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Abrtrack
The strong treiling-edge shock weves from tbe nozzle guide venes of transonic turdins stagss cen
give rise to intarections witd tdas downstraam rctor wbich ere significantly more severe than ia the cese
witd lower pressure retio stages. It is therefcre importent to study such effects in deteil both from
the point of view of stage power output end mors importantly from thet of heet transfer retes. A study 3
has been made ¢f e transonic rotor profile in e stetic cescede in which the effect ¢f ahock wave 9
interection ie eimuleted by meane of an arrey of bers roteting st the correct speed and spacing upstrsam
of tbe atetionery rotor bledes. Deteiled heet trunsfer rete meesurements made with repid raaponse geuges
enebdle the wake and shock phanouens to be sepereted. t
Ncmenclature i
? 3 NGV exit velocity, reletive ber veiocity ‘(

[

C., = Tangential (or true) shard

% = Thermal conductivity (¥W/sK)

4 = Keet transfer rete (W/ut)

M = Jleentropic Macd Nusder (deeed on locel stetic prissure end inlet totel pressure)
Nu = Nuseelt Number

Re = Reynolde Nusber (baeed on inlet totel conditions. isentropic exit Maoh Nuabar end tangentiel chord) 3
e = DBlade surfece perimeter
t = Time

T = Teampereture (K)

Tu = Turbuleace level = u'/0
u' =« Pluctuatiag velocity (m/e)
¥ = VYelooity (m/s)

¥ =« BRotor reletive velocity. cascade inlet velocity
2 = 3Surface dietance froa the leading edge etagnation point 1
/O Distance in the pitch-wies direction from the epanwiee detus position ;
p = Gae angle (ssasured from tbe axiel direo”ion)

o
Sudsoripts
- = Freestreaa
° < Totsl

1.2 = lIalet. Qutlet

Beds = Meoesuring poiut

b.m.t = Rud, mean, tip (or tangentiel im chord definition)
rel = Kkeletive ber condition 1"
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Introduotion

The effecte of unsteudy fiows ceueed by rotor blade/NGV interactions end the dieturbence to tbe
potential flow due to rotor blade motion ara aroueing inoreaeing {ntereet ae ettempte are made by turbine
deeignere to improve their predictions of performance. Previoue work by Doorlyi—? and Dunn*-1¢ bas ehown
tbe eignificant effect of NGV-rotor interaction on heat tranefer ratee associeted with the affeot of the
turbulent NGV wake on the rotor boundary layer ee tbe blade paeses througb the wake. Doorly's studies
have identified tbe fluid dynamio phenocaena aeecolated witd tbe interaction employing a stationary linear
caecade and an array of bare rotatsd off-axie upetream of tbe blades in such a way as to generate a eet
of wakes whicb paee over an instrumented etationary blade. Dunn'e etudies, on tbe other hand, involved a
complete rotor behind an NGV ring. An exteneive study of uneteady seoondary flow vortioes in a turbine
rotor etage has been made by Binder et al.*'—33, Leser two-focu velooimetry was used to track tbe
dietortion and migration of the NGV paseage vortex ae it paesed through the rotor blede ring.
Simultaneous measuremente of mean velooity and turbulence level were made. It wae found tbet the
turbulence level arieing from thie vortex wae raiead oonsiderably by the cutting aotion of tbe rotor
blades and thie affect was escribed by Binder et al. to the break-up of tbe vortex itself. The
experimente were cerried out in a stoedy flow turbine rig eo that tbe long eampling times required for
aoccurate L2F meaeurezments were readily attainable. Hodson®® has also inveetigeted tbe blade-wake
interaction meaeuring unsteedy blade pressures on a large-ecale rotating rig in a manner eiziler to that
at UTRC whera Dring and bia colleaguee?‘~*? have studied blade boundary layers using a rotor axis fixed
bot wire anemoaster

The wo.ik reportad in tha preeent etudy hee been carriad out lr e linear caeceda of the blades of a
transonio etage whera tha NGV exit Mach Number ie generally highar than tbat used hy Doorly or Dunn and
1n wiilcb the strong recoapreseion shocks in the waka hava a more important effect un tbe boundery leyer
and henca on tha beat transfar rates. The rotor profila le the eame ae tbat ourrently fitted to tbe MIT
tranelant blowdown fecility deecribed by Epetein et al.:® eo that direot comperisons will be possiblc
betwean the two diffarent epproachee.

