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ABSTRACT

An extensive experimontal ipvestigetion was mode
to determine the effect of varying the roter tip
clenrance of a 12.7T-centimeter-tip dismeter, oinple~
stope, axlal-flow reaction turbine, In this ipveoti-
gation, the rotor tip clearance wos obteined by use
of a recess in the casing above the rotor blodes and
alsg by use of a reduced blade haight., Tor the re-
cepsed casing configuration, the optimum rotor blade
height was found to be the one where the rotor tip
diameter was ggual to the stator tip diameter. The
tip clearance loss associated with this optimum re-
ceased casing configuration wos less than that for
the reduced blade helght confipuration.

INTRODUCTION

Advanced small turbosheft engines in the 1.00-
to 4.50-kilogrem=-per-second, 250- to 1100-kilowatt
class are being desigmed to operate at cyele preasure
ratios of 10 to 1 or higher, with turbine inlet tem-
The high comprecsor
pressure rotio, together with the small mass flow,
results in a turbipe design with a small annulus ares,
and, therefore, & small blade height.

¥With small blade height turbines, geometric sim-
ilarity with larger turbines becomes difficult to ’
meintein., For example, rotor tip clearances of about
1 to 1.5 percent of the rotor blade helght are commor=
ly uged in lerger turbines. Use of this game tip
clearance percentage in o emall turbine would require
an actunl tip cleareance of about 0.013 cenbimeter.
Thic emall clearance 18 generally not practicel in
these omall turbines because of monufecturing &nd en-
glne buildup tolerence limits, as well as thermal

growth and rotor dypamins considerations, partievlarly
during engine stoertup ond shutdown, As e result,

rotor tip elearances of about 2,5 percent of the rotor
blade helght are required. Because it is necessury to
operute with large 1ip clearance ratios, the tip nlear-
ence looges sreo more severe. To help understand thewe
lese effecto, a determination of the penalty assosi-
nted with varying the radial clesrance is regquired.

Over the pact 15 yeurs, several investigations
have been eonducted nt the WASA Lewls ReSearch Center
t¢ determine the rotor tip clearmnae penaclty for vari-
ous turbine depigns., The results from four of these
invectipations are discussed in references 1 to L.
Since the previocus tip clearance investigations with
turbines having high levels of tip resction (refs, 2
and 3) vere conducted oply with reduced blade height
confipgurations, a decision was made to conduet an ex-
perimentnl investigation to determine the tip clear-
znce lomses asdociated with both reduced blade helght
and revessed casing configurations for o turbine hav-
ing a level of tip reactien of about 0.9.

This paper summarizes the results of an experi-
mentel investigation (ref. 6) to evaluate the effect
of varying the rotor tip elearance of e 12,77-
centimeter-tip~diameter, single-stage, axial-Tlow Hur-
bine, This turbine was the confipguration used in ref-
ercnce 5 apd had p value of tip reaction of 0.890.

In this investigation, the rotoer tip clemrance was ob-
tained by use of a recess in the casing over the rotor
blade and also by use of a reduced blade height., The
effeet of tip elearance on performence is presented in
tems of efficlency, rotor reaction, and rotor exit
absolute flow angle. In eddition, the effect of clear-
ance on efficiency for the subjeet turbine 1s copmpared
to the experimental results from the turbines of ref-
erences 1 to L.
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TURBINE DESCRIPTION

The turbine used in this experimentel investiga-
tion was a single-stoge, axial-flow turbine designed
to drive a two-stage, 10-%0-1 presswre ratio compress-
or with a macs flow of 0,907 killogram per cecond, &
rotative speed ef 70,000 rpm, and a turbine inlet
temperature of 1478 K. A liet of both the engine de~
sign conditiont and the equivalent design conditions
for this turbine are presented in table I. The tur-
bine was designed with both the steptor and rotor

bisding being untwisted end untapered. Table IT lists
sote of the physical parameters for this turbine. An
aopect ratio of 1.00 was selected. The soliditico
were 1.61 and 1.70 for the stator and rotor, respec-
tively, at the mean section. There were 56 stator
blades and 59 rotor blades.

URIGINAL PAUE W

Fipure 1 shown the veloelty diagrems oo enleu-
Yated at the hub, mean, ond tir dlametersc. It can te
neonothnt tre otator discharge angle wac & conctont
Th.:o nnd the rotor dicchtrge enple wao o ecnptont
€1.9" frem hub to tip.

