:.ss:.pateq) by tha effacj:m.'_
df the int&rna iaco reg;on.-_, _ S T R 0 SO
AR e e _..@w_?_g___“.__:.;_
The dlEs&patiOn oqyﬁlrcuratian with;n phe haundary is due toil?r
diatributed frictxaﬁal shear atress %gg aurfaca of .the




: '___".-:-':to' eriérgize 'l:ha hcmndag:y 1ay%r suffmmntly_ ta paa%m tha
.-nex.t alat (i._ ?i_- thara are_._.':_mora than _1 -'.'s.lots)-" o "to _aaqcoﬁrste ;"

_'f'the gaasumptiﬁn i mada .-'l:hat iet and fmastraam dens ;

xt ia -e#‘ident %hat i:ha momentum acsid a i:q t:t;e bdundary 1ayar is'j{
. also ‘only a function of the two, indepen&ent p%ramaté:;s, vju;u and
TS -71- T sinfie mépentum is trarfs"ferrgd from the" det to the: boundary - .°
A layer by _%nﬂainment of the: hdundary qayer hg the Jet, At is the

- momentum of

AV "the jet that ie the: imparl‘:ant fact,,or J.n maintaimng L -
A TR '-thﬁ mrcul : i,an a:b&ut tha cyl.mder. ) a vy NEL _,..f

f| = .._.9

: sSlﬂGe vﬁm ‘and t}u are. ;therently ;mked tu the 'e_-__moment'
A (equation 9.,&) as 'wall &E the ok rt:uz.atmn ahout, hence..

SR mmenhum and_ :L:Lgt becomag é}rialemp. Howav‘gr, (\ as elucmated L
B earl:.er, mam' t:um additmpqis a;mompanied by r@s.t.dual kmzcs:m )

A " addéd. (number ot slots, “slot poaiticn and slot iz % qreatly
A affects the eff:.c:u.&g;@y with“whi'ch l;i.ft @a'i-geneiatad*

Q Raferrmq ta Figum.,s 27 tha 1:Lft aogffjp' 1ent aan h’e written as;

wh&’ra n a,nd f Lare the slm:e ﬁd intercepxs caf the “curv s, and are.,
hath a functian ofe t/t:. AR : o N




D Figure 8. 29 Bhows the relatiogxshlp hatween n and t/ Ci ,._‘Bha
rglat.ionghxp c-.am be wrftten as _ _ T

{ng ¥ ig‘-“?é‘- 8. 36 ‘l'.he jet#é’lopiﬂ rat:.o can _' s wrd
‘he hoom E;}e&sure caaffici‘ént % 5 e

h Qombin:mg equatmns 9, 9, o, 159’ \(fs 11 and. 9 12, 'i:}ie: 11ft o
: i:csafficient can be writ:tan as S e e T e e T

D

C‘,wexp*{d fssa-ez z( "")) [({ ’“') <o 1667('.' +z}i tJ.:La :""'-—}-m 9167) |

gt e e e «maa L

o the 11.1'1: cueff:.a:.em: 'can be calculat:éd. 'I'he aboye equatmn can--_.
@ pa diafferentiated w:.‘th respecf to t/e, to obtain the Value of tjc.
. that yields maximum 1lift. Yo J\fﬁ& the equatd.an more graphm,:l._f

© o . .. FPigure B5.30 shows the vaflation of G With .t for various G It

7 cant be ‘seen ‘that for. all C,, 'ahd. hence jet vel@cit‘y, [ ;.s A
. omaximum-wheh t is about amu. This maximum is the direct result -

lﬂ . of: 'the natare oﬁ the mamentm addition. The additmn joE :mamentum:_

" is bénefimial to. the circulation about, . and hence the 1ift

o genaxated by, the cyhnder. Hawaver, ‘the additipn of moméntum:is .