Kxperimental dpparatua

Tha wmeasurements were carried out ln tha isentr.\lo light piston cascada desorlbed by Schultz et
al.'?, in which a short duration (~ 0.3 eec.) flow is prciuced et the corract full-ecala engine Raynolds
and blada exit Macb Numbers and at the correotly sceled gae/wall temparaiure ratio. Tha eimuletion
employed., l.a. statlonery rotur end moving wakes hee edvantages in tarss of slmplicity over tha fully
rotating axpariment ln ec far es 3chllaren technlquas may be employed to lcoate shock wavae and boundary
leyer separetloos (induced. 1t will be seao., by the lnoident shock weve). It aust ba eaphaslsed,
howavar. that the following affacte ara not slaulated:

1. Tampereture gradlents in tbe wake due alther to a fllm cooled NGV or the heat transfer to
tbe vana es a vhole.

1. The differentiel effacts of buoyency forces on tbe oocoled wake and the malnstraam flow.
3. Distortlon of tha N3V pessaga flow by tha rotor blockage.
4. The 1nfluence of unsteedy seccndery flowa over both the rotor root and tbe tlp region.

The simulatlon 1s, in effeot. valld only for mld-blada halght flowa but is daliaved to ba veluedle
nevertheless 1n thet 1t enadles the relevant fluld dyneaio phancaene to ve ieolated and studlad in some
datail. The arrangeseot of the linaar oasoada, tha rotetlng diso and stranded steel cablee is
11llustrated io Fig. 1{a). A more comhlete description is given by Ashwortb et al.** and it aufflces hare
to regord thit the aerodynaaio deslgn of the prototype cold eir turbina 1o whicb a 61 blede relor epine
at 9004 RPN bebind an NGV rimg of 36 vanes 1s correctly sisuleted by baving e diso cariying 16 radial
bars (stranded oable) and e turoioce scellng faotor caecsje/cold air turblna of 1.3247. Tha NGOV tralling
odge dlametar was 1.2192 sa and the nearest suitadle cable dlametar of 1.613! ma was chosen for
convaniance. The plane of the array of the bers was located 14.333 am upstreasn of tba casoada blede
leading odge line. [Experlameots reported by Doorly?-* have shown trat e waka velocity profila similer to
that from an NGV can be produced bv a olrcular cylirder of diameter equal to tbat of tba vana trailing
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edge. The osecads hae & span of 50 mm at hleda inlet and $6.093 mm at exit with the expannion on one
eide only ae iliustrated in Pig. 1(a). A turhulence grid 208 mm upetream of the cascade provides a level
of u'/l of approximately 3%. Upetream and downstream etatio and total praseures were measured routinely
to estshlieh the oorreot casoada operating oonditions and are rsported in more detaii hy Ashworth et
8l.1%, The operating conditions at the nominai engine deaign point are given halow.

The heat transfer gaugse used 1in this etudy are oonventional thin fiim eurface resistanoce
thermometere widely used for the datermination of heat tranefer rate in short duretion faoiiitiesi?.
Data from 22 euoh geugee wera etored in a digital traneient recorder eampling up to i6 ohannais at
300 kHz for each channel or wera input direotly to tha A/D oonvertar at a elower rata of 400 Hz for some
of the 64 avaiianla A/D channele when time avar. (e data oniy were required, aleo used for meas remente
suoh ae inlet and exit etatio preesuree. The looaticns of theee heat tranefer gauges on the hiade era
shown in Pig. 2(a) and givan in terme of the eurface length 'x' to perimeter 'e' from the etagnation
poirt. A more dstailed etudy of the reaotion of the suotion eurfaca houndary iayar Lo hoth freeetream
turhuienoa and the wake-paesing phenomene ie aleo reportad heiow. Por thie etudy another hiada wae
instrusented with thin film gaugee whioh were only 4 mm long &s oompared to 10 mm for the pravicus taets,
and were mors olcesly epaced around the profila, as ehown in Fig. 2(h). The model pointe in Pig. 2(h) ara
those referred to in Pig. 6. Surface praseuree ware measured in e time-averaged manner ueing Seneym
semiconductor transduoers type LX-i620D operating in a differantial mode ee raported in more detaii hy
Ashworth et al.!®., Baseline experimentel resulte have heen reported hy Ashworth et el. hut for olerity
some of thie data is referred toc in the preeent peper. The velocity triangle for tha stsady nominai
design cese ie shown in Fig. i(h) which inoludes the effeot of the reduoed NGV exit waks velooity Ci on
the rotor inlet angle ’1'

