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ABSTRACT

The curent pape reports  invedigatiors aima &
advancing the understandig d the flow field nea the casng o
a forwardswep transont compresao rotor The role d tip
clearare flow ard its inteadion with the pasag@ shok on
stdl inception are analyzd in detd. Sead/ ard unsead/ three
dimension&viscous flow calculdions ae gplied to obtan flow
fields & variows operding condtions. The numertcd resuls ae
first compare with avalable measur@ data Then, tk
numercdly obtaina flow fields ae interogatel to idertify the
roles o flow interadions betveen the tip cleararce flow the
passag shock ard the blade/endwh boundary layers In
addition to the flow field with nomindtip clearancetwo moe
flow fields ae analyzd in orde to idertify the mechaniss o
blockage genertion: ore with zer tip clearanceard ore with
nomind tip cleararwe m the forwad potion of the blade ad
ze clearae m the at portion.

The curert study shows thd the tip clearare vortex does
not break down even when tle rota operats in a stded
condtion. Interadion between the sho& ard the sution surbice
bounday laye causs the shock ard therefoe thetip clearamce
vortex to osdllate. However for the curertly invegigated
transont compresa rotor, socdled brealdown o the tip
cleararce vortex does nd occu during stdl incegtion.

The tip cleararwe vorte originates rea the leadhg edg
tip, bu moves downwad in the spanwise diréion insice the
blade pasageA low momentun regian devebps éowve thetip
clearame vortx from flow originging from the casng
bounday layer The lov momentun area bulds wp immediatey
downstieam o the pasag@ sho& ard aboe the core vortex
This aea migrate towad the pressue sice d the blade pssag
as the flow rate is decreasedThe lov momentun area prevers
incoming flow from passing through te pressue side 6 the

passa@ ard initiates stdl incepion. It is wdl known tha
inviscid effects dominat tip clearare flow However, compbe
viscows flow structure devebp insice the casig bounday
layer a operding condtions rea stdl.

INTRODUCTION

It is wdl known tha a largeportion of aelodyname loss n
moden transort compresos accurs rea the rota tip sedion.
Comple flow structure rea the casng ari® from inteadions
between the tip clearame flow peassag@ shock ard bladcke
bounday layers ard often limit the operding range Numerows
experimentband analyicd studies o endwadl flow structurs in
transont compresos hae be@ reported (for example
Adanctzyk et al. [1993] Copenhave et al. [1996] Hah ard
Loellbach [1999] Chima [1998] Sude ard Celesina [1994],
Van Zant 4 al. [2000] Rake amd Hah [2003). Although mary
detdls d the erd wadl flow structue in transoni compresos
hawe emergéd from theg studiesthe precise flaw mechanisra
tha lead to stdl incepion, espcidly the role d¢ the tip
cleararme vortex are nd clearly undersbod

Recerly, variows studies (fo example Schechtrien ard
Loetzerich [1997] Hoffmann ard Bdlmann [2003] Yamadh &
al. [2003) hawe proposel tip cleararce vort brealdown & a
possibe cause fostdl initiation in a cawertionally desgned
rotor. Vortex brealdown is refered to & a phenomeno in
which an abrupchange in the vortex core structure occurdn
transont comprasors it is agued tha shock/tipvortex
interadion can caug vortx brealdown Thome et al. [2002
studial the interation between longtudind vortices ard norma
ard olique shocks They proposel ciiteria for the occurerce
of vortex brealdown from ther study In a typicd transonc
compressa nea the stdl condition, the tip cor vorex is
oblique b the pasa@ sho& ard the swit intensiy of the coe
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vortex seens o we& for vortex brealdown based on the
criteria pooposel by Thome et al. [2002] In the presenstudy
the behavio of the tip clearare core vorte in the curert rotor
was studiel first to idertify any beakup during stdl. Becaus
no brek up of the tip clearare core vorte occured, the origh
of blockage neathe casng during sthwas furthe examined