. unfortunately accémpanied py ‘the addition ‘of fluid to thep
- freestresm by the inherent hature of ce: by*blowing. In the r:.ght

i hand plot of F;Lgug:e 5 i,. n_unham““ shows  hoy a “high “source

.strength corraspanc;s to a.low lift coefficient. In the po‘henta.al

o Flow mudel, if an },aaditional gource is added to the tralling_' ._
-stagnat:ion point o:E the J.iftmg cylinder, the upper- surface'.“'_-; .

o '"presa;:tres are ircreased; ie. the sucdtion is reduced. For this = |

.-_reasonﬁ additicm t:ﬁf fluid to a real 'ﬁylinder [alm« in th:e qu.on

K

5 W
ey,
d
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of the trai.ling q:dge) will result in areauced,"la.ft.
:___gbjactwa is thefefare to ada mamentum w:.t:hoﬁt ﬁa._dding t;:p mu

g ang siﬂca - cﬂntams only o variahles, nameiy U anti pﬁm, thef
- £iow, geametry is only. a fancticn of U, Dig, and €. “in the case of L
‘a bc_mf sif t‘he alct sua :rs kept eonstant aicmq the 1ength a£ the :

va‘by ;?‘J.th i:he mvers‘q of the rotar dawnWash s?.nca the gressure
‘ insigfa the boom is f_suﬁi&d tca 'be. constant. 'I‘ln.s variation. of q
: _' Wiy pa observed aga

a of ___nga iri the J.ouation of the ‘séparation e

painﬁ at. yario&y' sta Tons" along “the s bbow- .’Langth. “The. vaz::x.att.j,on".“‘.-":":{'.

“of; C, alﬂglg the apa.n 'ma,y pa ﬁndeairablg, and since itsig no

£

L em%nimize pover - input. The analysls of the above would best be -
N crg:ievad ‘numerically “using. a computer. The variables in the
algy {4

@ T -_g;.ven main. rotar downwash ami torqua rd&ulrement.. e e

.....

-longer desiraples to vary zlot sizé along the 1angth of the boom, e
o 'th Y ori’ly opfier way to vary ‘the distroz.butiom r.:f ¢ along the Boom - .
gé the poor dianets °F along the boom. Since the boom ig
# wing of fa.nite. sp&ﬂ, it wauld ba deairahle tc ohtaln a;

_vw\lsly not he tha sama as the. class:m ellxptic luadu;(’g'-.-_:_'_-_'-._-___'
Ne: freastream velocity, or rotor, downwash, Vag:ies acruss»\__‘;
Alsc: 3. induc:ed drag ls af secandary a.mportanc:e when

_ abﬂut th'_ maa.n rator axis is af paramcmnt mpartame.- However,
aanme d;strihutinn can be found that will maximize torque and -

im would be boom diamdter and length, longitudinal siot
2 le ‘qth_.;md slot tha.ckness, ‘as well as boom pressure. Calcul&tinq
. the input power for- various- conflg‘uraﬁ‘.ions of; the above Wouid -
. yield information Hoout thé effigiency of the en,i::i.re CC‘I‘B far a




; e broadly:d
theﬂ'_adaptive"wall wind tu:gzel,
e cylindar- 3 -

: uncartainty in_'_t:‘naé heaaurements waa 1arga, TR
--Zﬁhe momentum, 'pqwer, flow “rate andj haom presﬁmge
oaf 1 ' ben ::alevant parame "rs in cc |