Experimental Results
Mean Heat Tranafer Without Wake Interactjon

A comparieon of haseline deta with no rotor/waka intarsction ie given in Fig. 3(a) for the two casae
of low (¢ 0.8%) freeetream turhulenoa end with a turbulenca level of approximately 3%. It will ha Jeen
that ths turhulsnce genereted hy the har grid 1a euffioient to hring ths region of boundery layar
transition forwerd from ahout 60% x/e on the preesura surfece and $0% x/e on tha euotion surface to i0%
and 20% respeotively. All of this data wae takan et tha nominal design oascada opereting ooaditione:

Teotar = 492X
M"u - 1.18
(hased on isentroplo inlet total and pitohwiee averaged exit stetio prcesurae)
Re = 0.919 x 10°¢
L 58.08°.

The ociroled nushers refar to heat tranafer gaugee identified in Fig. 2(e). The heat transfar reta

i3 praeented in terss of a non-dimaneional Nuseelt Numher, defined ee:

Nu =

4
(R S

Inatantanecus and Meau Heat Tranafer with Wake Intersction

Tha heat tranafer rete to the hlada with tha additionel effeot of wake intarection is illustrated in
Pigs. 3(b) and 3(o) for bdoth oases of affaotively zero freeetreas turbulence and ~ 3% w'/U. Froa
Fig. 3(c) it will he eeen that there ie an overell inorease in haat transfer rata over both the preasure
and suction aurfecaa. Tha praesura aurfaca hsat tranefar ia enhanced ovar praotioally tha whola langth
elthough tha doainant effeot ie oheerved for valuee of x/a ( T0%. On the pressure aurfaoa the affeot of
waka interaotion persiets to ahout x/a = 30%. Exasplaa of inatantancous heat transfar ratae are insat in
the Figure and a more axtansiva 'atlas' of reaults ia givan in Ashworth at al.%*. The heat tranafar
ratas with wake intersotion and with effeotivaly zaro freastreas turbulanoa era shown in Fig. 3(h)., As
expeoted thara 1a u sarked incraaae in tha lavel of heat tranefer rata ovar almoet the entire praeeure




-

3-4

and euotioe surfecee. Examplee of instantaneoue valuee of heat tranefer rate ere ineet and theee eleo
illustrate the increeee over tbe undieturbed oeee. o

Mean Effects of Inlet Ingidence Angle on Heat Transfer Rate and Pressure Distribution

Ae 1ie 1lluetrated in Fig. 1(b) the paeeage of the reduced velooity wake through the rotor hlading
givee riee to e time varying obange of inoidence angle. Although thie ohange ie eesocieted with the
blade-wake ieteraotion therc ie nevertheleees o time-averaged effeot wbiodb leade to quite marked
varietione, partioularly on tbe euotioe eurface heet tranefer rete and preeeure dietrihutioe.
Coneidering firet tbe heet transfer rete, Pig. 4(e), illuetretee the more prolonged region of laainar
heat transfer rate aeecoieted with e deoreased ieoidence of -10° from deeign velue of 38.06°. Studiee et
an inoreased {inoideece of 63.06° were cerried out for off-deeign performanoce purpoeee only and eltbough
reported here for refereece ere eot e pert of the overall wake-blade interaction experimeete. The
uneteady inoideece effeote oeueed hy tbe wake velooity defioit ere eot oorreotly eimuleted hy
meacuremesete made e tbe eteady etate but it ie probahle that tbe eeture of the traneient obangee, et
least eeer the leeding edge, ere ie liee with thoee ehowe. Similer remarke epply to tbe effect of e
deoreased leoidence oe Mazod Numher dietrihutioe around tbe hlede, Fig. 4(h), the overall reeult bdeing e
reduotion of Mach Numher, i.e. unloeding of tbe orown of the euotion eurfece, x/e ¢ 40%.

