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Flow in the clearance at tio rotor Mlade tivs of axial flou
conpressorg and purps vas studled experimentally and theoretically with
particular zbtertlon to losses. IV is sihoun thnt loasges due "o dade
tip clesrances can be ewmluated In a girple 'mrrer for hich efficlancy
turbomachiness A vortex sheeb foried by the clearance flov was dound o

roll up into a vorisx ¢f much strength tlet cavitaticn in arial flow poips

vegins in the vortex rather than on the bLlade surface,
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SINTARY

The inflvence on effdlciency of tho clearance betucon the roLor L1
tips and Lie ducht wall In compresscrs has been the sibject or soverml
investisations in the pasts The reculls as siven in scatiered wporis cf
experiments have indicated that au prec;iab}e raino in efficlency cwild le
mde by reducing tlp clearancos below currently accepted voluee. In
srlte of thls experirental evidinces, tiw im;,cs;umcc of tip cluarance
losses does not seem to Imw been sufliclently emphasizeds Tho prircipal

reoason for thia ia that experinents lave been confined to overall effie

clercy measurenents on Compressors and the tip clearance flous tierscelves

have not been studieds The lack of knovledze of t'® reciariun Ly uwiich

the clanxmnces introduced losses raised some doubts cuncor vy bhe validity
of interpretation of the ovemll efflciency reasurcents.

Several nore or less elaborate theoretleal Inwestiyatlons of tip
lcleamr:(:e flous Inve been rads in the past Lased on the Witins line
concept of a wing with a fap. Induced dmy has Yoen deberrined frem
these theorios and attenpts made to irterpret tiese in tems of Wp clear-
ance 1035@3.' That thase atbenmpts have ot been succsssful in explaining
the experianial efflciongy meamrormnts 1o i surpedsing, because of
the ciwlous inadequacy of the nodels Tie cleararce dincnsion in -ractice
i3 a fevw percent of the chord, cor even a few percent ¢f Llade U icless
at most, so it is very unlikely that a L fling lire assunption enld anple.
Sone vory crude meotheds of ostdrating logses Do bip el arince flow have
bzen based on the assunption hatl a leakace flow, rogulbing fron the

presgure di Pferverco over the rotor, cocurs in an amulus of heln Lo egoal

to tha clwarnce hwi hte Thls model, wlch wull be reasomble il bla



nunber of Ylades oo infinibe, 1o pmlLally nove roeldlside tlan te

CLifting Yne “hecordles even for o filte nunlor of Llades.
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The paroose of this Livestimt o vas Lo Tl out tle vatwe of
the Blp clearrnce Tlow and Lo dovipae an aporoypriate nodel so cloaronce
losses conld b calevlated in a m‘imi;l ranners  Sinca dircet reasure-
ments of the flow field in the redon of the clmrmness wors alrozst Lo
2088ible, an essential {irst step wos o maks the slream lines visille so
the general character of tlp clearance flow could be detersined. Alr is
not a very sati&facto:’ylzredium for otwerwations of t ds kind vecarse very
srall portlcles introduced indo the ailr glreps difNuge too rapidls in
turb-lent flow for -ood visibility. Hence a punp with bladly~ sudlar to
a conmpressor wvas used and observations made with watar as a medlun Uy
int‘rochzcing droplets of colored oil of a specific cravity of unity into
tle flow, The drops need not Ee as srall as the priticle sise reodred
o follow closeoly the streem lnes 3n alre A farther adventare of wator
ag a redhw s tint the systen prressure cn be Loucred to aause cavitation.
If vorticeos oceur in the flow, cavitatlen occcurs in the rogiovns of low
presaure in the wrtex cores and makes thay clearly visiblea. Tids latter
offect w}as fourd very useMils. Soveral suxiliary exvoeriments wvere wmde in
wnrter tumels and flumes in order to fsolabe cuebaly effects ial were
Aifflcult o oboerve in tle punips
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The rost Inportant res dt of the lnves Rloation is o sinple perioet

=

Iinid model of Lip clearance ey Joer wdch estionliors ¢f loos o can

he metle eneily,  The esoantdal charoctor of Lo rodsl ds besl Doined as
a alne with @ yaovow elot shere Wio Lo of s oomwlng Urwa ) Lo slot
ropresents Pl ab the ond of 2 L kidee Yoot of Uie cswliure

U envnce cver Sle wing, o vareo: dob lsgues Dooo Lle olob ot the sucetdon



vii

surface, The pressure in ths jJet ip the samne 28 ths pressure in the fluid
outside the jet, so the mapnitude of the wlocily at any polnt in the ot
st Lo the sane as the local wlocity outalde the jet, a reasilt of the
application of Pernoullitas equation. However the chordwiss component of
the velocily in the Job is the same as the veloc 1y on t‘zz'amcsmm sur-
Pace of the wing, since the fluid in tie Job came frous tlat region and
ence is less than the veleoelty outside tae jete T compoment of velociby
rorral to the chord in the Jet is a retmlt off convarsion of the jwessure
Ulfersnce over Ule mug Into kinetd c enezrgy.

Tho velocity in the Jet is irx:lined at an angle to the free gtrean
direction and the sides of the jot conslst of vortex shesxts‘in woich the
vortex lines must be in the directlon of ths Qect&‘ mean of the veloelties
inslde and outside the jets OSimce the vortex sieels are close tog;eti:ar
ard the wrte: lines are incl‘ined at an angle from the chord line, the
induced velocity from a palr of vortex lines In the shaels can lave a
local effect only. The Induced velocitles must die out rmpidly In both
chordidse and spanvise directlons. Hence the rotlen of determdning flow

stribution 18 considerably simpler than for the somewrat analosous probe
lan of vorticlly shed from the edge of a wing  low aspect ratio where
the influcnce of the ched varticity 1s not so localizeds

Obscrvations show that the shed veortox sieel 10115 up rapldly into
\

a ticht vortex alens its leading odge. Hoyever tre influoce of tlds
o 11’-~«~ ;Lo roha¥ly quite localized aloe and <ocs not affect 1o dis~

Toaroncee flowe A cimple ealoeiation of the stronsth of bhe

O

tritntion of
vortoy shoeb froe tho medel ghows that the atire cdlyrailation atout tle

[ RV 3 5 - ~ A v 3 K T, R
3y comaars tn tihe vortox sheet and tle Qetrivwtisn is the sane in
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mroportlon as the chorduise dlstrlmtion fovr the —in e Hence oors
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vorticity shed from ‘the‘};rip(;: tmi:!ing edpe in .t}'i:- model; the Kutta con-
dition bas been satlafled at the edres of the slot mther tlan at "!;"ne
wing trallin- edgss

Viascous effects complicate the actual flow as compared with this
model, but their Influerce on the o re impartant aspects of the flow is
surprisingly smll, Thé frictional resistance to flow through the tip
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imsralions

that arce ordinaril
mecmnicaﬁy fea.fﬁ.ble. The rollling up of the vortex sheet is more rapdd
and of somswiabt differant .d}aracter wen there is no mlativé mot ion
betwoen the blade and the wall as compared with the case of relative
motion as in a turtomachine., This indlcates that viscous farces ave a
strong effect on the rolling wp mrocsess, Further complications arlise in
the turbamachine fron the scrapizi{g of the ‘z:otor tip tirough the wall
boundary layer. This seers o froduce an additioml pressure on tle
mder surface of the blade which appreciably ircreases the tip clearancs
flovw ratos . |

The perfect fluld x*x;d@l by ltsell cdoes mwt glve any losses in the
sense of dlssipation of energy. However, a plausibls asswiption ls that
the _}cineﬁc energy of the veloclty mé’poml‘t in the Clesyraica numél to
the clord and hence ta the free strean ficm cannot e reeovered. The
observation that the vortex creet 1lls up is evidence that tids linetlc
energy quickljr appears 1n a type of motion “here dissipation must occur
rapidly, On tidis Uasis, losses for varios values of tlp clearance were
caleulated and canjared with the resulis of overall ef'ficleney measurenents
in the pump and with other wmeamurarents In a compressor where the blad
desifgn bad been given in sufflcient datails The results of ihe corparison

wore very sadlsfactory; hemce the peincipsl pupose of bthe Investiratiom
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was accor:plishéd.

Somn refinsments of the ddealiz ed medel vere wade to acwu‘;‘zt; fcx
the influence of the viscous resistarce on tle clearance flow rate and
to account for the increased m‘easm;e on the lower surface of tie J:de
resulting from the impact of the wall lfmnaamr'hyar. In addition a
calculation of the 1imimng case of extrenely vrall Wp clearance, where
viscoua effects are pre{bmnant, Is givenas

‘i‘he‘mlling up vo‘f the btip wrtox sheeb does not appear to émﬂgfc
the magnitude of the losses, und lence 1ts rate of olling up is not
particuiarly aigniﬁc&ii in the overall {low claracteristies of a com-
Frossors Ih the punmp, lxow;ievexf,, it we shomn tlat cavitation occurs first
in the rolied up tip vortex b@fgre caw’,tatioh cé.n ba observmi on the
blads suwrface, This early cavglﬁaiign away £‘mm sur faces does rot in
1'3591f affect pwfomahm and i‘us unlikely t‘o cause dapa ge, lHowver the
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prediction of ths v»:zrbai :«;aﬁt‘a’éj&i and its alleviation
interest, An attempt was rade to develep a theory fr the rate of rolling
“up of the vartex sheet and to estimte ils strength so incipient cavitation
could be predicted, Unfor‘tumtoly thé influenco of weal fluld effects
cannot be taken Into &t’:ceﬁnt in a simple rennerj hence the theory 1s not

as conolets or as aa%iafacbox? 2s desireds
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As turbomachinery s developed in the st tuenty years,
designers mve continued tielr cfforts to bulld more dependable 'ighly
efficient 1isht welpnt mc‘nvines with a wide ranpge of stable operation.
More and more informalion on eln.:timty vioration dynamics, metallury,
heat transfer, and fluld mechanics fas boen rer'uired to pursuo this
developnents Consiciera’nls suceess Las bsen achieved in vork toward these
goals, tub in pa*'blcu]ar the high efficiency of modern machinea has been
realized without a ecomplate umiefrstartdimg of the lous mechanioms In the
varlous somponents of the machine. High efflclency of each conpenent
is especially irportand in a pas turhine, sigxca the over=all performance
of ths enpine is wvery depancifant on the poed porforrance of each component.
This statement is born eht by ?igfum 1 vhlch shows "om change of thermo-

dynamde cycls efficiency with cmmgea in turbine and compressor pore
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two~thirds of the turbine o#ﬁput, A g3s burbine in this mapect is
.qui'tv.a dirf@rmt from a at@am.t&r‘oﬁ.m plmnt wvhere the power re:uired
for’the boller-feed pumps is an insignificant pertlon of the turbine
output. This is one o@' thé primary reasons that stean turbines wers
c}e*mlaped 10‘!\? vofore gas tuz*‘ainem

A pgreat deal of effort has been expended in ttr'xe last el bt years
to understand the fuctors thut deteruine compressor performmnce. The
state of ignorance is expressed in e recert sunrary oy Chonr-tua yu in
Reference 2 and is well surmmrized in Flrure 2 taksn fram Rererencs 3.
At the desirn point the losses are broken down approximately as 2,2
pereent due to anpilus loss, L.l percent due to ¥secondary® loss, and

L2 percent due to profilc losscs. The annvlus and blade proifila losaes
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can be explained by thdr é&;mi}ari L o pipe flow loss anid single alrfoil
drag, but there remains the unexplained factor "secondary loss®. .T‘z":e
mplication is that it is causod by flow other toan the primary flow
through the maciines '.I’}aasa secomhry flow. nay be classified as follows:
| (1) | The ¢ross f}?.{mé in the boundary layers cn the blades and
| amnulua due to tihe turnine of the flow.
(2) “The cross [lows }Lh._the boundary layers due to the rotation
 of the vachinos |
(3) Lealkaga flo}sga \thrbug’n the tip clearances and the clearance
“@pace around shroud rings.
| R@gmmh‘in the firét two types of secordary flow has not yet
accmm“hcd‘ for the louses to Le w;a.lainéd (‘b'). Various mecranisms have
boen suggested by wh:ici; ‘%.}m;s.sq, 't.yi;as of sec;mdary motion sz:ay te rosponsible
for the lossss(5) » but at ‘the!‘ prmmﬁ time the status of ’t.?'iiﬁ phasa of
secondary flow research 1o :i.ncéncluéiva«. The i‘ollczsimt is an attespt to
gain ‘a better underetanding qf the third type of secondary flow. Tip
clearances will be atm particularly to evaluate them as a source of
loss with the hops that arother pcrticm of the losses pay be properlyl
accounted for, T ‘ V
In the study of tip clearancs flows informatlon of spaecialized
intersst on the ineception of cavitation in pumps is presented. For this
investigald Gﬁ,"h{%‘l‘ﬁi‘, the cavitation phenomora servs only as a tool to

study tip clearanca flovwde ) .
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Ae TIntrodaction

lost of the experimental research applicable to turibemaciinery is
dong in :r-ac‘ninos with alr as the zoz*king LTnide  The use of alr in the
shui 02‘ tummchinm‘y geers natiral vince trey penerally uvtilizs an
air cyc}ﬁ. Air ia ezsyac:iallj useful 1f the conmpressibility effects
aSaaf.:integl with high speed orerntlion ars inxportzmt in the problems under»'
St.ud:f. Thers arékadmntagea, hcmv'ar,'ﬁ,n ha?ing slow epeed air machines
to do detailed aﬁq:emw’ml wrk i thoub the excassi?fal noise and shress
problema that come with high rotative speeds, Some of the inherent
admm pes of alr mchiﬂes are that air is reauly avm,l,able, the s=aling
problems are few, and usnally an expensive cloged cireuit is not requized,
‘The blading for Such rmach mes is still expensive, for motative spueds of
the order of 1000 rpm are mquir*ﬂd to sive dpsirable Q&fﬂol&ﬂ nurbers of
the oruar of 100,000 btased on mean aﬁal v‘},oci*v and blads chords The
cost c;f inveatirating various bl%e designs is very high under tiese
conditiuma

Thare are a number of advantaes c;i" bavine 2 water macine
avallable for research wb'rkg the nost apparent of uhich is that under
atmgapheric conditions the k_inemtic vi&cnsi{,y of air ‘ié trirteen timew
larpex than mter(é). Thus for the same Boymolds number a’wator rachine
may be desipned Tor greatly reduced spesds, siie, power consuvnplion, &‘:d
blade stz*aa:s ses as comparad to an alr racidines With the low stren:th |
requirements at the reduced rwtational gpeed, a rocearch raciine can use
lead-alloy blades. The cesth of these blades nay be reduced 4o sacihi o
leval that numerous clnnpes in the ctapge blade desieon are not probiluited,

in order to obtain the ma mitude of the savings posclible by using
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| ~& water machine instead of an alr machine, scaling ratics will be con=-
sidered for r*éten‘%,ion of the Reynolds nunbor based on the bLlade c‘:;o‘z‘d
and mean axlal velocity as a {ixed parameter. For complele reomotric
scaling the rotative spead (Uo ) and machine dlanster (1) are
related by

-

Dy Uew _ vu
Do %oa A ()

The power requirement ( P ) is scaled Ly
. 2.
R = [ Y o

. (2)

P@, Pd. —v(f M*0**-
Thus by the cholce of ons of the three avallavle ratics the other two

ara determined by (1) and (2)., ‘%The results for a cholce of unity for
each rablo are shown in the talle Lelow.