The blode ourface veloeitien at the hub, weoon,
ond tip diaweters are shewn in figure 2 for the ntrtoy
end rotor. These were caleculated using the ceorputor
propran of veference T, The flgure shews thot there
was po lorge diffusion predicted for any of the thrsee
blade sections,

Figure 3(a) ic o rhotograph of the stotor nooep-
bly. These photogrephs nhow come of the design fea-
tures of thip turbine. Tho stator aspemtly shown in
figure 3{o) wanz the opme one uoed in the investigaticr
of raference 5.

TEST EQUIFMENT ALL EVALUATION PROCFDURE

The apparatus used in this investlgotlon con-
eleted of the sublect turbipe, an airbrake dynamormeter
used tc aboorb ond measure the power output of the
turbine, an inlet and exhsust piping system including
flcw controls, ond appropriaste inctrumentation., A
achematie of the experimental equipment ond instrument
reasuring stations 1s shewn in figure 4. A croso-
sectionel view of the turbine is shown in figure 5.

Inotrumentetion at the tuvbine inlet (statien 1)
measured otatic presoure end totnl temperature.

Stotlc pressures were obteined from eipht taps with
Tour on the inner wall and four on the outer well.
The inner apd outer taps were located oprosite vech
other st 90 intervals arcund the clreumference &t a
diotance approximately two axial chord lengths up-
ptream of the gtator, The temperature was memsurad
with three thermoccuple rekes, sach containing three
thormocouples at the aree center radil of three equel
anpular ereas.

At stotion 2, two statie presswre taps were lo-
cated 180" apart on the outer wall.

At ctation 3, approximately three axisl chord
lengths downstream of the rotor, the static pressure,
total pressure, total temperature, and flow angle were
measured., The static pressure was measured with elght
taps with four each con the ipner and outer walls.
These inner and guter wall teps were located opposite
each other at 90" intervals arcund the elrcumference.
A celf=alipning probe was used for measurement of
totol pressure, tetal temperature, and flow angle.

There were four totsl temperature rakes, each
containing three thermoecsuples, at stetion 4 loeated
about 16 axinl chord lengths downstresm from the rotor
exit, Temperatures from thene rakes were ugsed to col-
culate 8 turbine temperature efficiency. This effi-
clency was used to check the turbine terque efficiency
&8 caleulated from torgue, speed, and maps {low mea-
surements. The difference in the temperature and
torgue elfficiencies was within 1 pereentage point.
Torque effleiency is presented in thio report.

The rotational cpeed of the turbine was measured
with an electronic counter in conjunction with & mopg-
netic pickup and o shaft-mounted gear. Mass flow was
messured with a calibrated critieanl flew nozzle. An
airbrake dynamometer absorbed the power output of the
turbine. Torque was measured by the mirbrake, which
vay moupted on alr trunion bearings. The torque load
was messured with & commercial strain-gage load cell.

In this investigation, the rotor tip clearance
wos obtalned by use of a recess in the casing over the
rotor blades and alse by use of o reduced blade helght.

. Figurc £ showo a schematic of these two configuratlons.

The recessed cesing confipuration was tested with &8
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raximum rotor blade extensicn into the recess ¢f sbout
0.03% cantimeter, or 3,28 percent of the octator blade
hkelght. The rotor blnde extencicen wno then reduced

In four incremente of about 0,008 centimeter ocach un-
til the rotor tip Mameter wan equal to the otator

tip dinmeter, For each value wf rotor blade exten-
gion, performonce data vere taken ob four values of
rotor tip clearance between 2,9 and 5,0 percent of the
stator blade helght. The tip ¢learance wan varied by
varying the casing recess depth, In this puper, the
torm "rotor blade extenoien' will refer to the per-
cent, relative to the stator blade helght, that the
rober blade £ip radius 1o extended beyond the stotor
blade tip radius,

The reduced blade height configuration was tented
with the cauing diameter set equal to the otator tip
diameter and the rotar tip diameter machined to attain
the desired tip clearance. In this part of the invec-
tization, o total of three rotor tip cleerances were
tested over o range of nhout 2,0 to 5.0 percent of
the stator blede height.