Measurement of the Unsteady Disturbance at Inlet

Ie order to uederetand the unsteedy pbeeomeoe oeueed hy tbe her—paseing epparetus, e eketoh of the
expeoted inlet dieturhancee 1ie the eimuletioe and tbe englee ie givee in Fig. 5(e). The velooity
triaziles ere matohed by eetting tbe oorreot her velocity and matohing tbe oeecede ielet velooity to tbe
rotor reletive velooity. The jetermitteet perturbetione to tbe ielet flow ceueed by tbe eimulatioco ere
ebowe for the high freeetrsam turhulecce ceee ie Fig. 3(b) fe terms of hot-wire output from tbe prohe
mounted e the freeetream ielet plane et nmid-paseage. eod eurfeoe estagnetioe poiet measuremeete of
preseure and heet tranefer rete. Botd tbeee reeulte and tbe deteiled measuremeete on tbe suotion eurfece
are presested from teete ueing tbe ber-paseing epperetue desoribed edbove witd juet 2 here fitted, ee
oppoesd to the 16 here neceeeery to model tbe oorreot blede paseieg frequeecy of the cold-eir turbiee
deeige. Thie enehlee individuel her-paesing eveete to he sepereted in tisme, einoe it ie diffioult to
tell whetber evente were merging togetber fros tbe 16 bar experimenty elone. Thie dete {5 normalised
witb reepcot to 2 oyolee the ber--peseieg eveet, eo tbat it ie poesibie to reifete feformation from
different rune :o terme of oyole freotion. The eigeele shuw e baokground turbuleet level extending over
ebout 60% of the oyole oberaoterieed by e eimiler type of eignel to thet ohte!ned witdb eo ro%eting bere.
All tbree eigeels heve e periodic oompooent et bar-peeeing frequeeoy witb two ohereoterietio perte:

(1) Over ebout 6% of tbe oyole repid ohangee in level of tbe order of § to 10 pe riee and feil
timee are obdserved. The presecure sigeel variee by ¢/- 25% and the beet transfer rats by epprorimately
+/- 50%. This dieturbence 1is ettributed to ehock wevee generated #s tbe her eveepe past tbe oeecade. By
examieetion of Scbliereo photogrephs of tbie flow, examples of whioh ere given io Fig. 7, tbe neture of
the NGV simuleted ebosk struoture oan be determined. Cleerly two shocke ere aseocieted witb ooe ber—
paseing event, the bow end recompreseion ehocke tbet would bc expected et tbe ber reiative Mach Number in
steady flow. The eeparetioe time between these ehocks ie approximately 73us. marked as Av.. 1o Fig. 5(n),
and le eeee to oorrespond to the time ietervel hetween tbe sherp fells ie leve: to the adjeceet ebarp
poak.

(14) Following theee repidly obanging eveete, a second leee marked change in level assocleted vith
the wake 1o elao vieihls over about 10% of the oycie, marked ee tbe "wake" regioe o Fig. 5(h).

lime-Resolved Heat Iransfer Rate Measurements on the Suction Surface

The eeture of the reaction of otherwiee luminer boundery leyere to doth e higber level of isoiropic
fresstreas turbuleeoce, and to tbe intermitteet dieturbanoee ceuzed by tbe wake and ehock/boundery leyer
leterections wee ieveetigeted ie more detei) using tbe instruseeted suction surfece shown io Fig. 2(d),
ard tbere reeulte ere preeeeted in Fig. 6.
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(o) Noturai Transitios of the Suotios Surfaos Bousdsry Laysr