DW/DQ Wow ‘ PW/P

Uoa

o
1.00 . 0408 0439
0308 ’ . laﬁ() S Q(}O
0039 0&20 : 10@

The priémry diffienlty of scaling down a rachine completely is that tla
bladés become so smll that it is difficult to rake then and stil) retain
the original thickness distribution. One metlod of alleviating tils
construction problen is to decrease the number of blades while xoaping
the solldity (the b?!a(_lev chord to spacing m’aio) constants. The aspect
Fatio of the bLladsws is changed with thia; seallng procedurs, 80 new

relations must bs writien
DW ‘*g}? - v;u N W

Do Uow Ve N. @)
d 2z
o 8 _ (s Y _,,z: Uow
a (o Vi N; Woa ()
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Another arbitrary ratio has been introduced in the scaling pro-
portionallity relatlons which pormits an even wider cholco of desipnse.
In the table below the ratios are computed for &L o same piven rutlos as

N

in the previous tabvle except that -2 = 0,50,

Dw /D, Uow / Uoa Pu/2
1,00 0.0l 0.05
004 1.00 1.25
0.05 0.80 © 1.00

I

During 1952 an axial flow puwyp test ‘i‘acility wag constructed in
the Hydroctmmmiéa Laberatafy to utilize these advantages and others tint

will ba discussed in the sectlon on flow visualizaticn techniques (II-E).

Be Pump and Pump Clreuitb

A pachine was desired for internal ‘i"lm_: éz‘tudias » performancs
investigatlons, and ca*fitatiégn experiments. Those requirenents led to
thé design of a vertically nounted test unit installed in a siliuple clesed
hydraulic clreult izsing- vater as the working fluid. The rotor is o
te.mélly driven Ly & D.Ce dymamometer #hic‘n provides the only power foe
flouw clrculations

The cilrcuit itself (ses Figures 3 and L) consiasbs of the test
pump thch diseharges into a vaned elbow and thence into a diffuser
section. Another vaned elbow diz‘ects) tre flow downmeard throush a
second diffuser and hence into a ¥labilce” Lype throbiling device. The
circuit is closed through two more vaned elbows and a 631 contractlon
nozzla. The circuit is fabricated from 1/L ineh [alvanized plate.

Tha tesat unit and dynamoreter are wounted separately on ricid
steel bases grouted to a concrebe wnll,

An advantace ol baving o closed clreult 1o thet the systen pressure

level ray oo readily controlled. Auxiliaxy pressurising and evacuating
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circults are provided so that the arblent presauwre in the unly can ba
arvitrarily fi:{::d betueen 25 pol end 26 inches of lig vacwun.

The test unit is approximately forty incies lo.ng, fourteen inen
imic‘.é dianeter, and can accormodate us to hree zuaues of bladings,.
The gereral design features are siown In Fioure S5« The puip unit is
vertically mounted and split longitudimally in lalvess One balf of the
purp case i3 bolted and dowcled to the mounting plate, while the otler
half 1z removable by a roll-away jig~assenbly which is permanently
attached to the structuras The same jlg may be used for the remwwal of
the rotor assarbly, The rempvable case~ralf containe a lucite viewing
window wiich rans the £1l1 length of ths rotor and exbends circuwderen-
tinlly over two blade mmgw, Flow surveying ports are also in-
corporated in the removable cass-ralf beldnd each of the four stationary
blade row @aitiens, as zf:ell %w a‘ aingle sxwey‘ing }sale‘bahimi each of

Sl LN e g

402
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the rotor blade vow positions. Static pressure taps avre lecated in the

:f‘:u;sd g}gs:}.nggv—half batwwﬁ gach 'blmgia TCHa

- m»amtimry blades, l.c., tre entrance, stator, ard exit blades,
are attac?md to Wo—irmh‘mda clreular segrents which ars fastened into
grooves pactined in the ‘(:;3.33. Thers ara elghitesen stationary blédas ver
z’:m‘aizd. glactaan rotor b%dea PaY rous The rotor bxaéas ars attached by
means 'oi' ﬁﬁamtﬁ in the pame monnor aé the stator blades,

A suxvey p}.ajm is provided immediately downstrean of tle wmn-
traction no2als so tlat the {low distribution entering the test unit caa
e detersinsd,.

oth the rotor and the case are cast of red brass. All of tha
shafting is stainless zs'beeia Tne drive shaft is hollow to perndd

commmication with the mtor wiile the nachine is rotating. The
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“advontage of t,i.s featwre will e desceribed in 4l section on Tloat
viswallzntlion {II-F). |

Toe test unlt may be disassesblcd and the rotor rauoved m aveut
three nan-hours. However, abcees to ths rotor Llades is possilile in less
time by roroving the windows S

The dyramomctor used to drlve the pump ls mounted vertically
abaﬁt three faet above the i'irat 8lbow. Srace is thus avallable for

'mchinsg ’euigment ’c,hat must rotate wlih the rad 1%, such as a mancmeter

to moapurd pz*cmmms in a rota‘ol*’g roference {ramnca

"’hﬂ motor is rated a“b 30 hp at 1750 rm on 230 volu D.Co The
power i3 supplled by a 30 ¥ thmtmn recbifier units A dif fercntinl
gear LoX iu uoed to establish the rotativwe épeaﬁ in unit.rpﬁ increnants
above 'zilnut. 100 Tom. ‘;fit‘n ‘this ontroller ;apocsd rem]ﬁtmn is *‘mnt@r‘@d
on the averara 1o wit.nin one part in ten thou s;mclo

A torque arm ant_l Fen welpht systen is ysed to measura the torquo
reactions An elsctrieal diaplacment pickup dves the location of the
arm bebwen stopa 0.00L inéh% aprts The signal from the pickup is
used a3 a null #xdicabox‘,' ae that the arm is rebwwned to its orisiral
bahrma.posi‘tion for each reading, The sensitivity of the torgue

measuring equipment is aboub 0.25 inch-pourxis.

Co Iastxwxavw tion

The measurerents of toraue ard opced lmve already “con describeda
The other overald fléu quartlties which muet te dotermined are flow rate,
head increcazs across the pump, ond the syslterm pressurc. 1o jressurs
drop across tle contraction rnossla upstrean of the pusp provides a
Ea

convenisnt neasure for the determirabion of the siaten flow rote., The

neszle was calibrated from volocily surveys taken at 1ts exit. In order
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té deteraine t’{xc head rise, total head rakes, each wlth nine probes,

are set flush and fairved into tle laading edpes of each of the t‘:zre’e
legs of the downstrean bearing support. Tie pressure differencos betieen
these probes and a ‘mtal head probe in the center of the nozzle exit
survey plats are read on a multi-tube rancmeter barke A waber-oereury
mnwwtax; is used to measure ble pressure level in Lhe clruulil,.

More detaliled {low measurements can be made through the surveying
ports in tha casin; . FEach of the ports; or slols, behind the stationary
Llade rows extenda cimumfei‘m‘blﬂlly over appraximitely lwo blade
passagzes. To avold the seallng problems of a more claborate traversing
device, tha probos are located throurh a plug which permits no smallew
than 2% increments :Ln'cix'cumi’ermtial survz—:gfé. A special proba holder
was bullt to position all of thw probes radially witidn 0.0i inch and
circ"mfemwtiany within 0,250 respecifullys. The probe h@lﬂara probe,
and plug asserbly ave shown in Fimze 6 ready for installation in the
mcmﬁa; The probe holde‘" can aloo be mounted in the swray:}.n;; statiom
" behind each of the mtor blhide rous. An assortent of various types of
probing insirurents ms been made, & fow of wiich arye shown in Figure 7.
From Jeft to right they arﬁ-s & static pressure probs, a clﬂw«ty}g@
directional probs, & bourdayy layer total head probe, end a Kielv;type 7
total head probe. ﬁalibm‘bim of the direction and static pressure prcbes
was checked from time to time in the air jet dischargs of a Jarre con-
traction ncouzle.

Tha measurerent of ths pressures from ‘7“&888 various pio b«ss wWp made
with a Statham Llquid differentlal pressure gagei of total range 1 psl and
a Dalduin-Soutinark stroin age bridge. The cage was clibrated {requently

with an alxr=mater m:anonmterg Hith the wsse of this transducer, pressures
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éan be measured to 1/1000 of the full scale reading. A Stabtian pagse is
ideal for use wilh the claw probe since no flow 1s required for a null
readinge. Flow angles can be measured t within & 0.25° by this technique.

In order to determine the rotor blads tiu clearance as installed
in the rachine, four holes are provided™in the case at each rotor row

position for depih micrometor measurements.

D, Rlads Construction

As it has been pointed out, the use of water as the wrking fluid
allows the rotative speeds to ba in the 200-300 rpm range and still tave
Reynolds nurbars of 80,000 to 120,000, At these low speeds the centri-
fugal stresses in the blades are nazligivle, and the hydrod;ramic Lending
stresses are less than 500 psi, Strength, therofore, is pmcticallj
ruled out as a problem in selecting the material for blade mamfacture.
To rinimise the costs of ménufac'mriﬁg the blades were to be cast in the
Hydrodynanics laboratory, so low melting polnt alloys (300° « L0GY F) were
desirabla. The low melilng point eliminated the need of any speecisl
i‘umaéa and handllng equipments ®PCerro-base’ and ”Cerzrba—cast" » lead-
bismuth allcryﬁ, \uere chosen slrnece they met the ’:ﬁnim'r; strength require-—
ments and were commercially availabls. The lead was selected instead of
a plastic becaunse of its superlor dimensioml stability and csting ease.

Tha blades were cast centrifuglly in tvo-plece muéabie plasvter
rmolds. The blades were cast onto the brass holdin~ serment in order to
airplify the attachment problens, The mold halves werc Tormed on an
accurately mchined Lrass master Llade. One inuster blade was provided
for each of the four types of blades in the machine, l.0., pre-rotation
vanes, rotcr, stator, and rear siralghtenlny vanes, The masber blades

were made by first spobting coordinate points on a Lrass bleck with a
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-rilling mcidne and complated by tand firdsiing to these polnts. The
casting procadwre conzisted of heatdng the mold and then forein: 't;ho
molten metal contrifupgally into tie :old Uy uslne the arrangeront shom
in Figre 8., After fabricatlon a fou bladss were selected at random for
inspection, It was found tmi the chax;ds vera wibthin 0.2 percent of tielr
deslgn values, and. the émg;g;ar angles at the tlp were witlin 0,1Y of tha
de:aign‘angle. |

The outsidé diameter of the rotor ilades and the inside diareter
of the stationary Llades were trimmed by mchining a complete blade row |
in a iig to glve the desired running tip clearmices. More details of the
bladé constfuction are glven in Heferonca ?.

As intei'est in tip clearance flows ciéryaloped, infomgation on the
cavitation porformance of axisl fow pumps :ma remireds The Ylades
vhat have ’.Dsean deam“'l.béﬁ zxm nol suffilciently stroang to opexale at e
660 rpm required for the cavitation studiess Hence, berylliun copper
replicas of the ﬁr&i b:mdé sst were cast commerclallye. ALl of these
Llades wers cast with a "f;w‘t" that waas held in the slobied ecpgments Uy
four screwss The tlp clearonce of the rotor vlades was pade varlable
by deepening the root slot and adding shims, thus permltiing clearances

from 0.00] inches to 0.100 inctea, (Ses Firuxe 9)

Ee Flow Visualization

\Jham very complicated flows occur and difflenlty in interpretatlon
of direct measursments is snticipated, means of observing actual strean
Clines is frequently of great value in preliminary studies, TIn oeder to do
this, visibls particlss wmust be introduced into the flow so that they
follow the strean lines closely wttheut clanging the flow mitern

aporeciablye. Such particles must bs very smll if thelr dersity s



different from that of the fluld so lpertiz effects are suppressed, or

if the particle«s are large, trelr denclty ruslt be the save as Lhat-of
the fluid and they should be introduc: c‘ inbo U filddd dth velocities

close to that of the fluld at the 3>@int of 1nt¥~01iuc Hons In laminar
flow, very small marticlss are probally nore satiafacmry(a), wab in
turbulent flow the coneentration of g_nfticles dies out very muiclkly
downstream of the polint where they are introduceds Since i1t is tie
oor'xcentmtﬁ.on of small particles that is vislbls rather thun the In-
dividnal porticles, the usa of small particles is not satisfactory in
turbulent flow. larger particles, houc»var, can bz followed Individually
in turbulent low as far deownstrean as one wishes., The thwrwulent
diffusion of larpe particles will of course be the tame as for serall
particless Since Individual Largo particléé are followed, the s‘tatistical
distributién of the paths ofmary will give the required information on |
mean siream lines. |

It Is clear that larpge particles of w0lid or liquld cannol bs used
with alr bocausa of their inertla of “ect.s, so ooservations on air flow
wust e confined to low Reyrmolds nurbers. However, water serves @8 an
ideal transporting rediun for irmiscible coiorcci otl tracerss, The oil
dropleta remailn of approclable slze due to the inflience of surfacs
tension and can be obasrved easily, so that flm;a with Raynolds mmbers
of the order of 100,000 or more rmay be examined. The tracer fluld tiat
wag ound rest suCCc“aeiﬁl for tis work was a copinatlon of di-butyl
phithalate and terpsene rdxed to glve neutml h‘:m:aﬂcy, 0f course, the
lucite window widch extends the Wl length of the test instillation was
egsentlal for this works

The use of the flow 'u.;“ali atlon technique made pousivle the
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study of some of the thres-Ummsionsl ilore In the mackine, and lioce

o

gerved as vhe foundation of this lmvestications It s dificuls )o i
cuartitaiive information on flow quantitios by visualisation tecimi ces,
but the flow geomelry can e recorded oy stuody and aralyaise

To illustrate the techiniue, tw.extucples of 1ts use in tiw mad ine
will e daﬁcribed in sumwe detaile

Orctinarily in a curved channel the end vall boundary layer flow
overtums and tmvela up along the convex slde of the bend, (9 If the
end wall is poviny with respect to the crhannel walls, as is tie situatlon
at the rotor blade tips of an axi-l flow nochine, vill tie flos still
pverturn? The visvalizatlon meticd will be used to answer tiis question.