Both He ard Ismad [1997 and Heh ard Rale [200]]
studied stdl incegion in transort compresa rotors
numercdly. He ard Ismad [1997 calculatel 8 ou of 36 blad
passage d NASA's Roto 37 to simula¢ rotding stdl
incegion. Hah ard Rale [200]] performeal full-annulus
calculdions o invegigate stdl incegion in a noden hightip-
speal transori comprasa rotor Both of thee simuldions
usal reldively coarg computdond grids b accanmodae
multi-passa@ unsead/ viscows flow simuldions therefore
detdled flow structurs insice the casig bounday laye were
not fully resolved However,both studies reweala tha the stél
process h an isolatel transont comprasa rotor is differen
from tha in a subsonic compssa rotor In an isolatd
transont comprasa rotor, the pasag@ sho& sypresses
upstieam propagdion of flow disturbaiges rea the tip outsice
the wdl bounday layers As a resit, varigions in flow
structue betwea blace passage ae less pronanced in stdled
transont rotoss than in stdled subsorg rotors Fa the presen
study a shglepassag flow simuldion is usel to stud the
interadion between the tip clearame core vorte ard the
passa@ shock While a sihglepassag flow analyss cannat
simulae asynmetric featurs o the flow in the stdled
condtion, it can be usel to examie detéded behavio of the tip
clearamre core vorte ard its intemdion with the pasag sho&
during stdl at transont operading condtions.

The concepof a swep transont rota has been introduced
in the desyn d highly loaded high-throughflow, transont
compressos O retan aeodynamc efficieng/ and operding
range with the increasig rota tip spa (for example
Wennerstran ard Puterbagh [L984). Both measuremestard
numercd studies hawe show tha a forwardswefp rotor hes a
large stdl margin ard highe efficiengy than a sinilar radidly
stacked rota (Wadia € al. [1997] Hah & al. [1999). Detdled
studies d endwadl flow structure in swep compresa rotors
operding rea stdl have nd yet teen reported.

The primay objecives d the curent work are & folows:
1. To invegdigate detdled flow structurs in the endwd

region including intemdions betveen the tip clearamce

flow, passa@ shockard blace bounday layers.

2. To examir the behavioof the tip clearamre vortex during
stdl inception.

3. To recanmerd future reseate efforts in contrdling
endwadl flow behavig in transor compresors.

FORWARD-SWEPT ROTOR

Figure 1 shove a threedimensionaview of the forward
swef rotor invegigated in the curert study The rota was
desgned to improe the performancef an alread/ well-
desgned radidly stackel rota throughaewondyname sweep

The key desgn parameter d the rota are given in Tabke 1
The rota was swep forward ushg both chod barreling and
tangertial lean in the diredion of rotetion. The desjn
procedue was iderticd to tha usel to desjn unsweprotors
ard is presente by Wadia ard Law [1993] The rota was
testal & the Compresa Aerodynamc Reseaie Laboratoy
(CARL) at Wright Pattersa Air Force Base (WRFB). Detdls
of the setupinstrumentdon, ard experimentiauncertairties ae
describe by Law ard Wada [1993] Experimenth
instrument#on includel flow measuremensta the stage inle
ard ext, instrumenttion for totd pressue am totd temperatue
at the downstean state leading edgeard sead/ ard dyname
pressue measuremestalang the rota casihg. Rota running
geomety ard measurd tip cleararce d 0.02 inche ae usel for
the numercd analysis Therefore, defidions d the rota
geomety at running speed were poperly accainted for in the
numerca simulations.

NUMERICAL PROCEDURE AND COMPUTATIONAL
GRID

Sttady ard unseady threedimensional Reynolds
averagd NavierStokes equéions wee solvel to obtan sead/
ard unsead/ flow fields & various operding condtions.
Unskead/ soluions wee usel to idertify movemen of the tip
clearame vorte a stabk operding condtions ard to obtan
instantaneosi flow structurs during stadl incepion.