Wide bandwidth hsst transfsr signals ohtaised from tbo ourface tbis film gauges olsarly 1ilustrsts
tbs important diffsresoes betwssn ths iow and higb frasstream turhulssos oasss ss sbown in ths higb
frequssoy tracso of Fig. 6(a). Thare is a oonstant spacing of 5 mm bstwoan tbo tbin film gauge rasults
chown, starting with gsuge 3 at as x/s vaiua of 0.12 through to gauge 15 at x/o = 0.65. Ths low
turbulesou o0sse (Run 5723) remaiss quist (lamisar) througbout tha astire measuring rangs of ths transisst
data {(to x/o = 0.65). Ths surfaoco bsst tranafor for ths bigb frssstrsam turbuissce oass, wbils starting
somewhst highar than tha taminar osss, booomss {sorsosingly dominsted by sharp tranoisnt avants
(cossistent witb tbs thsory of turhulast spot davsiopmsst, growtb, and gisdusl msrger as proposed by
Emmoss’¢ and varifisd by many others (s.g. Schubausr and Kishasoff31). Thass spots, which raise ths hset
transfar ooeffioisat {natantansousiy to high turbulast lavoie, ocoatisus to zrow and msrgs ustii finsliy
tbs Nusosit Numbar oignals beooms i{noreasingly obarsotariced by tbs "stsady®™ turbuisnt lsvsis. It is
olsarly sses that hy tho x/s = 0.65 stetion tha flov 1s at tha turbuissi 1sval mors than Malf of tbs time
hut drops prsoissly to ths usdisturbed laminar values bstussn the turbulsat evsnts. Is othsr tests
oonduoted at 1.5 x Rs dssign, the boundsry fayar wss fully turbulast st this locatios.

Ths physioal proosss of turbulsst spot hreakdown to turbulancs oan bs ssss in Fig. 6(a). Tha growth
and’ rearward oosvaotion of individual turhulast spots 1s olearly sssn as thay movs along the blads
surfses. Ths spot signals grow 18 hafght and width as tbs opots oovsr mors of sach sucoseding thin fiim
gauge and abift in time downstrsam. This braakdown procsas is quantified 1s mors detail (s Ashworth3’?
vhare {stsrmittasoy lsvals are estimated from ths digital time rsoords and spot cosvaotios ratas ars
astimated from oross-oorrslation anslysis of sdjoining tbis film sigsals.

(b) Detaiiad Waks and Shook Intsrsotios Effeots

It s possible to analyss ths reactios of ths biads houndsry {isysr to ths wake and shook
perturbatiosa with 2 bars rotatisg hy isvsstigstion of ths sequascs of time-resoived Nuzaslt Nuabar plots
gives 1s Pig. 6(h),(c) and (d). The higb freeetrsas turbuiasoe cass witb wakes and ebocks prasast
(Fig. 6(h)) 1s markedly diffarert to ths saturally transitionai boundsry laysr (Fig. 6(s)) ovar tbs first
35% of tbe surfaoca, witb simiiar rspid rises and falls is Nusssit Nuamber to the perturbatione svidsst is
rig. §. This abock related asvsst ocoure or the sarly suotion aurfaos dus to a shock/boundary layer
1stersotios starting at geugs 9, o0loss (o ths crows of the suotios eurface. Examination cr ths Sohlisren
photographs (Pig. 7) 1(sdioatss that ths shooks first interaot with the boundery layar sear to gauge 9,
ths reflsotios poist ooving towards ths lsading-edgs ar: tbs bar wovss 13 ths same direotios. This le
vieihls on the early gaugee on Fig. 6(h), oosurring firet on gsuge v tbss moving gradually through gsuges
7 and 5 and fisslly ehoving on zauge 3. The rapid drop 13 surface Nusselt Numder 1s attrihuted to an
unateady asparstion and ths riss to a turbulsst rs-attaoh both d by the shook houndary laysr
intsraotion. Ths sffect of ths wake 1s not olsariy disosrnable in Pig. 6(h) and to sid in identifiostios
of thia ths bars wsre rotated at a lowsr apaed auob tbat tbs bar relativs Mach Number was suheonio. The

resuita of this sre shown as Pig. 6(2) with a much more oisarly idestifiadis snhanoemest 1s hsat transfsr
dus to tbis waks. This sxtsnde to thas latsr gaugss of the surfacs ocausing thas boundary laysr to be fully
turbulent ovar ths axtsnt of tha wake. Is Pig. 6(d) the background turbulvaca wse reduced to lsss than
0.9% and the periocdio dieturbancss due to the bar-passing evests are more olesrly evidest. The easrly
suotion surfacs has ehock-relsted pbesomens axtsnding well isto the oycla period with apparect
oeuillations is Nussslt Number aoving with tbe shosk. Also spparent f~om Pig. 6(d) le ths istermittest
nature of the turbulsace induced in ths boundary layer hy the wakXs and shook intsraotion. as tbs doundary
layer olsarly returns to its usndisturbed laminar valus betwees the periodic svants. The hset transfsr
sahancement dus to ths waks 1s olearly avideat aloag the whols surfass.