JLI N
i

cf the (tage

o

A sr21l brass irnjector tube "as atitochad 0 tre rotor
This injector was connected with tevlng by way of the nolloy sha?t to a
vessel rotating on the chaft oi‘ the maciine, From this vessel dred oll
was 'i'crced under ;;.:ressﬁre into the flow. The volure [low ma uag ad-
justed so that the Job of oldl entersd the flow at appx;m{imtaly the sane
velocity as the Bm'*munding Tlowe. Thé Flow could ti:cri be otserved through
the window by using a ﬁtWSCOPiC liznt synchronized uwith tie shalt
rotation. The photozrap!s siown in Fijpwes 10, 11, and 13 wers token
with a four by five inch view camera ith liptting cupplied by vincle
Flasn lanmps gynehronized m’iﬂ"x the racdine's rotation.

A compariscn of the flov anvles in the two photorraphs of Fijure 10
dtows that the Tlow is underturned near the ocubtside case. In tiis fiure
and In Fisure 11, § is the thickress of the outside nall boundary layer,
and lﬁ is the distones of tle injectlen polnt Ifrom the walls The con-

clusicn 1s that the retarding drag on the flow Ly the case wall actually

cancels out the overtuwrning cross flow and turns the flow toward The
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blade sarface leading in the rotadicn. Part of ' le “seraplng® flow
eventually inpinges on the pressure ..».L doofl the blade with a weal vertex
brlng formed as a cc-nscw’mca(ﬁ) one quantitative inforration can be
obtained by measuring the flow anzlos In tie photo rapls.

The flow visualizatlon technigue deseribed in the previcus pura-
graphs wvas also used to study the mcméary flouiz near the rotating hub.
The importarce of boundary layer cross flows las of'ten Lesn discuszed and:

sured with directional yrobes, but tiis photorrap ic teclnique scrves
as another metlod to Judge thelr importance. Flpure 11 slows tinid the
strong croos flows are limlted to the bottom Tlfteen percent of tie
boundary layer. Tt is interestin: to note the fluid mvip@ up along the
blade surface in the bot‘tnm photo graph ( "5/% 2 0.08).

Trere are many other me thods of applying the visualizatlon method.
A probe may he installed to study the flowin tle statlonary bvindes.
Caditation TRy SoYve és a visnallzation tool, slnce 1t cccurs first in
r.agions of lowsst pressure in the flocw, Tor instarce in free vz.):"l,:'.aea@
(See Firure 29.) Flow vic:allzation experizents vere also carried out
n simp’!.erf conflurations represonting certadn aspects of the ore con~
plicated flow in the p .‘*Q A slow spe2d fluwme of one by four foolt croos
goction in the Soil Conservation Labcrmory was found usaful in studying

modelod ﬂow geomp Lries uith oil d_mplsw ard dyed uabor Injecblon.

F. Bladirg Desien

For the first studies in the puwp faciliity the blade desiyn
chosen to be the sawe 88 in the compressor vsed for a research prosram in

the Mechanleal Engineering T_&bm‘ato:”j(w). The deslen palnt characteris-

tice of these "freo vwrtex" type blades are Lg @ Mean Axlal Velocity ® 0.45
- Tip Speed
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and /\,U ol Averare vovk Inoatb ® 0 L0, The 11 Sty
Dynande Prossure based on the Tip Speed

percent reactlon point is at a radiuw ratio of 0470 based on the cutsids
radiug, The ratio of the hub radins to the outaidé ratlo (the iub ratio)
18 0a00, |

Tha n_umber of blades for the pulap zéia reduced from thal in tis
compressor by the ratio 0,53 fr constrﬁctic nal reasons after tre diameter
ratio ad been sst at 0,39. Ths resglting p&wer ratio was 0.1h and tre
speed ratio was 0,10, | |

Since the rotor blades were of primary interest in the tip
cloarance flow study, a detailed tabwlation of thedr design will be
glven hare. Ther, are sixtesn rotor blades in the llude row, The blades
hve a parabolic camber nm and a constant ctords The daa't.u;.}:; of the
rotor blade desipn are tamlated bolowv as funciions o the z”écﬁ.al

A

cooxdinato.

Ragdius R - s
Ratio @ /Qo Oeéﬂ O,?D 0.80 ) OQ?D 1eCD
solidity ® /S 1,15 0.985 0,86 0,765 0,690

taos * ‘ )
hois” = B 15.2° © 32.,1° 13.8° 51.7° §7.10

Camber 16s79 31,00 20,3° 13.0° 9,60
Angle A . ,
HMaximum .
Thickness - 0e2 0.11 0,10 009 (1,08
Hatio

The thickness functlon as an elliplically smped nose and has its

rmaxirags thickness at the tidcty-five cercent chiord position, The thick-

neos function 1s tabul: ted below for a ton rercent thicke MWade.



e L/c e | L

0000 C.0u00 0.300 0.0L493
0.005% 00085 04350 00500
0,010 00122 1 0.Lil0 5oL 94
0.020 0.0167 0,450 C.04L78
0030 0.0208 0500 0.,0L52
.. 0+0k0 0,0232 s 0.55p 0.0415
0,060 0.0277 04650 D,0322
C.07T0 - 0,0297 0.700 0.0269
0,080 0,0315 0.75¢ . 00211
0090 00,0331 0,800 00100
0,100 0.0346 3850 0e011L
0.15p 0.0L0L \ 0.900 G»0072
0.200 0.CLL6 , 0.95p Ca0037
0.250 0.0474 1.00p 0,0011

The thic&ma:jé Puncilon vfor eny other maxinu thic}u'xesa ratlo rmay be
obtained Ly simply acaling the values of »Q’/C in the ratlo of the
raximum thicknesses, '

The rotor blade chord 1s 1,90 inches and the installcd rotor blade
Lip clearance is 0.007 inches. | |

%amrewm of the ovem 1l pump performance uhowed that it wpvs
a \i(/ of 0,34 indte&d of 0,40 at the desim flow rate of ‘f B 0.45,
Surveys of the flow angles from the entrance vanes, however, coniirmed
that t‘;’:ey wers accomplishing the flow twuning for widch they wers designed,

The tip cleamme.' flow experiments were conducted wiith the rotor
blade row sepaxated fivm the entrarce and statoy blade rows by distances
in excess of two blade croxds,

Swrvays of the casse boundary layer dwistrsan of the entrance
blades showed a turmlent owsdary layer preflle vith an ap proximbe
8’dp€? profile exponent of /7. Tre tickness of the layer was agproxi-
mately g/ C ® 0.20 based on the velocity reaccing ninely -Ulve percent

of tha {ree stroam velociiy.



I1I. TLOYW VITHIN THE TIP CLWARANCE AND LOSCDS

L. Introduction

In Part I an approximate breakdown of compressor losses was con~
sidered in which the tip clearance lossas \ere lwiped with the unknown
factora of “secondary" losseas. lcwevery, erperirents with fans, blowers,
gomprassors, and turtdnes have cshown appreciable drops in efficiengy with
increassed tip clearance. If thess resulis are extrapolated to zero
¢learance, the indication is that a good part of the unaxblained losscs
are due to tip cleamn#s £lows,

Vore evidencs of the importance of tip clearance i‘iows was found
by the viswal observatlon of inciplent cavitatlon in an axial flow
pmap(u). \Th{a cavitation starts in the low pressure r-antar of vortices
created by the tip clearance flows,

| Hany daaig;ners hava sought to minimize tle ip elearance protlen
=v4 incammmng shroud ring asgsenblies in their machines. The shroud
ring joins all of the blade tips and thus sliminates the clearances. The
ring 18 precessad in éi’iher the hub or case so there is still a léa}caga
problen, Additional problems of aliprment, stress, and rotational drag
make the value of a shmud xing at the ;mtm' blade tips doubiful. Hany
stator blade row assemblies have srroud rings wvhere the lack of rotation
and tha émller (ﬁé.mﬂter make the ring rore feanlbla,

The objectives of tids investiatlon of tipy clesronce Flows will
be to: (l) understand the mecianivm ol the clearcnce {lows and ealculate
their ramitide, (2) obtain a metiod of estimating the losses associated
with the 1()3’33\1\{:8 Tlows, (3) study the foxmation of the Uip vortex with
the purpnse of findinz metlods to estimate 1ts slza and strength, ond

(L) use the information found aboubt tle vortex to gxplain the incipient
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phase of cavitation in exial flow purmps.

Be Preliminary Discusaion of the Tip Clearance Flow Model

For a perfect fluid the flow through a ) cloamnce must‘be the
game as the flow thronzh a slotted ,in; with tho =l z*ep'msented by ths
plane of symmetry through ths slot. Tha flow through a slotled wing has’
been studied with the assumpbions of the 1ifting line theory where the
éirculation is shed £yom the trailling edze as it drops to_zero at the
edges of the slote Such a tleory assumes that the width of the slot is
large compared with the wiﬁg chord, an assumption trat certainly does nobt
apply to the tip clearance flow in & compressor wlere the slot width is
more nearly of the order of one pdrcent of the blade chord. BHebs (12)
has calculated the minimin induced drag and hence the maxbaum efficiency
of B cascade of 11fbing Lllnes wlth tlp clearance, baub of course lids anal-
ysis is appliaablb only to fan§ whare the tip clearvance is larprs and the
blada aspect ratio is high¢t Otrers have applled this or slmdlar tieories
to the‘calculaticn of induced drag in comprassors, bubt thedr validity is
also dubious becauss of the lifting line assumption.

A ruch wore reasonable model of the flow through a narrow slét in
a wing.ia one whers ths Kutta condition 1s applied along the edges of the
slnt rather thén ét the tmiling edges Then the flow is more nearly
analogous to the flow around a wing of very small aspect ratlo as con-
sidéred by Eollay(137, becauss in both cases the vorticiiyy 1s shed along
tha cherd at the wing tips. However, the slotted wing 18 in some ways
much simplor since the inflience of the siked vorticity on the [low is
confinsd to the inmediate rerion of the slots Tha effect of the wrbex

shoots dies out with distancs nore wmpidly because of the nsarhy lmra
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in'th‘a plane of symmetrys Schemtic cliagram. oi‘ the vortlelty shedding
for a 1ifting line, a vwing of low aspect ratio, and 2 wing with 2 mu*fow
8lot are given in Fimmre 12.

Direct observation of the flow by the various techniques already
dlscussed m3 demonstrated that the model of the flow taough a slob
whers ths Kutta condltion is szilsfied alon: the edses of the glot is
the bost perfect fluid model of tip clearance {low.

| Such a nodel, as described above, can be considered in varlous

.mys. The flow in the slob betuween the shod varitex shests comsists of a
jgt with uniform veloclty across 1ts width and in general varying velocity
along the chords. If the fres stream velocity for the wing 1s W.o and if

P, é;nd P,,_ are the pressures on the pressure and suction sides of the
wing away from the slot, then the ‘valocitz; in the jet .mmzal to the chord
lne is simply W= i":ﬁ%ifpi *since bhe volocliy in the jot parallel
~ to the chord lire 1o carried through with@t changs for 'a winr of small
thickness, This velocity component Wi is of the oxder of WGQ for

o , /,
the usual blade loading in corprescors since iZ(P‘ '“P?wﬂx is of the
o X

order of unity.

Co HModificabions to the Perfoct Fluid Model Dus 1o Real #luid ¥ffects

in a Turbomaching
A paerfm;t flow modal for the tip clearance {low pmbl;am has Leen
cutlined in the previcus sectlon, The queshlon imswdiately arisou » VoW
well 1s the flow An a rachine remresented by this model? I the nmodel
does not adequately reopres:ol the flow in the mhine, it follous naturally

to ask, "Vhat ara the factors tlat require the odel to Le altered?, and

Yilgw can eorrections to the model be made?®
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In the srnll clearances thatl are daracteristle of turbomachinexy
the viscous forces must have an effecl, However the small length o
height ratio of a clzarance (nomally from five to twenty in a turlo=-
mactine) ray exclude large viscous Iniluences because the viscous forces
hve only a short length on vhich to ac:t. Therefore, the lmportence and
type of real fluid offects must be cmsid»amd to obtain a correction to
the perfect fluid nodels
‘ | The viecous ef{fz2cts are manifested in three imys in the tip flow
provlems (1) thers is & resistance to the Tlou in the blearance; {2)
the "no-slip¥ condition on the blads tip requires that fluid be pulled
with the blade as it rotates, and (3) the case wll baandary Iayer ilow
implnges on the rotating blads (soe I‘:.m‘a 10).
| As a preliminary step in investimting the complete tip 7low provlem,
a flow visalization experiment was condncted in the llade tip rerion. The

0

results of tha experimant ara atcun in Fimre 13.  An Injsclor was placed
at a distonce of four times the tip clsarance from the wall wo tint t}e
o0il would flow alongs the pmaaurc sﬁ.dp of wh@ rotor blade, The lmportonce
of tha presmre differsnce across the Hlade nay be seon by co.r:g;;az*lmz the
tip flows in the photogmphs for several purp {low mtes. As the purp
flow rate increases the blade pressure dif ferance c‘xecr@seag and therefore
less £inid goes through the cleavance. The til. flow appears to fom a
thin jet that streans mt into the flow, maintainding its ldentily for a
distance untll it is rellsd back by the rain flow. After the jebt is
tumed, 1t can be seon to become a port of a turb:lent cone of flows
Althourh it carmot be discerned fion these pia)i‘,o;?n;)izs, +thle cons will

bo sicwmn in later experimerts to be a wrtex,

Tn o machine ere tha treasura 51 de of thn hlado leads in the
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“rotatlon (a purp o compresasor) thie viscous drap of the case wall roving
relafive to the blzde tipy alsg cavwsea 2 Jlar relative to tiw blade tip
from the prossure to the muction sides Thersfore, this flow adds to the
"presaure dropW leskage {lowes In a turidne, ihere the suction side leads
in ths rotation, the leakage Tlow opposes the shosr flow. The investi-
gation presented herein will be reotricted to purps and compressors.