In the curent study the governng equéions ae solvel
with a pressurebase implicit method usng a fuly conservéve
contrd volume gproach A modified two-equdion turbulerce
modd is gplied for turbulerce closureA third-orde accura¢
interpolaion schere is usel for the spaial discretzaion of
convedion terns ard centra differencing is usel for diffusion
terms The metlod is o secondorde spdial accurag on
snoothly varying grids Fa time-dependenterms an implicit
secondorde schene is usel anda numbe of sub-iteratiors ae
perfomed & ead time step Previos studies usig the curent
numercd code indicate thaaeodynamc losses in a typicad
transont comprasa are predictel wdl enough fa engineering
guidarce n desgn gplications Also, the quditative stdl range
is calculatel reasonalyl well with the numercd code Detals
of the curert method amd appicaions © transorg flows ae
given by Hah ard Wennerstran [1991]

The computdond grid is show in Fig 1. A single bladg
passa@ consist d 198 nods in the blad-to-blade diredion,
77 nods in the spanwise diré¢on, ard 280 nods in the
streamwig diredion. The rota tip clearame geometr is
accuratef representa by 28 nods in bladeto-blade diredion,
30 nods in the spanwise dirdion, 185 nods in the streamwis
diredion. The I-grid topolog is usel to rediee grd skewnss
ard a shgle-block grid is usel for the man passa@ ard the tip
clearance.

Standad baunday condtions for isolatal rota flow were
applied & the boundaries o the computdond domain Non
refleding bounday condtions wee gplied a the inle ard the
exit. Perbdicty condtions wee gplied a the perodic
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surfaces ard nodip condtions wee usel on sdid wdls. A
previols stuy by Copenhave et al. [1997 showal tha atime
step of 0.00025 &c was recessay to captue sho& mation ina
similar transont rotor Fa the presen study the unsead
natue d the flow originates primaily from the interation of
the sho& with the bladebounday layer ard the resiting vortex
shedding. Thereforeatime stg of 0.0000125 sc. wasusel for
al unsead/ flow simuldions.

COMPARISON WITH MEASURED DATA

Measurd and calculatel rota performace mag ae
presentd in Fig 2 Calculdions wee performe with the
nomind tip clearare aml with zero tip clearance Additional
calculdions wee performe rea the stdl condition for a patial
clearame cas with nomina clearame o the forwad 40%
chod andzem clearame o the at 60% chord Compard to
the measurementshe presehnumeicd procedue calculate a
dightly highe pressue rise ad a dightly lower adiabic
efficiency for the curent compresor The measur@ rota
chamcterisics ae derivel from measuremestdownsteam of
the stator No atemps wee made ¢ obtan bdter ageemen
with the measurementsPrevios studies o a simlar rotor
(Copenhave et al. [1996) showal tha the curent numertcd
procedue represestmeasurd flow chaacterisics wdl enough
for this type o invegigation With zero clearancethe eficiency
increass ly abou 1.2% This differerce s clo® b the findings
of L. H. Smth [197( and agees with a previos stug on the
effecs o tip clearame o the performance foa transord
compressao rotor (Gpenhaveret al. [1996). Also with zero
clearancethe stdl margin increass by sbou 20% Differernces
in efficiengy ard stdl margin between the zeo cleararce am
the nomin& clearawe case representhe nd effecs d tip
clearanceThe patial tip clearame cas exhibits an increa® in
stal margin of abou 5% with no increa® in efficiency.

For the nomind cleararwe case the nearstdl operding
point corregponds © the highes backpressue & which a stable
steady numercd solution can be obtainal with a fixed ext
staic pressure To idertify the nearstdl operding condtion,
the ba& pressue was increase by incremens o 0.01 ps$ nea
the stdl limit until a soldion coud no lcnge be obtained To
understad changes in flow structue during the stdl process an
unseady calculdion was performe with a raisel backpressure
An instantaneai soldion from this calculdion is idertified in
Fig. 2 & an in-stdl condition Furtherunstad/ calculdaions
were al® performel & the neasstdl condition to invedigate the
unsead/ natue d interadions betveen the tip clearame flow
the pasa@ shockard the bladebounday layers.