In ¥y, 4t app e that ths stats of tha turbine boundary laysr seems to ds ocntrolled hy the
leval of freestream turhuleacs exocept during ths time for which ths shock and wake aotually pass through
ths cascada passage.




Sehijeren Photographa of the Wake and Shock Interaction

In PFig. 7 Sohlioren pbotogrephs ohowing four p ages of tbe de (marked A to D) ere prooented
for fivo inotanto in tbe bar-pessing oyolc. Thic rofleoted Scblicreon technique gives ohanges in tonc
oorresponding to tho integreted effects of donsity gredicnt eorcoo tbe opan of tho osscads, co thet
ovonts running normal to tbe tunnol sidewell obow up most olearly. With no bers proscat tbe gensral mid-
tone appearanoc varies moct et tbe treiling-edgo shooks witb somo effacts due to tboc high eccolere’ione
near to tbo locading-edges. The pbotogrephs in Fig. 7 are from tbe 2 her tocts, es tbe picturcs bsoome
comewhat oonfusing in tbe high-frequenoy wake-pessing oesc. Tbe poaition of tbec ber 1is ohown
oorrecponding to timo 1, 26 po bofore tbe ber rsecheo ito detua position et 90° tc the tunncl sidewell.
The tip of tbe bar ontors and loevos the cecoede wben tbe ber radiel line io inolined et +/- 45° to its

detum position, but ovor tbo range of pbotogrepbs sbown (his anglc veries from -3¢ to 17° tbuc amounting
to 11% of tbo oyole botween ber-pessing events. The sbook and wakc avents ere cvideont in all of those
pbotogrepbs eo 1o deteiled here for oceoh of the times in Fig. 7:

1. The bow shock ia visible in pa=sage C eo 2 thin borizontel line just touching tho crown of *he
ouction surfece. The surved ead of thio shuok i3 due to refrection from tbe leading-edge of tho
upper blade of this pessage. eo the shock wes chopped bere eo tbe ber swept by, vertioelly downwerds
from tbe point of view of tbose pbotogrephs. Some weak shock ectivity ic evident in passago D, as
will be discussed beolow. Pessage C oonteinc come reflected shock eotivity essccieted with tho bar
rocompreoccion shook. Tho wako oan be seen as ¢ mottled region in pecoage A iovering more tban half
of the pessage.

2. Tlps leter tbe bow shook has pessed tho lower blede leading-edge of pasoege C and io now being
refrected from thio point. The rcoompression shock is now in pessage C, with its distorted shepc duc
to reflection effects. The wake is now visible in both peseeges A end B.

3. After anotber 65ps the bow shook has nearly left the lower passage (D), with e quite strong reflected
ohotk vieible eo e series of erce. due to tbe tbree-dimenaionel neture of the shook as will be
desoribed b2low. The recosjyression sbock is cloce to the leading-edge of the upper blade of pessage
D, elsd reflecteld sorces the peceage. The wake i3 oteadily encrosohing in to the two upper pessages
(A and B).

4. The reflection of tho recompreseion shook in paseage C 1s etill avident, end the refrection of the
same shoosk in the lowsr passage is now overlepping with the refleotion of the bow ohook, which now
also {0 reflecting agein from the preseure surfece. The wake is now sterting to eppeer in peseege C.

S. A short time (30ps) leter the shock ectivity bee elmoet cleered pessage C, save for eome weak
sescondery refleotions of tbe reccapreeeion shoek etill evident. ourprieingly refleoting agein off the
suction surfece. It is assumed that tbese weaker shock interections wuuld not beve muca effeot on
the boundery leyer stete, but oould oeuse some of the osoilletions in beet transfer noticesdle only
in the cesee where "ul (tbe bar reletive Mach Numbder corresponding to urol’ is transonic.