In compressors and pumps there are thercfore tw contributions to
the tip flouns (1) the flw due to the pressure drop acress the blads
wideh may be peraxiiy a perfact i'lni@.‘ phenomenon, and (2') the stear flow

due to rotation which is a renl fluld phenaasnon.

D. Two Dimensioral Putential Flow in a Clearance Space

If the viscous effects are neglecited, a model of tha tiy clearance
flows can be developsd % slow soms of the primary characteristics of %the
flows The next few sections s:;r‘e deveted to shoing that the perfect fluid
effects do in fact domimte the real fluid effccts in detsmining the
clgarmxca flowe | A

In general at stdtions along the choerd of a blade, the pressure
fradiat across the tlade is larpge compared to along tho blade, Therelore
as the flow 1s transported through the clearance, the velociy along the
blade chould be neplipibly accelernted comparcd to the accelerstion of
the velocity nommal to the blade. This is assertially the a;proxiration
ande if rsections’ normal to the chord are crosen to sludy the clearance
velocitys Tor thls two dim(zzsionai potentizl flow discisslon the flouy
noroal Lo the Llinde will be ldenlized os the Iree strean Wre Jlow into

1

a vlotse PFimare 17 showus a ccenpariscon of Lhe ldeallzed gecmelry of the

EN

gtrcam lne senyatin- from the Inleb edve of the slot wlth the rove
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pladsitile condltions of seraration and reatlachront at We inlet edio
and the flow f1lin: the clearance at the cutlet. If the BDernollli
equation is applied to the candition for vpsirvar and do.rstroas in the
tip flow,

We = SLZ (P"'P"'ﬂ\/z (5)
f) .

or

We ( A )‘/z.
W F ~ (®)
wiich s the sane ansuer obtained in III-B.

_ The valldify of the porfect fluid model car; be investipated by
corgaring measured pressure distribuidon near the tlp with computed
resultss With the parfect fluld model the clianpe in the pressure distyri-
bution on the pressurs slde of the blade is everywhera proportional 'io
ihe square ofAthe tip clearsnce veloeity, However on the muciion .mde
of the blade, ths jet of flaw fyom the clearance should not materlally
affect the pressure ‘distribﬁtion because the strean lines ars nol apopre-
ciably curveds By using the rodogvaph r:e’chod(u‘) of solving free streanm

line problems, the flow into a dlot can be wrked cub readily to ive

Lomvrig = o) Vet e weml
T We—5 5 z
vhera o' , tie contmction ratio, equmls 'zr%i amd § 1s the complex

velocitys, This inplicit relabtlon for the veloeeibtles can be used with

the Bermoulll eqatlon to compute the pressures on the X and % axlis,

The results of these calc dations are sicin in Fliiure 2l.  The pradominant
featurs of these results 1s the corcentration of the pressure drop near

the inlet of the clsarart .
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To cdmz;nre the ideallized {low uwodcl inldicated in tle jwrovious
paragraphs wlth experinmental results, a staticnary airfoll was ciosen
Lecause tho real fluld effects due to rotation would not bo wesents  Of
course thers are boundary layers on the walls and blade, but baindary
layers of thickness niuch lasc t,har:’the clord should ot aflect the
pressure distrilatlon on a bLlade wit!:; zaro tip clearances Tris plcturs
is in slzérp contrast to a two dimensiomal "sterip theory® btasad on a
lifting line that demends that the local 1ift 1s proportional to the
local veloclty sgmred, For applications to ‘um wall boundary h:;*ersg
the Karran-Tslan lifting line 'i;k‘xeor;;(}s) is thus {ju;%.'m inappropriate.

TPo carry out the pressure measurements, a two dlmensional lmdros
foll was inatdlled norral to & will containing a mmber of static pressure
taps aroand the profils peripimry. The taps wore located on a disc set
inmte the wall so tiat the taf;a could remin fixed relative to the profile
as ths angle of attack was changeds The widle agsembly was pleesd in an
open vcharmel wber tunmel as shown in Piares 1 and 15, The Stathen
fage described in Sec”mon’ II~C ags' used to neagsure the static pressures
en the wmll, These expmime;nts vore run for a Reynolds nunber of 50,000
based on the {ree sitrean velocdiiy and tlade chorde

A typlcal set of data for sevoral tip clezrances 1s plotted on

Figure 16. k - Tip Clearance was chosen as the tip clearance
Haxlmm Blade Thickness

paranater bhecause it gharacterizes tho most imﬁmrtan‘t. feature of the bilado
goonetry for comparison of dd fferent E'z'J.;»u'ie ghapes. The range of l in
turbomachinery practice 1s from 0,05 to 0.5

Pron Pimure 16 it is evident Hat for KT’ 0100 tie stx‘oaﬁgcwt

influsnce of Lhe t1y clearence on the ill ryessures opposite the blade
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contour occurs on the pressure clde of tle bLlade. 'This i6 corsistent

vith the alove Lo dimensional flow molels In fzct, a numericel compari-
50N ecan be rmede betieen Lhnsa tio cases. Pobaitial theory predicis
difference betwesn the préssu‘ra at tie inlet of uv slot ard tle cutlet
of t.hi.r‘q'-.{'iw ;xarcemt of the pressure  fference between fur up and
downetream (see Flgure 21). The ratio reasured at, for exaiple, Ajf 0.167

‘and Z =m0l is 1a25 = 085 4 0,375, It is Lmportmnt to note that the
c 1.25 & 0.35

prassure pattern dees not changs by doubiing the clearance A= Ge335.
Thus a potential flow presanm‘dis.tmi;.;tim la estalllsbed for ,L> Gal67.
’i"mreforé uslng a potentlal flow wodel in thils range of iy ~818&1'1;151Cw3
becores more reasonablég

Foxr /.L< 0.05 the viswmus forces Lecore dominant amd e prossurs
difference over the Llade tnickness is aliwat completely balanced Aby the
viscous z’aaiﬁtance in the claaz:emcea It is irrtems‘tim: to note that the
Lift is mintaimd up to the wall o sero tip clearances as was poabu-
lated atovas ‘

Tne Reynolds number for the flow in the cleavance mst be taken
into account befare sny rereral inequalitles can be written for the
regines of dominance of the viscous and inertia farcess To retoin the
game c’rmensionlesé mssﬁm dlstritmtion from one Re nolds nmuzber to
anothey, the ratic of the tlp cleararncs velodty to the free siren
velocity mst also remmin fixeds 7To oblaln ewal velecliy ratios, the
viscons rressnre drop in the clesrance wmst alsc Do cuala For lanminar
flow, wilch probahly W occur in tie clenrarce because of the sall
clearancs Rernolds nuers and the s:all lenpth avellalblde for trarsition

to turbmlent {low, the dimensionless frictioral pressure drop 1s
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{
| |Z L Wt ) o Thuu to keep tie Lane prescure dlstrisction ? V/g
Wo OS¢ Woo . v’\/»o %Z

mist Lo equal to o constants iHore siiply, Rt Rxé st oyual a xmai@:m,
Where Qq'ls e Rejnolds wrber taged on tie free sirean velocity and €

is the “a:::mm: thickness to chord ratio at the blade tip. Using the
reaults of tir rrassure meamwerenls on_ the wall, the v:..»c\)w forces ara
predominant for Kz@& < | | and tha tnertia Tarces are predominant
for -ALE;L €71Z5 . Ttis impartart to rote that far the large values

of Re_ trpical of modemn~day twrbomachinery ( %? 250,000) the viscous
forces can be neglected for l > 007, (€ 1s gemérally of the ocder

of 0,10)s Thus for the norrally used clearvarc s s the Viaémm forees can

probably be neglected wilthout large errors,

E., The Calailation of the Yemipar Flow in the Clearance Soace for a

Shaltlommry Blads

In the previouvs section ‘i’c W15 r;xbwn tat for X{?ﬁé 7125, two
dimensioral pot ::*ial flow theory provides a reasmable mnﬁel s Hore
careful exanination of tha flow of & real fluid in the clearance la
rogquired to determine the »im;mmme of real fluid offects for oruller
clearances. An example will be vorked out to yiva the liiaiting case of
tip clearance £lows yben the viscous forces dominats {;be ivmortia forces
(i.0., acealavation terms m:;. be neglectsd)e The influence of the froe

trean flow arourd the blade is then equivalent to a glven pre swré
Hatrllution around the edges of the tﬂg clesrances In order to almplify
the calenlation the clearance veleoeitles across a tw dimencional ellip-
tleally shaped 2irfoil ab a srall :mg.yé of attack will be computed,

As tre Tirst step in the analysls the pressurs {leld araind an

elliptic cylinder pust be determlinnods The flow thabt determines the
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prassure Clsteilutdon cun be cansilerad a8 b Joagiool sotartial
flow Lencos reiing evellol ,Io the bzelonlqven o couglex vasiailos TL‘;"E-"I eobe
Zerral mppine

In the piysies] (%) planeg, ihe élli;rtic&}_ cylinder ‘2s a cooretry

T A

as shoun in Pigure 10, The flow fron infinlly is We dthan arle of
1h)

-

attack & » By using the e ll-lxoun 'Ez?;zzsfozxzza‘oicn(
L= T+ Sl | ®
| 6 T | |
the cllipse is transfarred to a cirele of radius .Cf-%_gﬂoin the T plane.
The veloecily field at ini‘iniiy is unaifected L~1y~ the transformatl tion, bhus
the identicai flow pwblam may be solved in the T plane s and tihe results
tmmfem‘ed 'mcl. to the 7[ plane.
The velocity fI dd in the 7 plane is civen by
Wooﬂmw (COHIW,Y \A/.o,afi . Ix (..L)
4 -2 2ni\ T

whatrs F is the clreulation arcund the airfoils To sadlsly the Kubta

condition of finite velocities ot the tralllng edre, F is required to

satisly the relaldon thal

Y,
.2_'.;“1,0 = P*_%‘f(@*—ﬁmo)

Only the veloecifties cn the circle are rewired to coupute the prossurs

(10)

[ 3

. o
distritution on the airfoil, so setting ‘U= (Co%‘lm),g » the volocity

A
distribution is
. —1B

AV {MB A«d(\—-m@ﬁ (11)
If oo Rimd 2 ‘\?M » In the p nlcal plane tic velecitles 2re
Fiven YLy Z Wio U ,52, St Lm O 4 CL(\"' mB\

FANS] Ty — 'g\mo \
L * K Co + Umo (12)
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where cm@aéﬁ anr.\ s B =24 .
Co 995\0
Hence the pres:ure distribution can be computed on the h'iaus

surface by using Bernoulllts eruaticn in the fom

<o = P-To _ |- q

. i (1)
‘/zcw'” R Wo
with the result that ‘ '
e L | A 9w 0 4 Z&&im@(\-—-@@)i
F" - ' ___‘ (o“Qio | (n—"‘g o - (3.13)
| -2 w0 + (e

To compute the flow through the clearunce resuliing from the above
prassurs cﬁat.ribu‘bicn araind thza proflle, all acceleration terrs will be
neglecteds 'I‘aking the ¥ axls along: Liwe Llade span ard neglecling the

velooity in this direction, e eqnationa of motion becomn

‘O\E DU B(,L DU \ \ ,
}'L( "\u& -’3%1. + ’b%_‘", . (15)
"LE_ ('awr+ "‘\r’*_zfrf)
z - . (15)
‘é‘ O i

Assuming a parsbolic variation of W and V™ in the FZ direction, the

" .
“torms involving ’%.%‘ way be elimipated from (15) and (16). Ist
W= W ((»-‘i—;ﬂigt'*z—z] | an
| AR -
and '

e (befete-2]

where % ia tha tip claaram:e end W and s are mean velocitles,
Substituidlng these assumptions in (15) and (15) and integrating across

the tip clearonce plves

2P LR Yy -
2k = p ( — 6...& — {Z% (19)



’c> & zm BLA W g\z . (20)
Under these aasxmxptﬂom the cordtinuily emqation roerains

’DLL Lo Dﬁ+21”31

— —

bnA DE 'bc& o (21)
R 2 _D‘LT
For very small clearances o =i end F5 are much sraller Wan —
80 these terms ara neglected from (19) &nd (20) to give
Ve _ 24 ( K Co ) | (22)
¥ SE \Wol\ Ru
o . _ 724 (v \[C
T NN 2 (23)
where Q{L = Wﬂﬂ Co .
p i ) D
It (22) i3 operated on. by oy and (23) vy ,mg ‘and the results

‘added, it can bs shawn thab ‘7(*? =() . Henco the mpthods of complex
variables can ba appiied to find CP and therefors a erd U every-
whera in the clsarance, The problem caﬁ bo greatly gimplifled if é:’z];y
the veloclties on the boundaries are computeds The wvalues of ¢ _,E and
?& on the boundaries alone are rovulred to cbtaln this remlb.
In the clrcle plane (X)O:’i*(hnates, J may = obtalned by
differertiation of Esmgatix)n (1) civieg
Vo _ 74 im0 (1 wab)
e Y_{:Z N M@]*’- | (2h)
it €& = .9:&'19 is small comared to cne, so that tems of ovder (& )

C
2 o
or {& )Ymy be neglected, Ifr%—%x_: is also found on the ool lle, tlen

”Dg;k&) on d’%{g could be fourd by usine the folloving relations beticen

theso derivatliven
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cp o Co &c@@aw? ©C
26 z { oy P8 SF
- (25)
D¢ D
’bﬂ— 1 -
Ee"’* 4+ A |z (25)

The value of %EX’ can be found readily by using the fact that it
n .
is the conjugate of ’%‘.‘g on tre circle in tle € plare. FPotential

e 2.. n

whers \ \/ stands for the princlpal value a’L‘ te mta;;:ral- The intecral
(2?) was mluated by using tha mtmd of cmtuur integration ith the

result that
_ /5,5&? 84(‘ 2_&\ W@(\—-m%\z ,
Y. POy (28)

" fherefors OCF mdbgc.? were evaluated from (25) and (28) so that
0%

and VYV are

T R,L‘(S;c_" L pin’B

Wo G Iéi* MZG]?’ (29)

Y- Re () amto(E -y

0 L \C R (30)
| ° Lé:7”+ M"“B]

ucine Dguations (22) and (23).

Ons decuction that can be mde from these resulits 1s tinl the

—

dominant term of 3)_”_“ is of order vzﬁ‘iry, while -\%’ is of order oL .