ALl tests wore conducted ut denlgn equivalent
spend with nominal turbine inlet conditions of 8,27
newtono per square centimeter and 320 K. In thic re-
port, the turbine was rated on the basic of toth total
tnd static efficiency. The total pressures used in
determining these efficiencies were caleuloted from
magp flow, statle pressure, total temperature, and
flow angle.

RESULTS AND DISCUSSION

Turbine Efficiency

Figure T ohowd the change in totel efficiency
with rotor Vlude extension for linen of censtuant
rotor tip clearance, Thic datw 158 at the design total
preoeure ratio. This fipgure was obtained from e ercse-
plot of effieciency and tip clearance for lines of con~
stant rotor blade extension. The changes in total
efficiency shown in this figure are referenced to en
efficiency obtained by extrapoloting the zero blade
extension data to zere rotor tip clesrance, The
dotted lines shown for zero and l-percent rotor tip
clesrence were extropoleted from the measured data.

Figure T indicates o trend of decrensing effi-
elency with increasing retor tilp clearnnce Tor a con~
stant rotor blade extension. The efficiency alse de-
creases with inereasing rotor blade extension for a
constant tip clearance, In additien, the slope of
the lines of constant rotor tip elearance incresse
with increasaing rotor tip clearance. The optimum
blode height with the recessed cosing config yetion
was the one where the rotor blade tip diameter wos
equael to the stator tip diameter {zero blade exten—
gion). - For this optimum blade height there was an
gpproximate 1.5 percent decremse in tobal efficiency
for an increase in tip clearance of 1 percent of sta-
tor blade helght,

For e blede extension of 3.5 percent of ihe sta-
tor blade height, there was an approximate 2.0 percent
decrense in total efficlency for an ineremss in tip
clearance ol 1 percent of stator blade heipght. This
one~third inerease in loss with amount of blade ex-
tension was attribvuted to pumping and windepe losses
thet occurred due to the extended portion of She rotor
blade rotating in a region of relatively low momentum
fiuvid. . .

At zero rotor tip clearance there was en approxi-
mete 0.3 percent decresse in total efficiency for a
change in rotor blade eXxtensich equel to 1 percent of
the stator blade height. For the same change in rotor

blode extencion at o rotor tip elearanee of § pureent,
thic efficiency lons inerensed to about 1.0 percent.

Figure & chows tho change in total efficiency
with rotor tip clesranco for the reduced blade height
configuration. This data 18 nlpe at the desipn totnl
preosure ratio. The dotted line In thin figure indi-
ceten that the doto was extrapolated to wero rotor tip
clearance, There wan an approximate 2,0-percent de-
ercase in totnl efficiency with an Incronse in tip
clenrance equal fo 1 percant of the stator blede
helght.

This decreose in totel effielency with the re-
duced blade helght configuration was one-third lorger
than thet for the optimum receosed casing confipurn~
tion, As indicated in refersnee 1, the fectorn af-
fecting turbine work for the reduced blade height con-
figurstlon conciot of reduced blade area for doing
turbtine work, bilede tip unloading {flcw over the rotor
blade tip from pressure to suction surface), and
throughflew over the blade tip in the clearance space,
For the recessed cusing configuration, however, the
rotor blade height remained constant ac the tip elear-
onee was varied, Thus, only the Tactors of blade tip
unloading and throughflev cver the blade tip affected
twrbine work,

It should he noted that the 4ip elenrance loscen
mentioned previouely in the discussion of figures T
and B were obtpined by linesrly extrapolating the dote
from approximately 2.0 percent roter tip clearance to
zero rotor tip clearonee. Closer examinetion of the
date indicated that the trend in efficiency with tip
elzorance wos actually slightly parsboliec in nature
with the efficiency increese becoming greater as zero
tip clearance was aepproached. This trend woo also
noted in the dato of refurences 1 and 2. However,
sinte no data wan obtained below about 2,0 percent tip
tlearance, the aotual trend in efficiency could not be
accurately determined. Therefore, a linear curve fit
of the deta was made.

