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Abstract
The centrifugal compressor is to study the effétipaclearance on the performance characteristosl the wall static pressure for a
different flow co-efficient. The method of testing compressor is run at a constant speed at 20001he tip clearance is varied by
using spacers. The volume flow rate is varied i help of throttling device to conduct the periance test. The performance
characteristic of the centrifugal compressor shaythe variation of discharge pressure with volutesvfrate is plotted. Obtaining
the performance characteristics showing the vaoiatof discharge pressure with volume flow rate ddferent tip clearance, viz.
[1=2.2%, 4%, 6.1% and 7.9%. Measurement of periodi&sgpure at various tip clearance viz=2.2%, 4%, 6.1% and 7.9%. For
each tip clearance pressure measured in radial fiocaof impeller at 6 positions for different flowo efficient values. Five flow
coefficients viz.p =0.40, =0.34 (both above design flow), =0.28 (nemsign flow), =0.21=0.18 (both below design fleamd four
values of non-dimensional tip clearance viz52.2%, 4%, 6.1% and 7.9%, are chosen for experialenbrk. The objective of the
research work is to measure the periodic variatitetic pressure on the casing over the rotor diedént values of tip clearance and
flow coefficients. With the availability of thesatal, it is possible to improve the tip clearanaaiflin centrifugal compressor.

*k%k

1. INTRODUCTION between the tip of the blade and the shroud. Whiteing,
there is a leakage flow, through this tip clearamdgich
deteriorates the performance of the machine. éduges the
pressure ratio, increases the input power for dese® the
efficiency. Now, the question is why one should fgo an
unshrouded impeller, while there is no tip cleamimccase of
a shrouded impeller. The reason being that in oshrouded
impellers, there are secondary flows from the pnesside of
the blade to the suction side of the adjacent bkldag the
shroud. Over the last two decades or so there bas B
requirement to measure time-varying pressures irbotu
machinery applications to bandwidths of order 16{ land
the silicon piezo resistive pressure sensor has tieedevice,
which has been at the heart of many of the measmsmin
case of unshrouded impellers the leakage flow gincahe tip
clearance of blades deteriorates the performancethef
machine. At the exit, since the specific volumetted gas is
reduced considerably (pressure being high).i.eclgarance
effect is more significant. The impeller geomethosld be
designed considering tip clearance effects. Thkalga flow
through tip clearance of the impeller blades alswlifies the
flow pattern in the impellers. Many investors hasamined
the details of the flow pattern, but the resultgenaot been
utilized to evaluate the pressure loss due to lgarance of
turbomachine.

Tip clearance in centrifugal compressor causedeleage of
high pressure fluid from pressure surface to snctiarface of
the impeller blade, making the flow field highlyrmaplex and
affecting the performance. Hayami (1997) has fofrtoch his
experiments that axial movement of the casing hetseb
efficiency over the movement of casing in radiat axial
directions. Radial movement of casing increasearalee at
inducer, which reduces the operating range. Thel&prance
studies are conducted to understand the flow behaviorder
to minimise the effect of tip clearance. Pampre&878),
Mashimo et al. (1979), Sitaram and Pandey (1990)e ha
conducted experimental studies and suggested tlyat b
reducing the tip clearance gap size, the tip ctea&ffect can
be minimised. The effect of tip leakage on flow &ébr in
rotating impeller passage was carried out by Hattyaet al.
(1993). Farge et al. (1989) carried out the impetiassage
measurements at five stations in a low speed d¢egali
compressor using a five hole probe rotating with ithpeller.
The flow in the impeller is affected by many georieeind
flow parameters. Due to its extreme complexity, the
characteristics of the flow inside a rotating intpelare the
least understood phenomenon in the turbo machiaerp
dynamics. In centrifugal compressor, there are pahtwo
types of impellers shrouded and unshrouded. In usled

impeller, the shroud rotates with the impeller &ad there is

no clearance between the shroud and the tip obldmes. In 2. EXPERIMENTAL INVESTIGATIONS

case of unshrouded impellers the front cover of ¢heing The effect of tip clearance on the performance oémtrifugal
forms the stationary shroud and so, there is aonactearance compressor has been studied by many persons. Istnida
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Senoo (1981) measured pressure distribution aloaghroud
at seven different tip clearances. They concludeat the
pressure loss due to tip clearance is proportidoalthe
pressure rise due to deceleration of relative vlothey also
observed that the change in input power due tcaagd of tip
clearance is related to the effective blockagehatimpeller
exit. Ishida and Senoo (1986) modified their oweatty on tip
clearance loss of centrifugal impellers as Efficiedrop due
to tip clearance of high pressure ratio compresisoless than
that of low pressure ratio compressors, if the diparance
ratios at the impeller exit in equal. The magnitoflelearance
loss becomes smaller as the flow rate is reducddaimo at a