(=)



This sugpgests that a two dimensional approxlmiion can be m:de. If mall
gtrips rerpendicular to the ciord are cansldered and the local prossure

rradiont is approximated as local pressure difference across the blada

PO

divided by the tlade thickness, ;\/.—L_ can be calculated from

D

AP = —|7Zn (31)
2, /u & ’

By using Qozgma;‘me for the tnlckness asd O(p= C(’(m — CP(”B)

— .z _ .
T\J\E = i&(,&\ (\{&) (1= web) (32)

o lreltel Teypte|
after simplifications. - ,

The similarity betwsen tids result and the more exact answer (30)
is significant. An exarple will bhelp to show that a two dimensional
aporoximation 1s adequate considering the approximmtions that have already
been mades Fipure 22 comparss "the variable porticn of these tw unswers
for the casa that & 8 0,1, 1.9, avﬁan parcent tiick alvfoil. The two
dirensloral assamption lasg zxalm,dy besn uaad, and 1t wl1ll bs used again
in calculations thai follows

By comparing the magnitudes of the tip clearance velocities Ob-
tained from the pexfect fluid model (Euatdon (6)) and squillbelun
laudnar flow rodel (Bquatdon (31)), furtler conflrmatlon of bhe relablve
importance of fxiction and insrtia forces is possibla. In the inter— |
redlate range of XL%L&': » sa? X!Qa € = 50 ard for &C? 8 LD,

T oo We - 4p(NRE _ 208 o
Wo W 24
for enuilibrivm laninar flow 1L »Q_g & 1.0, Tor a parfect Muld
Q\no ) )

We = (&c?\ % _ .00 (34)
Wed -

L}
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4 “ﬁw larper valoclty in the case of enullibriun laninar flow is due to
the fapt that the frictionmal pressure drop 1s supreciably less bhan the
ene veloelty head that oceurs in the potential flow calculation. There-
fore, a.completaly viscous solutlon of the tip clearance flow problen
should bs restricted to Aiﬁé < 11 as indicated in the previous

soctions

1

¥ The Calﬂula?ion of the Tip Clea arance Velcelty for a Qtatwmw Elads

with both Irertia and Prictdon Forces Included

In the range of clearancoes fron 7\2}21-@ » 11 to >\2 Qa & w125
a more reallstic model should include both the nccelerations and the
losses. This surpests using the Bermmoulll equation with los s terms added.

Therefors

R+ JZ? wtzﬂ»-:_:{ B+ ,‘i(J (\MZ+ W‘Z) + lossaz (35)
'P‘ » |2 , end VJ‘ are the undlsturbed walues on the blada away from
the clmé‘ancea The ensrgy conbribution from the low al&z;z tle blads
{ Ll ) is avain assumed to be txansported ﬁrouwh the clearanes un-
chans»ed, since the pre.smz'ﬁ gradient along ‘t»he blads is .Bmll coraﬁared
to the pgradient acroas the Mliadae.
The losses wRY me three Hrmss (1) an entrance loss wiich can
be mpreaentad approximately Ly the form /g“’“f) (\A +W’ L\ where
0L ,Qﬂ -‘z;” s tha valus of Mo dopending on ths shavpress of the entrance

corner of the clearance(l?) s (2) a turtulent friction loss of the form

1 KA () ZE’)
—¥ lQ ﬁ (W{% LUl ) vhers C£ could be approxinated by %/4 N
and (3) C{ becorms N2y if a lawioar flow assurptlon .:.,3 valid.

S (W, TR
Tho entrance loss is dus to the seraration snd reatitachoant of tre Plov
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at the sharp cormer as shown in Figure 17.
it Cx is assured independent of Wi then Wy is givenm aoproxi-

mately Ly

L
e | AG —m(kw\—%%)(éﬂg). . ”
Wo | + % + 2%54

For lamipar flow with thia approdraticn

?

12>~ (37)

S% [_W;&’*" W_O’ZAC?v] Yo

C £
and for turbulent flow
L, 075

P—g@ (Wi WS ac)* |

In Reference 18 transition was reported to occeur in slots in the

L4 %)

1
e % (38)

range of Reynolds numbers from 2000 to L0OD, Therefore a Reynolds nurber
of 2500, based on the tip cloawsnce and the Hp clearancs velociby, will

be assumed to divide the flow regimes in the full lemgth of the clearancs,

G» Tha Bffect of Bla %fa \Rntetmn cn the Tip Cleawmirce Flow

Thus far the amalysis and experiments mv? ;oéen concerned vith tdp
flows Lo a s%atimm blade near a :;tutiomzy walls This cass is of
1little practical interast for in ac%ual machines the stator blade tips
are adjacent to the rotating lub amd tle rotor blade tips are moving
rolative to the adjacent. 5%&"’5&.01@.1& walls The tlp cdlearance flow for
the statibnary blede and wall 1s, of course, much ecasier to study ex- |
}}afimfmmlly and it does isolate the inflience of the pressure differencs
acrogs the blade, At‘i‘imt it mi~ht bo assumed that the effect of ro-

tation ainply conld be addsd to the pressurs flow, vut a mors careful
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" investipation shous that trls is not corrects
| It iIs nost comren:‘z.en‘t to view the clearance flow from a coordinate
systen attached to the Llade so that the wll wpves velative to toe blade
tip wlth the tip speeds For axal flow canprossors and pumps the pressure
surface leads the rotation so tlhat the flow re wired by the Pno-sliph
condltion aththe meving wall is in the Ziircction fronm the pressure to
suction side, the same as for the Ilow resulting from the pressure difer~
ential. |

A crude ldea of tha properties of the flow re]ﬁ.‘tiye to the rotor
blade tips can be obtained by comide.ring; mean velocity tria:zgles for
the Flow in this region. Pigure 19 shows tuo {yriangles, one in the Iree
strean where UJ 1s the absalute velocity amd Waa is t‘rgz velocily relative
to the blade, and a sscond trlancle at a typical station in the cnags
bourdary layer, A bladae 1o dré;m in t slow its position relative to
vtha flows

I:f the veloeity, W , in tI‘:;a boundary layer can be described
by a n“D 1ot profile ( ‘%;-’m ké@“ )» then the flow incidongs angls can

be computed.

' 1
~ )= 4 b'@,t ® :
»o(::“t‘cm! ‘ L?O(/S\‘er . @o | 399
P (%)™ o |

1£ W, I1s approximately constart throagh the layer. Ih 18 apparent fron

(39) and the dilagram that the ircidence angls increasss throush tha layer

as the wall i3 spproached. This M3 already boen Seen in the flow visual-

imation experinents yecordsd in Flpure 10« Vien bids cross ilow seaches
the pressure zide of a Wlade, Lhe flow rolls up along the olade and fors

A . a .
a woal vortex, Tlis vartex mas boen clsarved by obiera(t ) » and 1t was



~seen in the Tflou visuallzation experiments “at will be descrived later
In this cectlone 'i'hisAst:‘on;t croasd Flou relative to the Wade in bt
blade cixinvcls rosults fn laregs carvature of tio siream lines in tie
corner wWich isg acwxg:anibd by strong pressure gradj.ents alons the YWlade

maar the tlpe -

-

A simplified mathematical model 18 used here to show the irportancs
of the pressure variation alon;; the blade due to the "scraping up" of the
case boundary layer, DBoundary layer flow in a corner can be compubed
approximately by asswnng a unifaw distrilmtion of vorticity. '.i‘he '
corner vepresents the intersection of the blade with zexo tip clearuncs
to tho case wall moving relative to the Wade, The boundary laver flow
is asgured to interscet the blade and travel off at richt angles. 7o
’t}oundaxt{ layer 1s represented by 2 rerlon of twice the displacerment tulck-
RS\, g* » in wrich there i';s a uniform vorticity distritution, 1l.c., a
Linear velocliy jrofile far from the corner. The valus of the velocity
at the 1all is the componerdt of the tip speed pevpendicular to the blade.
The idenlized flow geomstry is shiown in Figure 20.

Thes equatlon governing the stresam furmclticn /§U is Vz"f/w uomé"
with the boundary conditions that V=0 on tre Y and 3 axis and

\U = ”\/) on the other {low boundary. The values of far up-

!

stream and donstrean are

\/)x::o() = o (,m)(}o i %43* - (‘ o (L0)
o .;Q. \.L?“ .
’W - uo (/53(3.0 L ig’:" ’)L (1’1)

For an approximnts .olulisn valid In the comer, tie Mi'ATitZr’

conditlona will be asgsuned to e,d toat L= t?,}) ard ‘é = Zg
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é._solution : ,
sl I L (Y ik \ (e \

RN LR A Ol | Kl o v

is used even thouwgh 1t only satisfies the differential ecuation on tre

boundariaes and the bmmdary conditions. The velocities along tha

axls are - '

4 * l -

or = n B - 1% o !

5 o e U/g" Z\ %7 1. (43)
A= D

The. Bernoulll ewuation can be used to detemire tle ;recsure on
the \é axls if ihe Bel;'ﬁoulli constant is evaluated on the strean line
tint forms the carner. Tarely 2

PR e = =[5 - Tl
owess LAYy AN WAL

This pressure disbrilution is plotted on Pigure 23, The pressure increass

along the blade toward the blp is seen to be arprociable and rwst affect
the tip clearance flows sinca the éleamnce space 18 méll coapared to
the boundary layer thicknesss

To investipate the effacts of rotation on the pressure dstributdon
at the blada ‘i:ip exporimentally, a two dimensional hydrofoll was mounted
normal to a larpe disc that ¢could rotate and‘ hence simmlate the relative
motlon of the mil. The &isc vhich ad 2 radius of eizht tines the blads
croxd was driven by a varlable speed motors A statdle pressurs tap uas
located on the pressure nide of the blade 0,020 inches from the tipe
The winls assecbly was mounted in a slow gpeed free-surface flwacs  Thus
tho pressuve neasurerents carld be mde easlly {or various yatios of {ree
strean veloclty w rotational spred and varlous stapper uylxz Ly ehanging

the locatden of the foil on the disc, The increase in pressure, as shouwn
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in Pirurs 2L, is of sufficient roznitude that it :lould be taken into
account 'in a éalmlatémn of the tip cdlearance veloclty, Tie pmzfazly
cmclnéisns from tils experiment are that 1 (1) the pressure difterenca
and the rotational shear flow cannot be treated sepmrately aince the
rotational motiun modifizs the jxos.ure field, and (2) the blade stagrer
angle is important in detemi;x},ng the pressura field near the blade tip.

Flow visualization experinents were cenducted wlth the rotating
dise equipment. Three noteworthy observations were mades (1) the tip
clearanca velocitdes vere increased markedly as the rotational speed
increased, (2) thers appeared to be two regions of Wlp clearance flows,
ons close to the rotating wall in vhich the flow traveled with the disc,
‘the other a generally Iargm; regzlon whers the tip flow also felt tle
influence of the free stream flow, and (3) a "scraping® flow vortex was
obscrved near the leadlng surface of the blade, Tho al gnificance of

thess observations will le discussed in the next section.

Ho The Calculatdon of the 4’ Tip Clearance Vslocity wiih Botational

Bffocta Included '

A calculation of the veloclby in the Lip clearmnes that proceeds
from the rodel which has besn develnped tannot hope to be valid near tle
case vhers the veloelty rust te the tip speed relative to the bLlade.
Fortunately the ilow Vi,sua}izétion ohservation indicates thot only a
gall layer is campletely domimted by tle rotatlion of the rachine. Tk
1l be asswsd that in the rere ‘nder of the clearance the Rernoculld
eguation apprcach used in the pravious scctions 1s still valid after a
correction for tha increased kinetic snergy nor.al to the bhlade bas

boon madae
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Tha Bornculli taqugt;i.on in a rotating cooxdinate systen ia
P+ L eW = Cout | )
if the racdlal motion of the sircam 1ines is negligible amd W is the
velocity relative to the coordinate é‘yat@m. Applying (L5) to tee flow

through the clearance space ig possibles 1f the loss of energy along the

strean line is taken into account, Thercfore

- ﬁ+_§'(xu,'2"+ W)= Ba Lo (Wi + W) +osses (16)
where W 1s the velocity in the clearance nomal to the blads, w" is
the comporent of the Iree stream veloclly normal to the blade, and W, i
is tlw component along the blé.da, Wl, and W'”can be compubsd uoling
the rean veloclty triangle of Fipurs 19. Tho values used for the tip clear-

ance valocity calcnlativna wll; be taken ab y = S% o It Tollous

i

thad '
W!' = W, s L , (u7)
- W( g 4‘:'-: ' W. LU'E L . ' (1’,8)
| | v
W, = Jelly ( bR
o Lo (@o H) 25 - (L9)

and o 13 glven by {39)s A consequence of this modsl of tip flows ia
that the boundaxy layer tﬁickneﬁa, Loandary layer profile shape, and the
btlade tip slagrer angls bocows pavansters in vélm:lty calanlaiions -

Wl/ increases as tis tp clearnnce 1s reduced so the relatdve
total head near the wll i effectively increased, The prirary offect
of this increasa in total Iepad is Lo dncrease the Llp clearance velocedty

over that for the stallonary case. Ir using pz on tha rigsht bhand sade



cof (LB), 1t is assumed llnt the prossure fleid on tlo suctlen sile of

- . : . 2. g WD o 4 Fawp ~ - B - o~
the Llode is mot soetericnlly adffected By wio reovoldon o tie presnce of

the tlp eleavanco. Thoe losses, as Llay nve bLea enwerated woilore, nre

3 .
entrance loss j“ (J(LUL+W 7&1",(1 arsulent or lanimeyr fricticn ec; (Zgoxw+w )

L2
uere CJ‘- 078‘ for the turbulent case ard C,\ = JLK"T{, Tor lardray
: Sl Wi W, }

&rom

flow. A Re ﬂolés nuaber of 2500 will be assumd to o..;.viue the £lov from
cither completely turtulent or corpletely laminar for the full wddith of

the clearanrce,

“t

Arpin cionsidering tuwo dimencional sectlcne nornel to the wlade;

o ” :
S " Acp + (W\\ (Jag?&dﬁ)(%”y

o (56)

Weo (+.De+ 2C¢ c/gt

ir C_(; is asswed Independent of W,& » For larinar flow

A

G = 3 (51)

while for turbulent flow
CS“. ~ . 078 y
i 2. 2.
[_S/V,(v\/ 4 W ,z:\.c\:.\ 3

It is interesting to note from (50) by using a few numerical

(52)

examples that 3§ (1) if the prescurs slde edge of the blads is rounded,
ﬁw O then ,__L _,t 1s penerally less tlan ten psrcent high Uy nerlecting
W
ihe viscous losses for the ranps of clecrances in pereral use in titrbom-