Measurd ard calculat@ time-averagd pressue contous
on the casng for the nomin& clearalwe case are compaién
Figs 3 and 4 The reslis indicae tha the numercd procedue
calculats the overdl flow structue caredly a different flow
condtions. Thereforenumertd solutiors & differentoperding
condtions can be analyzd in detdl to stud/ the roles d thetip
clearare vortex ard the pasag sho& in stdl inception for the
presemforward-swep rotor.

Flow Structurewith Zero Tip Clearance

To isolak effecs d tip clearame flow in stdl incegion, a
flow field with zem tip clearame wa invedigated first
Although tretip clearame wes efedively sd to zerg the casng
remainel stdionaly with reldive mdion between the rota ard
the casing. Figures 5 and 6 she Madh numbe contous ard
velodty vectos rea the leadhg ed@ & the nearstdl operding
condtion. The reslts shav tha the bounday layer on the blade
sudion surfice separasedownstean of the pasa@ shock
Strong cress flov from the sudion surfice b the pressue
surface mmediatey downstean of the sho& resudts in
separdion o the erd wdl bounday layer Conequetly, the
flow inciderce nea the leadhg ed@ increase drasicdly.
Previows studies n comprasa stdl phenomea (for example
Rake armd Hah [2003) indicake tha stall initiates when tip
clearare flow sglls into the adjacenblade pasa@ from the
pressue side athe leadhg edge The reslts in Fig 6a shav
tha high flow inciderce resiis from strang cres flov
downstean of the pasag sho& where the ed wdl bounday
layer separate ard a large blockagesiformed Reslts in Fig 6
alo indicake thd the increas in flow inciderce s larges nea
the endwd and tha stall initiates vel close © the casng, na
awgy from the casng.

Flow Structurewith Nominal Tip Clearance

Figure 7 shovs entopy contous an severbaxial plans &
three operding condtions. Threedimensionatraces d the tip
clearame vortx are al® shown The tip vortex traces ae
formed by releasng paticles from the region 1% chod
downstean o the leadng edg@ am 5% normdized tip
clearame @ove the bladeip. The tip clearame votices ae
maintainel ard sccdled vortex brealdown is nd observed
even & the in-stdl operding condtion. Various previous studies
(for example Schechtrien ard Loetzerich [1997] Hoffmann
ard Bdlmann [2003] Yamadh € al. [2003) hawe indicatel tha
tip clearame vort brealdown occurs when the tip clearare
vortex interacs with the pasa@ sho& a nearstdl conditions
It was indiredly implied tha vortex brealdown cause stdl
incedion in ther invedigatiors an transorg flow in a radidly
stackal rota (NASA's Rota 37). The reslts in Fig. 7 do na
show similar behavior 6 the tip clearame vortex during st
incegdion. The tip clearame vorte originates rea the leading
edge from intemadion between the incomng flow ard flow
coming ove the bladetip. As the blade loadig increasesthe
pressue gradiehove thetip increass ard the tip vortex moves
further away from the blade afteformation a the leading edge
The tip clearame core vorte also moves radidly inward &s it
moves downsteam. A projedion of the tip clearame votices
onto en axid cross plae is showm in Fig 8 for al three
operding condtions. The blak circular arc &owve the trace
represerd thre machine casg. The vottices originae & the
blade leadng edg o the let ard propagas in the
circumferemial diredion to the right At stall, the tip vortex
moves radidly inward more than a peek efficiency
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Figure 9 shovs entopy contous & the bladetip and &
96% span along with tip clearane vorte traces Arrows
idertify low momentm regiors rea the casig, associate with
high entopy. As show in Figs 7 and 9 the area with low
momentun fluid ae nd diredly relatel to the trajectoy of the
tip clearame votices

Figure 10 shovg velodty vectors colorel by Mach numbe
at the bladetip alng with tip clearare vorte traces for al
three operding condtions. Differerces in the tip clearame
vortex traces ard velodty fields rea the leadhg edg &
differernt operding condtions ae clearl illustrated in Fig 10.
At stall, like the zeo clearame flow field & stall, a strong crass
flow devebps whee the pasag@ sho& interact with the bladc
bounday layer This cross flw seens  cary low momentun
fluid from the upstrem endwd#l bounday layer This
accumuléion of low momentun fluid increass flow blockag
nea the pressue side & the leadhg edg amd prevens
incoming flow from enterng the pasag in tha region as
shown in Fig 10c Velodty vectos rea the leadng ed@ in
Fig. 10c shav tha tip clearawe flow sglls inb the adjacen
blace passag from the pressue side 6the leadhg ed@ due ¢
the blockage bthis lov momentun area.