Predictions of the ¥ake azd Sbosk Positions
1=Dirsnaional Wake Prediotions

For tbe five tieee corresponding to the Schlieren photographe ehown ia Fig. 7, prediotione of the
wake positica were calculeted, tbe resulte of whioh are shown in Fig. 8. The wake itsolf is elmost 2-
disensional in form, varying mainly in height eorcee the span due to the 3-dimensional bar geometry, so
that oaly e 2-~dimensional celouletien ia y. The pr dure follows that deecrided ia Doorly®®,
now fully eutomated and ellowing for the spreading of the wake by using e width proportioaal to the
square-root of the dietance from tle ber aloag the line of 0"1 with the constant of proportionality
derived from ¢ detebase of wake measuresents. The prediotion procedure is as follows:
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(1) A prediotion of the flowfileld velooity is made, in this cass using the Denton sobeme?’ and stored
by the program. .

(11) “roli' celoulated (asaumed oonstant eoross tbs span), tbe osntsr-lins of tbe undistorted wake is
oalculated from the specified bar poeition and the widtb added.

(111) The waks ie sbifted baok in time so that tbe bar will return to its oorreot poeition following the
marohing prooess of the prediotion routine.

(iv) From this {initial position slsments of tbe wake ers oonveoted hy emell time steps using tbe looal
velooity interpolated from tbe prediotion until tbe bar reeches the specified looeticn. The
differentiel vslooities 1in tbs flowfield oeuee distortion of the wake elong its lengtb and aoross
i1ts width as it 1s ecoelerated tbrough tbe passage.

This simple sobeme, whiob oould be inoorporeted in tbe blede design process, agrees well with the
positions of tbe wake on the Schlieren photogrephs, so tbet tbe fraotion of time tbat tbe bsat transfsr
rete to the surfece is effected by tbe wake ooculd he celouleted and inoluded in the intermittency term of
e prediotion. It also demonstretes tbet to tbe level of our measuring ebility second-order effeots such
a3 the "negetive jet™ effect do not significantly effect the wake position, ee referred to in Doorly??,
and thet the essumption thet this flow unsteediness may be superimposed on the steedy flowfield is ¢
velid epproximation.

ewpp— 1

Although it wes possible to model the wake in 2-dimensionel terma. tbe shock struoture essocieted
with the transonio neture of the her (as "rol veries from i.06 st the hub to 1.25 et the tip) is not
striotly 2-dimensionel, es has hasn sesn in the Schliersn photogrephs (Fig. 7). An ettempt wes made to

prediot the positions of the how end reoompression shoocks due to tbe ber in order to allow trejeotory

~ I B9
Saputs

rete calouletions to he made releting to the hset transfer meesurements, end to eid in underatanding
pbenomsne observsd in the Schlisrsn photogrepns. An example of suoh e prediotion is presented as Fig. 9.
The prediotion is hesed on tbe essumption thet for e ssali slement of the her the flow is 2-dimeneionsl
with respeot to the plene oonteining U"t and normail to the har axis, e quesi-3-dimensionel epproeoh 1
duscrihed in deteil in Asbwortb??. As U"lvorua in both magnitude and direotion., so does the assoaieted
shock structure, and uniike the wake, this verietion ehouid be eoocounted for. The method of prediotion
was ooaputerised es foliows:

(1) For eesumed oonstant iniet condi®ions and e specified poeition of the ber H" is osicuiated end

1
ite direotion detersined.

(11) The equation of the how shook in the 2-dimensionel plsne describel ebove is dsrived from Mr.l using
the method desoribed in Shepiro?®, shook properties and turalag anglee ohteined by ourve-fit
equetions where neoceassry over a range of Mach Nusber from 1.0 to 1.S5.

(111) The reoocarreseion shook s easumed to be streight end inolined et the Mach angle (un-'llH"l) to i
ths direction of "rot vith ¢ virtual origin two diameters downetream of tbe bdar.

(iv) The shocks ere ohopped and refrected if they ere downstream of the blede exiel leading-edge point.
with ellowvence mad. for regensretion of the shook as it moves ewey from thie point.

(v) Finelly the pointa of intereection with .he hiede suotion surfede ere ceicu..ted. end the ehocks
are sioply refieoted from an origin mid-wey hetween the two intersection pointe.