W e k3 -+ ) oo () L4 i - . = -
machinery ( A [Re& > 125), (2) if othibe viscous forces and crdamnce
loss are neplscted when they slould be included, an error of Lhe ordsr of
twenty purcent is rade. Ib 18 a-aln concluded that the inertia forces

arg vore Lmportant tlan the viscons {orces in detemining the HWp cleoax—

ance velocdlly for the clearances of jractical lmportancsa.
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Since no dlrect metiod of checiing the tiu clearance velocily
cale:lations 1s posalble, estirates of tie losses tue to tho cloarsnce
flow i1l be mde using these caleulatlons ard Lhe resulis comrared wdth
efficimmey measurerentss An unfortunate weakne:s is that rore assunstions

rmust be rade before the loss mlculations are possitles

I. Tip Clsarance I«‘iow Losses

A rathematical model las been constructed to compute the tip
clearance flow as a functioﬁ of thse chord line coordimats. If In addition
an as&mcptién of a loaa‘ rochardsm 18 rmde, the tip lesses can be conputeds
The total loss of power 341l be assured to be the flux of kinetic enerpy
associated with the ﬁw normal‘to the blade, Pr_obab:&y sme additioml
losa 1s introduced by the friction in the tip clearance, but unless the
Hp clearance is very éﬁr;all these losces are ot larps. It will be shown
in a later sectlon tint the v“\o.rtax sheat formed Ly {iw HWp clsarance
flov entaring the free sitrsam flow rolls up 1xto a vortexs. fThe loss
assunption dmplies that the flux of kinetic enscyy mml to the blads
clord creates the rolled up vortex thet is eventually di.asi;:atad without
YECOVEeYT s

The total loss of power for the N blades in a bLlade row is

th&refm‘:‘a a | ‘ 3 :
W wWe X |
e Nee ) (55, ) 4] (53)
0

wiere X is the coordinate alons the blade chords

Tha drop in efficiency due to the clearantcs flow loss can be com
—_— e

7 /
cputed when the work cosfficient, 770 » 15 been determlned. Acbhwmlly Z»/
iy
depends upon the tip clearances Tores effects thntl wodify /';& ares

(1) as the clearance inereases the pressure lecadin: at the tip drops off
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Sdue to the scecelerabion of Mlow inls e clewrance, and tho Loriue Lo

3

. . 1, el .,., - » 2 vm sl Y .
roduced, (2) the offcciive aren of the blading Lo rediced s Lo clear-

ance increases uitieh also reduces the toraue, and (3) the incrense in Lhe
presoure loading at the ) due to the rotalion Lecomes loss lovortant
A7 the tip clemrance increases wihich again reduces the (orques. These fLiage

effects can be token into account a; pravwimxiely to conmpule the varxdlation

—

7/
of w with tip clearanca.

R

’% i defined as
. T |
T_l?o (puo (l”‘{)(?

W ere | is the tarcaze required to drive the machine to produce a {low

* rd

rate ‘-? o Tha comi:«uuation of a corrected 27// reduces Lo a caleula~

(5L)

tion of the torque requirersnt of the machine,

It was shown pmv:%.mfsly that the presmure Alstribution on the
pressura side of the tip of a blade could be computed adequatoly from the
potential flcu into a slot for tip clearonces of ;mct;?.c;?l importances
vith this model the total force reduction on the pressure side of the

bl:ode cmw bo computed by uaing (1) vy an integration along the blade,

(P P\dxdg =0 W%AXJCL ‘ii ,() = St (JC W wCle (59

wners q“ ias the velociby cm the ‘é axits divided Ly w.& . 4; ’”(q_ \
1s certainly adequate for this computation since only a small correcticn
term is bLeinpg comonted.

To take into account the pressure due to the ‘*scmpin"“ flowy tha
Tlow rodel introducsd in Section III«»G 1411 be swporimpesed directly on

the praviously calculated flow into a slot. Integrating (LL) the force

incresse alene the blade 18
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jg(P Vt\d"*dj“ : &fu Cg@fx | 4 s
4] ST bl
which is

F o ‘C’“@o L‘Ar g,@ﬂ (57

G(&%) B ( 5?“] (%;) _,_._( %’;‘)4#"}” (%‘T- <58>A

Tt follows that tha net toraue increass on N mtor biades at a

if

tip stagger angle of 6 ig
B * St W, C ;
xs IS 2¢
by considerin:: the totol forcfa redtwtion to be applied at the tip radius.

The total irxteml of torque is therefors

ZNLS FeaRiR 4R, i {6 C('%‘)g (60)
™ — St R.Ce WicLo

cm@o

Thus w can be commatad g_x‘;;o {ch) Ls;wi

—— - N c - d 1% ; | .
v “ (k) U(um \9@ @;H ( \+(€>(s 2= T
' G

£- -
1S o 7e (mRF
For roat eomputations of the efficiency drop shere ernll chances

. s s
of &farn mie from & point vhere 1/’ 13 knowr, HL can be considered a

conatant, Tharcfore AE , the ef “clency drop, can be computed dreetly

- \C/{QXN G%&)\(Q;% wm M \

T oo g% (A —xTY ] W

firon

0 ‘ (62)
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It tas alrcady been shown tat the acceleration of the flov is

mch pore .'frxp‘or't;mt than the viscous pressure drop for the Re;fnclis
nurbers and tip clearances generally used in compressors, 5o the viscous
terms will be nevlected completely in the calculation of the clearance
Voloelty. Bquation (L), ovaluated at ‘3 = g—aﬁ s do used to correct
for the pressure increase on the blade due to the lmpact of the boundary
Jayer flow. Therefore

Wt = AC? - Cﬂ_jl_?_go 1(%& ) | (63)

L]

N

If the intecral in (62)"“ replaced by its mean valwe, C| o i8 evaluated

!
as 2«—? % L 3,0 and N as ’ur‘E' (Co\ , then the effi-
©. o
cioney drop for a rotor blods rowW is 2,

- 4 2
(Y 2)8° | 2% oo SET ()]
PV eys

Several authors have reported efficlency neasurerents on com-

NE

pmssbm as a function of tip clearance., The conclusion 1s The sanse
fronm all of these sources, namely, the tip losees ars a very importani
factor ‘in pwnp and comprossor periormances.  For emarmla 2 Fickert(19)
reports that the peak efficlency dropped tiree percent ihen the radial
clearance uas increased from O.,OEO inches to 0,040 inches, Peter De
ller of Sulzer Brothers, Sulte Pl‘Lwd(m) s reporis an almowt linear
drop in pea: eifficiency of a cauercial conpressor Jmm ninety-three
percent ab 0,020 inch clearance to eighty-iow pez‘cc;m’h at 0.000 ingh.
Unfortinabolry the complele blalc de lesion dnia ls nob avallalie sor these
cascs 60 4 conparison vith the theory is noo vosslibles  One sources,

'7 . - . v T . bl q .. . - $20 0y
iu@.mu(“l), reporie very detailled obosevations cf n sin 1o stagse foantg
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varformmica as a function of rodial clearance and eloo glves tis details
cf t-he blade-fb’::sig;n. 7c cuoplement Wwds dota, Whe efficlency of li:

axial Tlow ;awyp described dm Part IT was ncasuvred for tires tip clear-

ances. The c“caéuncas vere chosen o cover the w:all clearancey dlat

Rudenn did not contider. The *'LQ..;LZ""’P"!‘ES in the punp were mde by do=
talled surveys Gefore and after the rolor blade row witin the pump operating
at its des _gp Tlow rate, The efficiency cuwrves for those cxperiments and
those of Ruden are plotted on Pipure 25. The work coefficient curves ars
plotted on Figure 26,

T™e work coefficignt curve is intersesting in that 1% vears out
the otabtement trat the variation of V/ wvith tip clearance is nerllgible,
at lms‘t for the range of clearance of pmc‘bical interest,

The use of the tabulated blade dfssign for these huo cases nakes
posoible a direct comparison of the theory (Bauation (Eh)) and tiw expsri-
nentse  If the experimental efficlency curves are @:»:tmm}ated to mean
tip cleamunce, this intercepdt will be used as the ef{iciancy ab zero 1l
clearance for the thaorebical efficiency crves. The resuliing theoretical .
efficisncy curves aya plotied witn the corresponding axperimerts on Pigurs
25. "

The pood agreerent of the theory with the experimants, even for
the srallor cloargncw; is probably ch,z.a to the reasonably high Rsynolds
nusbers for each experirent (Ruden(a) Qa.f; 360,000 and for the pump

faciliby experiments @_*ﬂ 280,000).  For oven the srallest cleamnce

testad ( ) s 0,046), )\’L%_é cqualed 50,

&)

o importince of the tip clearmnee flow losres can be overlocked
in vicy of the constant sbrupgle for o two to thros percent galn in

of “ictency by corpressor degicners, It is hoped that a more thorough
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s of Wese flows shoudd encourage atienpis to Lulll coaller

unlerston

glearances inlo nou mechin
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IV. VLO. QUTZIDE THE TIP CLIARAUCE

A. Intreductlion

when tihie Kutta comdition is applied along a slot in & ving, the
stream 1line at the slot odge se;ﬁra'ﬁés; from the wing, The flow in the
slot enters the main flow at some angley 50.the separated strean line is
alse a discontinulty surface. Thus a palsx of vo;‘tex sheets bound the low
from tihw slot whiille the rain strean low Oes by on the outslde in a
different flou direction. Part IV will be devoted to a situdy of the
motion bf these vortex sheels ag they travel downstreams. Obssrvations of
cavlm‘r.ion wera rade to show that the sheets actually roll up along their

leadinge edpes to form strong vortices,

R, Obsorvations of Tip Vortex Cavitation in Axisl Flow Pumps

Observation of the tip vortex in liquids is mede possible because
of the phenormenon of cavitation, The rotating flow of & vortex causes a
positive pressure pradient radlally outward from the vortex center. Thus
‘nﬁe pressure ot the centsr of the vortex 1s reduced btélow ihs surrounding
pressure i’ie}d. If the surreﬁnding; pressurs is cufvleclently low, the
prossure in the core of the vortex can drop Lalow the vapor pressurs of
tha 1lquid and the 1iquid will boil locally or cavitats. Four technlones
can be used to obtain ca*fit,'x"tficn in a pump: (1) at a constant systen
pressure an increase in the rotativs speed of the nachline dymarically
reduces the pressure near the blades, (2) the static pressure in ‘tha entira
punp can be reduced, (3) a combipaticn of the Ulrst two methods can Lo
wsed, and (L) simmlated cavitation can be obbtained by injectins a cas into
the center of the vortex. In this case the vortex pressure field dominates

the buoya~t forces and the vortex core 1 traced ocub by a ras-filled cavity.,

v



In these exporinents the rtabive speed 23 increnced and the mz*iab;e
groton pressure Teature of the circlt was weds

A corplication inberent in caviteiion work in 2 elosed ciroait ab
reduced pressures is the dilssclved air contemib of the waters Moot of this
air rmst be romoved or it w1l come out OF usclution durlng the erporinents
thereby cbscuring and invalidating the res sultos I‘rz these cxperizents de=
aeration was acconplished by rvoning the pochire under high vacuum for

. Il

poriods up to «is lourss, The air cebent was xﬁ'.inm Ined b frum six w

ten parts por nillion w;: ing o311 of the cavitation exp ordmen to,

It vas found that with blades 1ith sharp corners on the pressure
side edge, the flow sepamted and cavitation in the clesrarce space
resulteds Rounding thls edge eliminsted this tipe of caﬂfim‘,mon@ Tis

ifference 12 showm An Figure 30 Were tie blude on ‘the left tng a siarp
edge while the Llade on the r‘i{j:iz}, has a radivs of 0,020 inches on the ed;e.
The minirum radius required to eliminate this cavitation was found o be
avproxiretely emal to the dlp clearance over the vange of elearances
that were tosteds A1l of the rotor Hlades vere rounded on ths pressure
side to prrevent nis type of eavitation while a sludy of vortex cavita-
tion was being conducted. .
A loical first step in exploring cavitation in an axial flow pwp
and its relation t tip cleararce {lows was to determine visually the
depondenca of tlo inceotion poin‘c. of cavitation on tip clearznce. It
ghould be recalled that it is only recentl "Cﬂ) that tip flous were sus-
porcted of poverning cavitatlon dnception In jumpss Prav:’,oual,y‘(??) bladge
surince cavitation md aluays been assumed to occur Iirvsts
' Tor each run the tip clearance was adlusted and reasired throuph

the calibrated holes in the pac ime cate. Tsa wils We panp running at
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. a rotative speed of 600 rpm and the desired £l rate, the systen pressure
ws lovered untll cavitation was resularly cbeerved near a m omu of the
blades. Thds pressure was recorded and dafined ag being thoe "inciplentt
point, The rotor hLlades are genemlly eritdeal for cavitation in uost
purps because the blade row before the rotor 1s relatlvely lightly loaded
and the blade rows that follow mve the benefit of the static preasiva
rise tlrough the rotor.

The cavitation inception pressure should scals fram ong rotative
speed to another in a manner similar to a pressure coafficiont, cxcept
that the pressure of importance is the diffcrence between som represent-
ative ambient pressure and the wvapor pressure of tlre liguid ( F—r Ye
Therefare the cavitabtlon nurber K:: @9:_5{' is used to coupare

2P Wes |

cavitation datas T2 , 83 defined Jor tlese experinents, is the statle
prossure on the cass imesdiately bLoel'ore the rotor blade rows W, 10 “he
wean veloeity relatlve t§ Lha yotor blade tips, Apperdix B gives the
dotalls of the calculations requived to arriwe ab [{ » A Hpgher value
of '< reansd tnat cavitation storted at a m{jzer.mlw of s;'s*ten;; [ressury
or a lower rpm than for a smaliw ‘<, » Essontially, the larger the
cavitation nurper the wrss 18 the cavitation gﬁrfomaiwe of the rachine.

The inclpient cavitation nurber 1s plotted as a fxmctioz; of tip
cleavance for four flow rbateél on Fipws 27. The upturn of the curves
for the sa:zall.tip clearances was a surprising resuvit which will be dis-
cussed In some detail,

In conjunction with the visual observations of cavitation, a
gerics of photographs s taken of ti . vortex cavitatlon for the jurpeose

of recording the change of the vortex shructure with tip clearance. A

four by flve inch view camera was usod wih Witlies supolied by two
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deerton type cinsle flash lanps Lricsored by a commetator on the shafts
The phobor rapns were taken at cavitelleon nwers telow inceplion wJ avold
the difficulty of plotorraphing the ¢ooraiic caviialion near lie incipient
points Tirure 29 shows a compilation o tiese protosrarhs conmyins the
eavitation for a number of tip clearancos under identical operating
conditivns.