Attemps wee maded trace upstrea to find the origirs o
the lov momentm awras Figure 11 shove calculatel Mach
numbe contous & 96% span ard & the bladetip sdion & the
stdl condition. Threedimension&particle tracs (in blug were
release from the lov momentm ars & thoe spanwie
locdions ard tracal bot upstean ard downsteam As showm
in Fig. 11, tke accumulaon of the lov momentm area 5 nd
the resit of any brealdown of thetip clearame vortex In sone
tangertial locations, the endwdl bounday laye extend rearly
5% of the blade spainto the flow field, as show in Fig 7. The
low momentun ara & 96% span is formel by fluid coming
from the upstrem cashg bounday layer This fluid moves
radidly inward and wrap araind the core vortg nea the shok
surface As shown in Fig 11a, th$ fluid changes flow diredion
sharpy araund the core vortex Negdive axid velocity
conponens ae canmonly observe & this span Traces from
the lov momentun area a the bladetip dion shav tha the
low momentm area s formel by fluid tha crosses the bladetip
abou 40-50% chod from the leadihng edge This fluid pase
ove the tip clearare vorte ard the lov momentmn ara b
formed rea the pressue side 6 the blade beyanh the tip
clearame vortex. This fluid al®o follows the crass flov
diredion observe & the bladeip in Fig. 10c The regiors with
low momentun fluid inside the casng bounday laye are
formed primaily with fluid from the upstrem cashg bounday
layer ard paticles crossig ove the tip gap downstean of the
leadng edge Figure 12 shove the overdl structure o the tip
clearare flow a the stdl condition with paticle trace rekase
from three radi&locdions in the tip gap Thetip comre vorte is
formed by fluid originging rea the leadng ed@ o the blad
tip sdion. Fluid originding rearthe pasag shok leg on tle
blade sution sice nea thetip traves @owve the core vorteard
forms the lov momentun ara Mog of the fluid from the

leadng ed@ t the sho& leg move radidly downwad ard
stays within the blade pssage Sone d the fluid & mid-gep
from the sho& leg b the trdling ed@ pase thraugh tre tip
clearae d the adjacenhblade resiting in socdled doubk
leakage Far the curernt forwardswep rotor, formaion of the
low momentm aea neathe pressue side 6éthe blac nea the
cashg ard the resiting large blockag are nb cause by the
brealkdown o thetip clearare vortex.

Flow Structure with Partial Tip Clearance

To examire the orign ard the influerce d the strang crass
flow arishg from the interation of the pasag shok ard the
blade sution surfice a flow field with zero tip clearace m the
aft 60% o the chod wes numercdly simulated In Fig. 13,
Madh numbe contours paticle trace for the tip cleararce
vortex, ard traces for the lowv momentun area areshown for the
nearstdl condition Computeé velodty vectos & the bladetip
sedion are show in Fig 14. Becaus thetip gap § zem whee
the passa@ sho& interacts with the sudion surfice no paticles
can flow ove the bladetip toward tle lov momentmn area
However strang cress flov dill develops as m the zep
clearawe case ah flow paticles from the upstremn endwd
bounday layer accumulag © creae the lav momentun ara
As shown in the rota performace mag o Fig. 2, thke patial
blockage d the tip gap extensl the operding ran@ d the rota
somewha without ary increag in efficiency which indicates
tha mog of the influence © the tip gap flav is dwe b the
portion on the forwad pat of the blade.