Rotor Exit Flow Anple

Figure 9 shows the verlation in retor exit abso-
lute flow angle for the optimum recessed cesing ond
the reduced blade heilght configuration. This data
was obtained from rotor exit radial swveys conducted
et design total pressure ratie. Both figures 9{(u) mpd
(b) shew o trend of reduced flow turning ms the radial
clearance incrensed. The lergest changes occurred in
the blode portion between the midspan and the tip, in-
dicating that o change in tip clesrance mffects the
flow conditions over & large portion of the blade,

As the tip clearance is increased, there 1s m greater
unguided throughflow over the rotor tip and grester
tip leskage flow over the blade tip from the suction
to the preasure surfoce,

St;tic Pressure Comparison
The tip static pressure variation through the

turbine at design totel pressure retio for various
eclearances for veth the optimum recessed casing and
the reduced blede height configuration is eshown in fig-
ure 10. Tor each configuration, the statie pressure
at the turbine inlet and turbine exit was sel at con-
ptent values for all clearancas. Increasing the tip
vlearance resulted in o drop iw the static pressure
messured at the stator exit outer wall taps, and thus,
the rotor tip remction decreased. This trend was ex-
pected sinee the emount of unguided flow area over the
blade tip inereased as the tip clearance inercased.



Effoet of Chanpinge tue Axial Ienpth of the Recrnn

Flpuros 11 ond 12 ohow the resulto of adaftional
teots thot were conducted to invectipote the cxfent
of chaneing the axial length of the recected 2oolng.
Thooe toute were conductod at o blede reeess enqual to
1.7 yercont of stator blade helght, Fipure 11 ohewd
n oohematio of the twe different axiol lengtho of re-
cousen teuted, For all of the receooed caoing cone
figuratiens, the recess axtended the entire wldth of
the rotor hub {(fig, 11(a)}. However, for theoo addi-
tional teots, the axiel length of the recens wap re-
dueed to ke nlightly greater thun the roter blade
axinl chord length (fig. 11(b)}, Thin was done to
deterrdne L o gharter cdsing receso would romult in
& reduged tip clearance loos.

Fipure 12 shiwe the restto {rom this investipo-
ticn. Thece dotn wers obtained ut depign total pres-
Jure ratic. This fipgure indieates thot there wan
ereentinlly nc difference in the tctol efficiency be-
tweon the twe confipgurations over the range of rotor
tip elecrance inventigated,

COMPARIGON OF BESULTS WITH OTHER TIT CLEARALCE
INVESTIGATIONS

A corpardson of the efficlency loos with rotor
tip elenrance for verious tip clearance invee.ipationn
in ghewn in figure 13, The comparisons vere made on
the bools of ototle efficiency oince thic wao the
only efficiency ovaileble for reference 1, The effi-
clencies mre axprenoed as o fracticon of the efflclen-
ey obtained by extropoloting the dote to zerc clear-
ance. The legend indlentes the type of turbine con-
figuration (impulse or reaction), the degree of tip
resction, the type of tip cleerance configuration
(chrouded, rocessed caging or reduced blade height},
and the efficiency decrease ror o change in rotor tip
clearance equal to 1 percent of the stator blede
helght.

Inecluded an this curve are the shrouded, recessed
caoing and reduced blade helght conligurations from
the oingle~ptage impulse turbine of reference 1, the
raduced blade height confipuraticns from the clnple-
stage reectien turbines of references 2 and 3, the
shrouded, impuloe turbine eof reference 4, apd the re-
duced blode heipght and optimum recessed casing con-
fipurations for the subject turbine.

Figure 13 shows that the tip elearance losa var-
ied from & value of 0,25 for the impuloe ghrouded
turbine of reference b4 to a value of 2.9 for the re-
action turbine of reference 3 having o reduded blnde
height configuration. Two trends arve noticeable Trom
this figure. First, for a given level of tip reae-
tion, the optimum tip clearance configurations from &
standpoint of having the smallest tip clearance pen-
elty were the shrouded turbines, followed by the re-
ceosed casing confipurotions, apd then the reduced
blade height configurations. Secondly, except for
the reference 3 turbine, the tip cledranee loss in-
creosed with an inersase in the tip reaction for a
gilven tip clearance configuration.