Comperison with the Schlieren photogrephe is encouraging. the pasitich shown in Fig. ® corresponding
to time 2 in Fig. 7.. end it is hoped thet information from tbie eispiified sodel wili prove usefu’l ee an
eid to understinding the oompiex shock movements in turdine pussagee, in spite of the many sisplifying
assuapt ionr made ia this predictioa (euch as ellowing for nc veriation of the freestream veloolity).

Comolusions

It kar bdeen estahlished during the course of this study ihat the leentropic Light Pistoa Tuanel
facility oombised with the wide bandwidtb/highk sampling rate heet transfer instrusentetioa hes proved
capshle of treokiug very repidly progressing unsteady evenls ia s transoaic boundary leysr. Opereting
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under. a aimulated unstaady gea turdbine rotor anvironment. sansitive devection and precision tracking of
transient ebock, wake and boundary leyer transitionel events weu eocoompliehed.

A eescond wmajor outcome of tbia etudy was tha observation tbet tbe etrong unstesdy interaction of a
doubla shook and e simuleted NGOV wake witb the¢ rotor boundary layer did not hava any measurabls ®loag-
tars® effecta epart from tbe etrong exouraion in heat tranafer asecaieted with tbe notual passing of tha
ehocke and waka. The baat tranefar fluotuetion levela wera aseantielly unchanged far removed from tbe
dieturbance (in iima) and naarly ideatioel &t tbe rearsoet measuring point exoept for e turtulest pated
assooiated with tba shook/waka avant itealf.

The interaction of tbe ebocke and wake with tbe rotor astabllebee in more datail tbe eerlier
obeervation of Ashwortd et al.*' and Doorly and Gidfield® of atrong obangee in looal beet transfer
ooceffioient. The treoking c¢f tbe intereotion over tha surfsoe oould be followed witb soz» precision with
the time reeolution of tbe instrumentetion used.

Prediotione of tbe poaitions of both tbe wake ard abook atruoturea oavaed by the bar are moet
enoouraging, as they are beeed on eimplified models eanily lnoorporatad in the deeign prooese, unlike
many other metbode whioh ere to unwieldy for turbina deaignere to uea. They botb are baeed on
superimpoelng tbe unsteedy struotures on exieting eteady-etete information, end as euoh agree welf witd
measured data.
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Fig. 2{a) Co-ordinates of the oriyinal hest 1rsnefar gsuges on the blade profile.
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Fig. 8 Predicted wake
The two lines f
wake region.

posftions at times corresponding to the Schlieren photographs in Fig. 7.

or each time are the leading and trailing edges of the highly turbulent
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Fig. 9 Predicted shock position correeponding to time 2 of Fig. 7, with the bir inclined at
T 2% to ite datum position. Only the half of the ehocks downetream of the bar ere
ehown for clarity, The refraction and reflection of both shocka can be ceen, with the
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DISCUSSION

P.Ramette, Fr
The wake is induced, in your experiment, by a bar with a diameter corresponding to the nozzle trailing-edge seetion,
which is symmetrical, while the nozzle wake is non-symmetrical. Consequently, you do not have the same gradients.
How representative of a nozzle wake effect is your experiment?

Author’s Reply
The work reported herc is the follow-up of work carried out on a different profile, with a lower relative bar Mach
Number, as reported by Doorly?’. Prior to these tests, static tests were eartied out by inserting a bar in a cascade with
NGV's mounted in the same test section. It was therefore possible o traverse both bar and nozzle wakes and it was
noted that the bar wake was quite representative of the NGV wakes. The larger momentum deficit corresponding to the
suction side boundary layer that onc would expect to contribute 1o the asymmetry did not appear to be significant and
we assumed the same to be true for our cascade. It is worth noting that the weaker shock in the experiments reported by
Doorly'~* only caused a boundary suparation unce the shock passcd the Icading edge of the blade. It is very interesting
that quite different results can be obtained from similar experiments with only a few paramcters altered, the most

important of which is the shock strength.

*Doorly, D.J., “A Study of the Effect of Wake Passing on Turbine Blades”. D.Phil Thesis, University of Oxford,
1983.