Oscillation of Passage Shock and Tip Clearance Vortex
Previows studies (fo example Copenhave et al. [1997)
hawe show tha the pasag@ sho& osdllates ove as mud as
2% df the blade chat in a sinilar transont comprasor Zierke
et al [1994 also measurd unsead/ movemenh of a fp
clearae vorte in ther experimenthstudy of a low speed
axid pump In the curent study unsead/ calculdions with a
time st@ of 0.0000125 sc. were performe for the nominatip
clearame d the neasstdl condition Figure 15 shove Macdh
numbe contous ard the tip clearare vorte at three differem
instans in time. The pasa@ shok can be sea to osdllate die
to the interation between the pasa@ shok ard the blac
bounday layer, ard ary resuting vortex shéding. As the sho&
osdllates, the cress flov originding & the sho& leg al®
osdllates ard the tip clearare vortex changs its trapctory
However the core vorte does nd brek down The flow
unseadinssobserve nea the stdl condition in this transord
rotor is nd due b the breaklown of the tip clearame vortex
The unseadiness n the curert compresa rotor is mainy due
to shock/bandarylayer interadion ard ary resuting vorte
shalding. Kraue [2002 and Thome et al. [2003 concludel
that the formdion of a stgnaion point is requirel for the onsé
of slende vortex brealdown Fram ther study it seens thd the
tip clearame vortex shoutl intelad with a normé shod for
vortex brealdown to occur As show in this study the tip
clearare vorte interacs with an obligue sho& in both the
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bladeto-blade arl spanwie dire¢ions This might contribue
to the fad that the tip clearare vortex does nd break down for
the curert rotor, even during tte eary stdl initiation pracess.

CONCLUDING REMARKS

Detdled flow features rea the casng ina forwardswep
transon¢ comprasa rotor wee studiel with seady ard
unstad/ threedimensionaviscous flow analysesThe man
objedives d the stug were © understad the roles playel in
stdl inception by flow interadions betveen the tip cleararmce
flow, the pasa@ shockard the blade ad endwd bounday
layers The fdlowing conclusioa wee drawn.

1. Thetip clearame vortex which is formed by fluid cressing
the tip g vely close the leadig edge moves awg from
the suction side ard radidly inward & the rota operats
close to the stdl condition

2. The tip clearare vortex does nd bregk down, even for
rotor operdion in the stdled condtion.

3. A low momentun ara occus immediatey downsteam of
the pasa@ sho& ard verly cloe o the casng. The tip
clearare vortex passes unde this lov momentun area
The lov momentmm aea B formel with fluid from the
upstean endw#l bounday laye ard is locatel mud
close to the pressue side 6 the blade tha is the tip
clearance vortex The formdion o this low momentm
region is nd diredly relatel to the tip clearare vortex or
ary possibe breaklown of the tip clearare vortex This
blockage area mowefurthe toward the pressue side dthe
blace for nearstdl operdion. Eventudly, this blockag
forces tip clearare flow to spll into the adjacehblade
passag from the pressue side which initiates stdl
inception.

4. Even thaugh tretip clearame vorte does nd bregk down,
the flow field become unsead/ due © sho& osdllation.
The tip clearame vortex subsequety osdllates bu
without ary brealdown.

5. Furthe studies ae necesay to find ways t contrd the
flow structue nea the casng, especidly the formaion of
the lov momentm areg for efficient operdion with a wide
stdl margin.
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Table 1. Rotor Key Design Parameters.

Parameter Value
Specific Flow 4361 Ibm/ecft’
Corrected Tip Speed 1500 t/sec
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Inlet Correctad Flow 6181 Ib/®c
Measurd Stag Efficiency 0.8764
Inlet Radits Rdio 0.312
Tip Diameter 17 in
Numbe of Blades 20
Mean Asped Ratio 132
Average Sdidity 2.3
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Figure 1. Computational grid.
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Figure 7. Tip vortex traces and entropy on cross planes.
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Figure 9. Tip vortex traces and entropy contours at stall
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Figure 12. Three-dimensional structure of tip leakage
flow.
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Figure 15. Instantaneous tip vortex traces and M ach
number contours at thetip section, near stall condition,
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