The wrtex structure is predominant for all of the clearances
except for the very muallast ( 7\ = 0,026), It can only be conjecbursd
Wiy there yas no v*ortwi for K.u 0.026, vut J.t, iy c'ert.a:’znly true wat
viscous forces must dominate tle flow for this tip clearance.,. Tids clearw—
ance is rmach sraller than is 1n use in peneral tarbomedilre pracilcs,.

The photosrashs 1411 be discussed in mors detuil alter anciher
exporimont is described. It has been pointed out in Section ITI-C thal
ong of the primary featuwraes of ‘the tin clearn me ow ;‘us 'bhc'relﬁmvo
notion bebuwean tha blode and the erﬂ walle T"nerc;.ore it was of intoresi
to investigate uhether or not presencs of thds mabtlen would cause any
significant difference in t‘ne vorbex cavitaticn, It has Lesa zlready
shoun that the tip clearance velocity ls increassd urpx‘euia'“f Ly the
rotatlonal motion. A reasmure of the importance of the motalion can Le
gained by a cowarison of the inciplent cavitatlon data fran tls pump to
data taken on a single :sta*&iomr:,r nydrefoil with tip clearance o a wall.
The two dimensional hydrodoll used sas ajmoximately of the save poometry
as the tip of tho pump's rotor blade, The incinlent cavitatlicn muber was
mwasured for a selccted muwber of anzles of atbad: and By clearances with
tha test section wall of the [lizh $jeed Vater Tumel Ln bin Hydrodymaics

Labvoratorys. Appendlr B describes tle mibhod used to compute Lle angl

w
s
i

attack settinrs so tloy were eqilvalent to given flou rates o the pwup.
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| ffhsa rosults of this experiment are shown on Fipure 28. This fipure can
ba compared dii"@(‘:“hl}; with Pigure 27 to show the strilking difference Lo-
tween the cavitation inception for the statlonary and rotating cases,.
Protographs of the cavitation were also taken for eacn configpuration,

samples of wulilch aro shown in Pigure 31.

Ce. Discussion of the Cavitation Iuperiments

The cavitation for large tip clearances for the stationary and
rotating cases (Fi;;ura.29 D and Fipure 31 C) appear simllar, but the
structure and location of the cavitating core dlverge widely for the
smaller clearances (Figura 29 B and Firurs 31 B). Significantly the
vortex does not appear near the 1eading'adge of the statiafr.amf blade as
it does in the rachine, In fact, the location of the vorte:? for the
statiorary case 18 bahind the guarter chord point for all tip elearancesn.

A statiorary hydrofoil in a wall boundary layer mmst lose cire-
culation proportional ‘to tha velbcity proflle; hence the circulation shed
at the tip increases with tip clearance, Tha undm'preasm;‘@ of a vertex
is proportional to its smng%;‘n and concéntmtion, so cavitation will
start at higher J{ 's vhen the tip is out of the reglon of important vis-
cous effects, 'm;t what causes ths cpposite variation in the rbtating casa?

The miniomum pressure region on an'airfoll of ordimary desisgn is
near tha leading edgs of the suction side for any positive anggle of attack.
Year serv angle of atdack the ndolumum pressure repion movss back Lu near -
the widchord on the suctian surface of the blade, If tie angle of a;,tz;ck
| is reduced still more, the miz;inmm pressure appears on the pressurs side
of the blade. Thus sven though the underpressurs of the vortex may remain

roughly conatant with tip clesrance changes In the rotating case,
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tho vortex in the purp (sce F‘igux'? 29) roves into a rosion whers 1t‘z}a tlado
undarpz*esﬁiu}:‘e 1s sufflelentdly low to mie the cavilatim start ot hisher
values of K » Consesguantly the ctanse in the lecaticn o the vertex
exg;l;im the marked upturning of the cavitation inceo tixmv curves frem the
PUDe Th.‘i.s viewpolnt is confirmed v ta variation of the morliuda of
the peaks in t;he cav‘imﬁicn nwer for ble aiall clearances., At the
reducgd flow rates whers the peak underpressures are the larprest, tiera
ars co;maponcﬁngly hirhar peaks In the cavitation muwbers (g-e Pirure
27)s The peaks in the cavitation nwiber cirves for positive anclos of
attack can thus be explairad, tut a different bshavior would be oxpected
neor the zemw mnffle of attack. Trhe C? = 0,48 curve in Pipure 27 sicws
the upturolng of the K curve when the vortex storts do form in “he low
pressure vroplon pear midwchr;wé. In general, the corn lusion can be mnds
that the blade surfaca pressurs distritution jovems the ineeption of
eavitation as affected by the flow ratse. This is also the case for
ordinary blade surfacs cavitation,

| The reasons for the Aif ference in the locatlon of 'thc vortex
_batween ths a{aﬁiomz-y and rotating mse is the strergth and direction

of the tip clearsnoe f‘lawﬂ, Tha ‘;strcnggr glearance flow for the rotating
cass resulis in a larper angle betwsen the wrtex and the blads chord
lina, and t}sémfemft%:a vortex starts forward of tle pdmb where 14 would .
on the statiomary bhlada, ‘Aa the tip clearance increases, for toth cases
the flow tlrough the clearance redirects itself to conform rnare vith the
Pres otream flow direction. This greatly affects tle mtating hladae,

for tle vartex‘}aas 8 lonz way to travel to reach 1ts free siream locatlion
rear the trailing edge, The vortex on the statiorary blade, in contrast,

-

raquiresa comprratively 1lttle relocation to rench iis final posliicn at

1
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~the roar of tho Llade,
| The concluslions of the cavitation experiments aves
(1) A vortex is formed by the interaction of tip clearance £lou
W th the flow past the blada, The vortex location ~rml struce-
ture are strongly af‘ferzied by the £lows dus to rachine ro-
tation as 1s seen by comparison of thae vortex formmed on a
stationayy hydrofoil and on a blade in the pump.
(2) For the optirmm cavitation performance of a purnp, the tip

clearances should not be the smallest that 1t is possible

to construct.

D. Observatlons on the Formatlon of a Vortex Nus to a Thln Jet Imterine

a Stream '
Tt has been confirmed by the cavitation experiments ?hat the tip
clearance flows create a vorbex sheet that deforms inmto a' vortex. To
rake an aralysis of the voriex, the rost simple model possible that rstaina
1ts essentlial physical character 1s desived. %o study the flow in the hops
of eliminabing the undmporiant qaan,titi%, 2 simlated tip clearanca was
e2t up In 8 low spesd flmaﬁ‘ with windows in the walls. 4 flat plate was
installed pemdimlazﬂy» ’c,o. the vide wall of the tunnals A small notch
rachined in the plate i‘a;';ma a tip clearancs slot in the comer. 'The
| glot wasd supplled with a steady {low o:f vater from abovs {0 complots the
models Dyed wler and oil droplet Injections were used to study the flov.
The :{‘eaﬁlt for all ratios of j@h veloclty to fres stream velocity was a
vortex formed along the intarsection of the two flows. A schemmtlo
diapran of Tthe flow is shown in Flure 32, Further experiments showed

that removing the corner had no effect on the rollinz up process. The
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.bcmxd.:;;‘y Layer on the wall was also sheiny Lo be unlipartant, tlarely
oimplif-ing the wodel evon more. (he concluzion i thal o thin J{,;’,
intersecting a thraupgh flow at an an o otlor than zers rolls us nnd
forms a vortexs The result undeubtedly also a;plico to jots of more
gonaral éztm;ae(QB), tut 1t would be vora difficult o observe tho vortex

experimentally.

'

E. The Formation of the Vortex Shest Due to a Jei Enterins a Strounm and

Its Roll Up Into a Vortex

Tha boundary veglon betwesn tha jet and the through flow velocity
my be represented Ly a vortex t:if;f:at of two componenits, One compenent in
the jsji: dlvection 19 duse h:; the dleplaceament of the through flow ov::’ thae
Jot remiving a transition feom zero to the fros streanm w;lgc:%ﬁ;y. Tow
sgcovd componant 1s dus W the wvelocily pradient in the divectlon of tho
Jot flow, and so it 1s perpendicular to the jels Filmure 33 B10%S by
cavitation physical evidence of the existence of Liis vortex sheetl,

Foy a first ccﬁsid&raﬂ.w of the roiling up of the vortex sheal
aralytically, a linearized computation of the deformation of the dis~
contimity surface formed Uy a thin rectangular jebt sntering a through
flow at right angles along a wll ¥ill be performed, The linearizatlion
13 vads possible by és%mﬁng the watering jet velocity is large corpared
to tiat of the through flow. The immediate consequence of bhis supposi-
tiim ia ﬁla‘c. the jet is tirned very little Uy the through {low and Lha
geonetry of the discontinuiby surface can be cencidered in twe dimensional
scetione throurh the Jet perpendicudar to Lbs ori diral dircction. In
thers planes pnly the vorticiby due Lo tl’il‘()l),}’}h fieu poing avound the jet

4 @ L QIR A L] om b
i3 alenilicante.
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Ls Lhe Llow leaves the tlp cleazrance, Lhe vorticliiy is croobad.
and thenco fomard Lt is transported by the Job veloeity away Tron Lhe
(,;lsal'amce and moves avont by Lts sell-inluced velocily. Thicrefoc. 4T
the original distribution is eslablliched, voriex lzus coan bo used to
calculate atep Ly step Lhe rotion of *iﬁziz vortex sheate The tine Lase is
the distonce traveled away from the ali.’;', Jdvided Uy e ‘*«;elocl‘b;y o Llhwe
ji‘)@c

The peametry at the inltial instant was idealized as chown in
Fisure 2hs Tor the inltial instant the Jot was consildered rigld asd the
strongth of the wrtex shest computed using the velocitdes on the bounda=-
rics. The éirmliaticn distribution mst be lumped inéa finite group of
vortices to make the computabions feasivle, The prouping alse eliminatos

he difftlcnlty of the velodity simgularity at toe extexnal comer (L\).
"Por the Qmmut&‘tibml murposes the initial geometry as shown in Pigurs 3l
wvas replaced with twenty-two vortices of ewual strengbh, The vorbices
were located to represant the sheel strsngth distributlon alonp the
initial shape. The vortex filaments were considered o be infinlts in
oxbont viich Introduced an crror caspeclally near tho indtlal instant.
The mﬁaind@r of tha wortex shesl vas assumed to remin undeformed ard
to extend to infinity in the nepative 7L direction. The metiod of
lmapes wae used to plve the boundary condition of no weloeity component
normal to the walls

. .43
The formlas for calculating the change in the location of the P!

vartex are

A%l OE T dy SO Lol At e
e\ b G Al A 6) AT
t L W ) Iv )
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uhere A‘{: lg‘% J R AZ 13 the change in the distance traveled
in tha jot dix‘ent:;n, and % is the ratlo af through flow volocity to
the jet veloeity (Ses Plmurs 35 for other notation definitions)s The
szcond term on the right of each expressiocn is the contrivution of the
remalnder of t;}ae 3}13_3"51. The geometry at each statlon only de;pmi:a on the
total of the A'Ek’a 2o that etation, so this computation is good for all
cases whefa tha apprmtien appliesa |
Filrure 36 shows jthé resulis of six steps of the computation, The
rolliﬁg back éhamctari,m:: of the motion 18 quite apparent glouving that
the nodel adec;uatély vepressnts the flov. ";ha eonc:antratim pf the
varticity in the rolled back rﬁgim is the vortex tat m.) boen shown
experimentally, and iid approximate strength could be c;zvalua ted by
summdng up the vortlces ‘in tils ares. Since the slze of the vertex will
also be of intorsst in la‘i‘f.m' saleulations 3,‘ it is Impovbant to bne'be that
the size of the cors 1s rwg’niy determined by the amoum:.. of fluid entering
the vorﬁéax from the Jot. 'Aéyualls', the tlp clearancs velocities ara found
to be of the csame ordexr as the freo stream veloelty. Thorefore the
assumption of a "atiff” jot is not appliéabla Lo the tip clearance
proﬁlam, bud tha calculatlon has given some uwseful quélitativs ideas

for further calculation.

Fe TFormabtion of the Vortex Shesaht Near g Blade Tip with ITts Subsecuent

Rollingg Un
A aslmplii‘iad airfoll model that will include both the “oll:m up



| ‘é.nd deflcction features of the wrte. formation can be developad to
obtain the properties of the vortex. The tw sinplifications to be-
utilized ares (1) nonviscous flow will Lo assumed, and (2) the “lade
will bave a constant pressure difference along the chords The blade can
i)ﬁ reprepanted by a fla;a with a veloci’,t.y Waoi- W  on the suction side
of the chordline and Wg —IWL velocity on the pressure sides W

the veloelty from Infinity and W is a constant perturbation velocity.