dh.ffﬁerent e cunfqigur 'twn A cyl:.nden w:i.th 4 equa Smm
" slots: pasitionedoat 78579050, 1407 angl ‘.‘175«1 was fouriti;-ta “
ba the most’ effmient ccnfiguratmn teated. L g .
Fi:esm a powen' }';m.nt of wiew,, - -the mare slc:ts the\\\\battef”
subjact to’ the cdndition that . ‘hcme oﬁ“_g the sla‘ts are
e smtuate,d in a sb _arated fléw region. SRR
: f——f——s The tra;t,ling si“e‘h pbsﬁ:ian :mfluances the max:b;mu'm lift
. attained by the cylindeér: A trax.ling slot posxtzop, of . about
P . 1 LR w&s fcmnd ta, bé aptmum. e g { ;
AN 6 . For "tny - givef cyl:.nﬂa?: d"onfiguratian, there :Ls aﬁ iﬁeal
R A s:th size which ﬁaxim:.zes th& liﬁta. SRR T
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Tha followlﬁ% imprdvements tu the wind tunneln _
,“Ramowa anf surface discantmnuitles fram tha 1n1et

_ré recummended.--

iﬂxf thla dnea not salve the tunngl speed inatabzlity, a new

lip may naedatQ'bg faﬁhinneﬁ out of expandeﬂ polystyrane

" If: the .speed 1nstahility~ persists,. turhulatora can, be
'{installed at the dlffuserflnlet.;v;- e i
& lagder myst be Duiltr to

window, which iSJsituated above the tekt segticn. o

‘base access tu;the test sectlon,'

The'* tunnal drive fan_ speed conttol. sho la be linked to the”"

Cpe ‘that'  the . tunrel ~ spepd . ofin +be . controlled -
-fiautoyatieally. The hardWare iﬂ aI thare, it marely
p“requires wﬁringiup.a- T

The O¢ hlower must either be speaﬁ cantrolled or otherwise?_
'~?suitably throttled by a mmre preci e mechanxcal ‘yalve thah -
& simple butteffly tiap. It is suggeaﬁad ‘that thd, throttle

can- be pontrdlled (electrically . er mechan;aally) from

;:-1nslﬂe ‘the. eontr&i room. This: will allow the operator to®
g istay in the rantrol roeom durlhq a compﬁgte test,glaaving .

the room only to maks adjustments to the model

- Smaller load cells - can be: i stalled in the’ halam:e tﬁ
. increase the accuracy ot e
_.lbelng measuréH, It ises
. made tanit the same bﬁlt holes used hy the ex;stlng load
' cqlls. This willsailow load calls to b&“exchanqed -8 tha-
- task at hand requires.. = e
 The tupnel drive fan speed. control Shduld have aq QVerrlde
- which’ preVents it from beinq sw;tched’an Fefore the. wall
 f§svction blower is switched om. .. %" L
A 24 channel pressure miltiplexer should e, ab&aineﬂ to
_'méasure ¢the: (\all ‘pressures’ yapidly. This will alléw*
different wal. _
- Stiffer flexible‘walls and smobther triﬁ ﬁular foam sealing
- gtrips may be- requlred to reduce"the smatter 1n the wall
- pressures. ,
. . The perspex taest seatlon winaaw %hould be raplaaed thh a
- glass window ‘if nnv.maasuraments are- required.-hf«

badlance when small forces are :
estédthat the new 13ad) cells are-

B?raamllnlng strategiaa to be emploged»

-:".'

_ ﬁThe*wa11 suction £3n exhaust should be ducted back‘inta the

ﬁiffnsar 1n1et hy means ng rearward faclng jets. Thia will

SR _;';c'.;@ :}fﬁ -:oaa=ﬁn"

- . . S et o, e » ; - . S . L o
. . i . { . o . i e, e . AR we G

&



ensure a "canatﬁnt p;:aasure diffare;mze acrasa ﬁha ewaq,ls fnr 3
e ‘all. tunhel - ‘speeds, ‘The flow entermg? thgr d.x:ffuser must be -
a eqnally da.strihutad a.round the ed.ge o:E tl'fe dn.ffus,er .ign

» shourd "be add"ed ;ﬁsehin& the '_'_tunnai 'am.vef
-speed’ gf the air being eﬁhausted. This
he %‘:mnal speed fcsr a g:.ven power /

;£ J.a' stramj&f ‘\."