The reason for the much higher tip clearance
loss for the reference 3 turbine wes uttributed to
the mass flov characteristics of the turbine., The
subject turbine had a choked stutor and the mass flow
remained conetant ns the tip clemrance was changed.
Bimilarly, the reference 2 turbine experienced only a
0.22 percent increwse in mass flow for a change in
tip clearunce egunl to 1 percent of the stator blade
height. However, the reference 3 turbine cxperienced
a 0.88 percent ineremse in muss flovw for this same
chenge in rotor tip clearance. Thus, for this fur-

bine the roop flow through the otator inoreotsed cif-
tifdcantly ae the radicl clearsnee incrensed ard thic,
in turn, resulted in greater chonpes in the veloclty
diaprams, Therefore, pert of the higher tip clearunce
lopo for the reforence 3 turbine eould te due to dot-
rirontal rencticn and rotor incidence effectn, If the
actunl tip clearcnce losc due to the factors of ro-
duced blode area, blade tip unloaeding, and throuehflow
over tha blade ip the olearance ppoce were to opree
with the lonc Tor the subject and refercnce 2 turbiner,
thepe ineidence and reacticn effects would have had to
couce an sprroximate 1 percent logs in effisiency for
every change in tip clearance equal to 1 percent of
ihe stotor blade helght.

CONCLUDING REMARKS

The results predented in this poper showed two
facters that hove to te coneidered in predicting the
tip clearance loss for a glven desipn, The tip elear-
ance ioss varies cver o wide ranpe depending on the
tip reaction and the type of tip clearancs configuro-
tion cheoen, In omoll turbine desipne, where the
level of tip reaction io generally hipgh and a chrouded
rotor cenfiguratien is net uded, the resulis from this
puper con be condenced to provide simple expressions
for the tip clearnnee loos for reaction turbines hav-
ing elther a reduced blade helght or o recesned cesing
configuration, Expressed as a change in efficiency
from o zoro $ip olearance reference for o changd in
tip clearance sgqunl to 1 percent of the stutor blade
heipght, thece losses are 1,5 and 2.0 for & recesoed
enodng and o reduced blade height confipuration, re-
ppectively.
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TABLF I, - TURBINE DESICGH COUDITICHS
Furarmeter Engine [ Equivolent

Turbine inlet temperature, K_ 178 208,02
Turbine inlet prescure, l/cm- oL.82 10,1
Masp flcw Tote, kKe/nee 0.950 0. 246
Retutive cpeed, rpm 70 000 31 heo
Epeedfic work, J/& 307.6 ¢o,1
Torque, N-m 39,86 L. 6Y
Fover, kW fsyisdied 15,3
Total to tetol preapure ratio, o 4 2077

£y /p!
Total Ec ototic presoure ratie, <02 3,16

Pi/1’3
Totul efficiency, n' 0.8y 0.85
Mark factor, 4V,/V 1. 67 167

TABLE II, - TURBINE DECIGH

FHYSICAL PARAMETERS

Farpmeter Btator | Potor
Actusl chord, em L0521 1.052
Axinl chord, cn T8l . 968
Lending edge rodiun, cm 051 . 028
Tralling edge radlus, cm 010 £013
Redius, em
Hub 5,331! 5.331
Menn 5.857 | 5.857
Blade height, em 10521 1.052
Aspect ratio 1.00 .00
flumter of bhlades 56 59
Redius ratio 815 835
Biade piich, om 657 .62h

z Yo W Y
SRy o



Hub

Mean

0. 764
Hub | Meani Tip
Radius, cm
Station1| 5.337 5.8 6.38
Station 2| 5.33| 5.8 633
Station 3| 5.33] 5.36| 6.38
Angle, deg
ap deg | 742 | 742 | 742
By, deg | 56.7 | 48.2 | 34.4
a3 deg | =233 [-17.5 | -11.6
B3 deg |-61.9 [-61.9 | -61.9

- Figure 1. - Design velocity diagrams.
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Figure 2. - Design blade surface velocity distributions at hub,
mean, and tip. .



(a) STATOR ASSEMBLY,

(b) ROTOR AND SHAFT ASSEMBLY,

Figure 3, = Turbine test hardware,
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Figure 4. - Experimental equipment.
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Figure 5. - Schematic of turbine,
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() Reduced blade height.

Fiqure 6. - Schematic of tip clearance configurations investigeted.
(Dimensions in cm. )
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Figure 9. - Variation of rotor exit flow angle with radius ratio. Data at
design equivalent speed and total pressure ratio.
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(a) Long axial recessed clearance,

() Short axial recessed clearance.

Figure 11, - Schematic of two different axial recessed
clearance configurations tested.
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Figure 13. - Effect of rotor tip clearance on performance for various

turbines.