By using Bernoulliis equation

PPﬁ: :”4“__@}_‘ or W = El_gwgo
Qf Woo 4-

If this airfoll is normal to a wall with spall clearance, the tdip

. (67)

clearanca vnlocity numl 1o the blade can te computed by Bguaticon (b)

giv:mg W-é CL 4 “ » 80 the “cuu}.t.am tip volocity is
w o Wuo .
N
[(W..o*“) + Wy ] = Wetuw (68)
if the Lriﬁétic epargy along the blade s transported thrm_zg;h tre elesarance

without elmnpges The ancle of tip,;lm from tho clezrance (%ee Fiqure 37)

is
¢

4‘11_0 '
4 CrLo

Therefors a vorbex sheet 13 created with occual velocitlios on each side 3

5 Tom (69)

but o change in flow direction throuch the diseontinmuity surface in
requireds The sheet strength X my bo compubted by censlderine Plrure
37 |
Y, = z(Wotu) p (c \J‘i(AJ c Y‘
o= ZMWottlpa By = Co ) (A ], o)
Wao Weo z ) |
The transport velceliy of the sheet \/ follows irom the some consideras

tion



‘ |
\j B w) B = S
—_ = (\}_};ﬁi\ L(pp/z = -ij [4# CL:X . | (71)
V\}m We'O . '
Incidentally the angle of \/ &x:ith the chord line, 8/2 s st be
the angle tat the vorbex lines make with the chord line, i.c2., the vortex

filapents ave transported with the lowl velocity. Hence

: LN
+"‘"‘ P/z = (Eé'—? = "2‘\:51 . (72)

It is interesting to check the total rarniitude of the circulation

leaving the blade. At the traillny odge
Xcom G, = W%&E Lo (73)

which is the total 11ft cimu};aticn on the blades Hence tm.s calenlztion
gives tle local detalls of the ‘sheddi o of the circulation from an airfoil
vith a smoell clearance td & wall, |

The formaticn of the diécmtinuity surface has been corpuled,
tut a dotallad study of the 11w will sbow that this ,.,‘nm}t o; vorticity

P

rolls back alonc iis 1&&631}3 edge. ’i’zse shoet must indeed deforn, for the
fluid coming from the claaranaa must coilect alon;: the leading edees of
the shast and hence modify the local sur@ce coometeys A computation
ﬂimilar to the "std,fff j,&at? qa}.éulzaticn can be set np for considering Lhe
motdon of the discontimity surface if scchlons perpandicular to the un-
&mm@ wortex sheet avs considered (ses Fipure 38). The equations for
e th

the displacement of the U™ vortex are

4\}:}7— A{: [wl(AL L\tl &+A‘t
&t >‘“ T g 9{{ H-L&_ } )




and

DYL - A"'c [};‘ J,_*Lk . Zi%/ 1 A:E; iM R’.z. : -
S-{—, R}ng gq_’ n‘z‘:&, 2%\

if the sheet length is long compared to the tip clearonco, and increments
af langth S_j; of the mrtex S‘xeat are lumped in sach vortex. -[;% is
b"/g\( Co \(CLo ;‘: = i‘“(l_ oy this wase, where \§ the coordinate
along the vortex sheat in the direction of the vortex lines. The use of
'{: again reduces all bf the rolling up protlems to ops case, The patlterns
for six cases, up %o 'l’; @ 10, wers comouted to give some insight for
raking approximata romng up ealculations that extend over a 1dder range
of '63 .‘ Thess patterns axe show on Pipure 3%. Thres features of these
patterns will be used to exbend tho rolling up calewlations, They are:
{1) ‘the patterns form roughly closed circles, ‘(2) the circles rerain
’m‘aarly tanpent with tho crigiral shest, and (3) thers is 11ttlo otredching
of the sheet as it rolls up. ‘ »
With these idwlimtiam and sora othrr asmumpblons, the strength

tmd sige of the voz'tmc ©an be estimated as a f“mzctmn m‘f‘d __gg\ s The
lenpth of the vorbtax shept that has beem rolled up ard the radius of the

- 4
rolled up clrele sust be a function of C  only, therefors

£ (Jc“) | (76)

(77)

ara delinegd. Aspuming the sheet '8 unstreliched during the rollins up

. g . »
perrits tle calealaticon of the clrculation In the vorbtex, if ‘Q{f}wm



=GP

T’ﬁl Z:f - Z_:@? = XQ (4+CL0)‘/1£(@<"

T WetaCl,  WLGCL (79)

Lo

o computae - -(\1(—{;“) the rolling up process t,,ili be idealized as a
cylinder rolling on a plane with the distance 1t rolls incremsing the
perimeter of the cylindsr as it rolls. ?‘}ﬁze velocity at the center of the
core w111 be used for the rolllng velocity. There are these conbiributors
to this volocltys (1) the free strean veloelty (ULD'HA) @M(ﬁ/z , {2) the

velocity cue to the image corey, and (3) the induced veloolty ol two seri-

Infinite vorte:: sheets, Actually the velocliy at the conbtar of the vorbtex

? .
a0 a tifferentisl equation for f or —p(ﬁ may be written in terms of the
wiknoim funetlion (é (“Cﬂ .

r_ Y Y o
%‘:‘é = —-—v (\'Mtb+ “\ fan. @/2. A (nc..!,, g_i.) (79)

at _ o - &

T 4u~(1+‘3\ ' (80)
The crowth of the core depends on the ‘1} conponémt of the velocity
at the maximn elevation point, p\ s on the vortex. Thers 1ls ro conw
trivutlon to the upward ‘mlmity at ,C‘x Tea the to vortex cores ecause
of the almest sircular sy’m@ﬁm;. Thercfore the only combribution is dus
to the two vortex sheets, Using v is fuch, Cé('(:%/ can be conpuled as

Follmms

\,( Anc +zgt

) dRe = |
- H‘% 2wV Znc (81)

or
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A numorteal intogratdon of ihis differentlal enuation, (82), rave
approximately | |
0,95
(£*) 14+
d ' (83)

If this result 1a subatitoted dn (B0), an npproxizmie relation for

'{"'( 7mn bs obtained by mumerical intesration.
: *® D.72

vguﬂ = lL.oot . (2)

In swmAry
1
| * — 4..\.. CL_o =z ﬁ'o-?z- .
r) == >\é( N t” . - {85)
and’ - 4 0.B5
e = AL ' |
e o (85)

g (R -
Jers = }: v Thwse vesults wers compaved with the
\ = A )

polnt vortax calenlations, and the check was sufficlendly good to warrant

the use of these approximabe forralasz in further calculabtions.

0. Tha Fotimation of the Incentdon of Cavitation

The Inciplent egvi'tation rvesults from the axdal low porp facility
gdwe an opportunity o cbmpar:a ‘the results of the provions seetion with
experizents I the vortex is considered two dimers iomal &% each station
along its lengbh, then tha pressure fleld can be cormuled, A roview of
the proverties of a vectilinear vortex will a3id in obtainins the desired

results, Conslder a vortex of strengbh r7 and cors piza O~ (ses Figurs



O

© )40) then it is assumed for

=0 f{;“ O \?'%3;;; oI
- (37)
= - o Tk ) COGL
_ o A6 = Z2wwa™
r7“ Jk @)OL s (83)
80 - - r’

The vortex core will be sssocisted with all of the fluld that has
entered the region from the tip clearance, so o™ [l g«é. Cavitation
will be assured to cocur 12 the center of the wre i3 ab thafmpar pressure

50 the pressurs at =0 18 equal to P » the vapor pressure. Therafors

B & = P (0
“1 B 4“,(.0::. 7
ox 2
— P’O" A-:;;. WLW R (91)
T f W Zras Ve

The cavitation mudber may bs: forrmed 1f the surrounding pressure field ias

gliven by (:.F = ﬂ_ P e BExpanding the mvimtion mugber as

T wz
K Po=Br = Po—l | Vo0 (@)
Lows YW |
glves () ' , lf 2 ¢
\c‘("': — %t e ws (93)

Making use of (6%) and {86) ‘ - 2
K = —Cp ¥ Lo (A ve) gg{#)

- S | H*‘ﬂ?' {(9L)
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Thare avre two diificulties in applying tils formda to any
pérticuhr case. Flrat, the vortex caleulations wers rade with ’i‘,la.b}ﬁaﬁ
represented by a pressure difference distriimted alonr the ehord line.
Actually the blade hos thickness sc b @t a vortex line 1111 nct necessarily
leave fron the leading edge of the blade. A pood estimate of the orisin
of the ‘g coordinate systen can be made by locatln the p point on the
CLO) g

It bas already been polnted out in the discussion of pump cavitation that

suction surface of the blade with a slope squal to tan P/ = (

the chordwise locatlion of the vortex has a predaainant influence on the
inception of cavitation In pumpa, The second Adii’i‘iaulty in applying
Eqation (9h) is that the 11fb coefficdent € i3 not known, It vas
sihowm in Ssction IIT~C that the impact of the casc boundary layer on the
blads tip increasad the blads lcading at the tip. Some caleculations ucre
rade of the pressure ineresase aleny the bLlade near the tip (gee Rquation
v(hlx) and Firure 23), and they oan be used to campute a corrected 11£t

coefficisnt

4

CLo = cic:q%o UJ’O{E’ + (ME I St) (

vhera uﬂ(jwo is the free strean 1ife coefficlent, T

O
ASa
S

influenca e::tf thifa inereasa in. wt is isportant as can be seen by the
variation of the angle that the vortex makes with the chord line (a8
Pigurs 29) when it is remembered that the tangent of the vortex angle
varles a8 the square root of the 1ift ccefficlont. The wortex angle
decreases from o proximately 20° for 7\&? 0,016 to about 10° for 7\ ® (0,32,

Tt 1s important to note that the vortlclty that as been included
in the rolled up vortex comes only from the interaction of pressure

Ny o o - A1 | 2 g - asoers A taed
ALfferonce lealnoe low with the maln stream. The vorticity assoclated



with the sheoar profille due to the rotation ds not inciuded bocauss Lt 1
fairly uniformly distributed over the whole region noar the wall V&sx,"" ar
or not the vortex exlsts. It has been assuned that the only effect of
nﬁchims rotation is to effectively iﬁcreaz%e e lllt coafficient at tre
hlada tip. -

Using these tuwo correctlons an exanple is tworked out hers that
can :oe cerparsd with the data from the machine, Take fov e:mplﬁ l £ 0,16
and LP s 0,45 ( € »0,08-and 5 3 57,40 for this blade set)a. SO% m@m,

o

is 0,50 at the Vlado tip and %’ is 0.53. "Tho corrocted C is Op&s

and the origin of the \f, coordfmaua sysben s /X“ Z 0,158,  Now

((LO\ (CLD = \ c
( \ ( \ }\g\ L@@/L 0)

therefors

£ = g0 (%~ oib),

“(97) -

A summary of the resuits of the cal mzh‘ciom are tabulated balow

% e - A CL,,(&%CLD\ _
e R

- 0.00 @D 10 0200 2} 10
OQOS ‘ 0466 0eC0 0,66
0.15 0,60 0,00 0,60
020 060 0s1h T 0a7h
032§ 0;60 ’ 0@30 0@90
030 0,58 040 0,98
0,35 0a56 0sli8 1.Ch
0.10 0sb3 0452 1,05
0ali5 0.48 Os5h 1,02
Onso Ool‘&h 0956 ) 1&‘30
OJ)’S 0,39 ()9:58 0a97
0,50 Ce3h 0453 0,92

The peak value of the cavitatdon nurber, K?— 1,05, is theorebically
the incipient covitation point of the machine. 7The measursd value (Figuce

27) in the machine at this tip clearmnce flow rate is %{ # 0,08 which is



D

not a vory sallsfactory arreenmi. (Me canse of ithe discreponcy is
belioved to Le the exdsbence ol tencion In the vater, l.e., the core of
the voritex can be refuced below the vapor vrascuro before the cavitation
gtavrts, 'f‘f’xis wonld conslderably roduce tho contribubtion of the vortoxs
for exanple if the full core worxe belw-t'ma vapor prossurs whien bhe cavlie
tation starbed, the conbributlon of the vortex in Bquatdon (9L) would be
reduced by half, Evidmoee thalt negative pressures do exist was seen in
the cavitation experiments. A hysteresis of approvimately Five to ten
parcent was measured between the starting and stopping values of }( far
vortax cavitations

This caleunlation points cub two important fentures of vortex
Cavitﬂti;}ﬂ# (1) the contribution to the cavitation number due to the
vortex 1s appreciable with an lmprovemant of more than fifteen percent
over the maximm posaldbls if the vortex could be eliminated, and (2) the
resulting total cavitation muber depends a2 preat deal on the polnk
.zﬁ.;em tha vortex starts. For this ycase.a if the vortex started abt the
leading edge instead of the sixteen percent chord position, the cavilatlon
nunber weuld increase amﬁwr ten percents Thus, 23 it has already been
pointed oud, the lcestion of the vortex is very lwportant in debsrmining

the inception of cavitation in a pumps
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Vortex core radius
Ienpth of vortex shect in vortex
Blade Chord

Prossure coeflicient P— P“: ‘
20V

Friction coefficlent = Sheaming sat
: local dyna:ic pressurs

stress at wall

1AFL farca ror undt length

Lift coefficlent = - : -
| zf Voo C

Vertical distance in vortex sheet caloulallons

Vortex strength functicm
Yortex radius function
Horimntél distance in wortex sheet calculations
-r |
Summtion indlcas

Loss ool ficiant for entranca loss
Blada thickness

Maxiynm blade thickness

Bourdary laym* profils exponand
Statio preassurs

Vapor preasure of a liquid
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Vortex sheel radins

Blade spacing

Time

A dimenailonlass tims
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Stresm function
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Valua near rotor blade tip on the pressure side of the
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AZPENDIY B

1
CALCUTATION OF K = o=V nnows or areack
.L(J\N:,

(a.) P"O was caleulated {rom the reading of the ranoncter
cormected to a plezometer tap In the coseo of the plw.a Correcticns ware
made for the helght of the manometer ab:’)ve the tup and for atrosplheric
pressura. |

(0.) Py was obtained from the stean taoles() for the measure
water temperaturs,.

(2L)

(ca) fO was cbtained from the steam tables for the measured
value of tho water temperature.
(d.) W,D vas caleulntad by using a mean veloclty triawnyle ab
, y :
the pump's outer radius and the theoretical wo VB (PD curve for this
rachine. Xﬁ the exit w;glé from ths entraunce vanes was assuied to be
the theoretical value and indeperdent of {low rate. The value of 652, for
{ 4
this machine is 199 and the WD v (ﬁ curve is glven by % B 1,3 2 A

The follmang formrilas dpnly undar the above assuriptlonsi,

it .

o B0 = (‘“% fonYa.

o

Wo - YKo
Uo @6000
The anyles of attack (0( ) that ere oquivalent to certain flow
o o e
yotes were conputed fram the above results by definlng as é{a‘ @3 »

* .
where Oo is the stapper angle at the rotor blade tip.
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Fig. 1 - Effect of compressor and turbine efficiency on theoretical
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Fig. 10 - Flow visualization technique, illustrating the boundary layer
flow at the rotor blade tips.



Fig. 11 - Flow visualization of the secondary flows on the rotating hub.



™
(o]
X
c
Z
m
P
_:Sl
I
I
<
C
il
-4
=
(3]
w
<
o]
b
el
(@]
m
-
X
m
o
X
-

LIFTING LIN

&

KUTTA CONDITION
APPLIED HERE

—SHED VORTEX SHEET

\”‘fg BOLLAY'S LOW ASPECT RATIO WING THEORY

>

e Vi

s

KUTTA CONDITION - "?\ /

APPLIED HERE :
VSHED VORTEX SHEETS

SLOTTED WING OR TIP CLEARANCE FLOW

w&

< SHED VORTEX SHEETS
/ P
/

KUTTA CONDITION APPLIED HERE

Fig. 12 - Comparison of wing theories and their
assumptions on shedding of vorticity.




};” S

Fig. 13 - Tip clearance flows for various flow rates.
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Fig. 14 - Equipment for measuring
wall pressure distribution.

Fig. 15 - Closeup of air-
foil and pressure tap disc.
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Fig. 16 - Typical wall pressure distribution near the tip of an airfeil.
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Fig. 29 - A comparison of the vortex structure for various
tip clearances.



Fig. 30 - Effect of rounding the pressure side edge of the blade tip
on clearance cavitation.

Fig. 31 - Clearance vortex cavitationnear a single stationary hydrofoil.
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Fig. 37 - Formation of shed vortex
sheet from an airfoil.
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