SR _.'f 80 twa::e, ia m:i

B j_, o uma aefactﬁ:vb. smce ti;e. wall pasj,tioning :syst
dlos 3.aep ‘system. with feedback, . a simple <
e, _'that .dhecks -xhe-'_'.tpnﬁel at‘_.- initia-li.zatiq

R _'.j':.parfz‘mmg satisfau‘hnrilyk Ve : ,/ -
Ve v T2 The- operatxng program; MhINPREiG EXE ﬁhngld sy measured
‘7} values-of U; "G Cp.and. Oy to stredmline the . __'"flls. Thisf-._
S T widl decrease the user's warklaad, and increage‘ che - rata cf-
w7 U wald streamlining. = L .
. .e3 v The user <dinputs to 1:11@~ operating softw&:ge s" 'ﬁ.d nhe errar :
e w -'_“;checked 86 the 1: the program does not u“cra.shf iﬁ indarrect" |
o - data ig entered. g

s 4 '3-“':'-‘_1& routi should be wr:.tta:n that plots the;__"'_’é\tar as it ls .'

o

i _ the valls: for small changes in Cu tyls:‘ca_, y in'the. :r:egiun"_

}D-_ﬁ';,_s':-{_ " of 0.5, The walls are positioried rapidly. 7
o B . o

f// sing®a°12V power.

and then slawly

supply) to their approximate positions J
asltinns‘. If the y

(using a EV Pcmgr gupply} to their fma.ll




Bammandat;ians 130”‘

lk time cauld be. reduc&d t;ca a%econd or. tWo. The huntmq
- proplem - Gaused By, rapidl% moying walls ard ‘gmall ‘exvor
 bards ‘could be alleyihrted by having 4 separate error band L
Cror! eaulq} actudtor whit ﬁkas into, adcount the atoppmgg
disﬁ_ noe' of the ‘actuptdr. At preaant the vall pos.;.tion
- sampiing ‘i slow, but clever alteratmns to the' softwa
. -gan  increass® the sampling _“Qﬁtte ‘substaptially. Tha  abdve -
eds _ 's;e\'mm&ifirzations would allow data- o be avguired (and plotted) -
L '_'.'g':':.n real time asJ i:he. tuunal _ adjusting itself f’to the
-_11 BStreamhmng Algornthm B S I A
_"J.‘h;e fallumng alteratmna tn the streamlming atratigy are
1 If g "geat.ed tha.t the e;%reamlining algor:;.th:m be madif:@%
}:Zatt"' ‘simnlate the effscts Qf dray, ie. by movixiithe
L paﬁ:.tian of tha soured .in the po Lse.:c;ﬂ:iat:i. flm-: madgl fo the . -
S orear ‘stagnagion puint cf the cy;lind’ér, or by uas.ng a
L 'distributed sourde., - - .-, :
The' algorithm should inaJ,uﬂe. a Zhukovsky trans*ﬁarm ’chat e
f‘will “allow nan—clrcular aeroi’o;ls tu he modelled
T approxmgtely. v :

e

cglcu:l.ata wa(fll ar:i hence tqa streamlina the
IR ?5,:“'7‘wa115. “The effectg of-& Tinite test section J.engtb would -

S pd s mpt 'ad of streamlining the wallgw
e' mbdel“" beinq-=--‘ tested. The

11.4 Furtl‘i?er Tests | N S O
e The follawing adc‘titionaﬁ teats couldbe performed_ P -
SRS The effects of slot lc:catimz, peqn.ally with respemt to-- Cs
Yy s thé cylm&ar *angla of attacg' N.huuld “he investigated in -
. I'Qreater depth. =~ .. o
2. . ‘More tests should be parformed ':..\ 6né°and tw&alota open,, Ce
.. - to.prove conclusively that a lar&h number of slats c:cmsuma'- o
b j,;the least pnwer faf a givan 1ift. e "
- ._. .. .S__ q}h | . . . .._O n 2 n . . y N
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