reduced shaft speed in cases of high pressure ratio

compressors. Freeman (1985) suggested that 1%asele
tip clearance produced by increasing the casingelier will
give approximately 1.4% loss in efficiency Schumaatnal.
(1987) tested a centrifugal impeller with a vanssleliffuser
for four impeller area ratios from 2.322 to 2.346e impeller
was initially designed for a pressure ratio of apgmately 5.5
and a mass flow rate of 0.959Kg/s. For each arga aseries
of impeller exit axial clearances was also tesfdtey found
that impeller efficiency decreases by 0.4 point doery 1%
increase in exit clearance. Wisler (1985) repotteat for a
low speed four stage compressor the effect of asing rotor
tip clearance from 1.6% to 3.4% was to reduce ffieiency

by 1.5% and the peak pressure rise by 9.7% Smith an

Cumpsty (1984) have shown a 23 percent drop in mmaxi
pressure rise and a 15 percent increase in flovificieat at
stall in a large, low speed compressor as theléigrance was

increased from 1 to 6 percent of chord. Engeda and

Rautenberg (1987) carried out experiments on fergrdugal
pump impellers of different specific speeds randnagn 0.33
to 1.51 and studied the relative effect on tip ideae on the

stage performance. They concluded that the taraenti

component of the absolute velocity is seen to bellha
influenced by the tip clearance variation. Leakfmgses and
so the overall efficiency decrement increased Wwitliease in
tip clearance due to increase in flow passage.,Adsdearer
dependency of clearance effects on specific speasl mot
observed. They concluded that the problems tipels®ould
most likely be well understood from detailed impell
geometry, impeller relative velocity distributioreasurements
for secondary flow analysis.

3. COMPUTATIONAL STUDIES

With the advances in memory and speed of computees,
inviscid flow analysis for turbo machinery has megsed
from the two-dimensional to the quasi-three dimemnai flow

analysis; computer time required is very large ifois not

practical to use this analysis for the design obdumachine.
To reduce computer time, it is desirable to rediheenumber
of grid points in each cross section. A flow anaysetween
blades with the tip clearance requires many gridntgso
because the grid must be considerably smaller tten
clearance while the leakage flow rolls up, formagortex of

a diameter about ten times of the tip clearanceor®le@t al.
(1984) developed a partially parabolic calculatiwvocedure to
calculate three dimensional viscous flows in a fmgal
impeller. The three dimensional pressure fieldshiwitthe
impeller was obtained by first performing a thréeehsional
inviscid flow calculation for then by adding a visity model
and a viscous wall boundary condition to allow oldton of
the three-dimensional viscous flow. The basic idethat the
clearance velocity field can be approximately degosed in
to independent through flow and cross flow, sinkerd wise
pressure gradients are much smaller than normaspre
gradients in the clearance region. As in the slerumly
approximation in external aerodynamics, this desiom
implies that the three dimensional, steady, clezedlows can
be viewed as a two dimensional, unsteady flow. ¢ygims
approach, a similarity scaling for the cross flow the
clearance region is developed and a generalizeztigtisn of
the clearance vortex is derived. The predicted li®esare
compared with the experimental results measurteeatxit of
the impeller using a two-hole probe with high-freqay
response semiconductor pressure transducer dedelbpe
Goto (1988). Predicted internal flow, the interaoti
mechanism between passage vortices and tip ledleagand
the effects of increasing tip clearance were diseds

4. EXPERIMENTAL
INSTRUMENTATION

The experimental set up of centrifugal compresddyen by
5KW motor. The main components of the compressertize
nozzle at the inlet, the suction duct, the impelllee vane less
diffuser formed by the front and the rear wallstlodé casing
and volute casing of circular cross section anelavery duct
with a throttle at its outlet. The D. C. Motor igettly coupled
to the shaft carrying the impeller. A brief destiop of each
of the component of the experimental set-up is mgikkelow.
An inlet nozzle and a suction duct were providethatinlet of
the compressor. The purpose of the nozzle at tlet af the
suction duct is to provide uniform flow to the intipe by
accelerating it. Besides, the inlet nozzle is useaheasure the
volume flow through the impeller. An inlet duct 800 mm
diameter and 1300 mm long is provided at the itdethe
centrifugal compressor. Since the inlet duct igglothe flow
will settle by the time it approaches the impeliglet. The
front cover of the casing was designed such a \kay its
inner surface was similar to the shape of impdllade shroud
contour for its extension formed the front walltbé vaneless
diffuser at the exit of the impeller. Six staticepsure holes
were made along the meriodional plane on the imoatour
surface of the shroud from the inlet end to the emd of the
diffuser to measure the static pressures. All #ppihg was
normal to the inner contour of the shroud. An ingrebf a
centrifugal compressor is the most delicate part b®
designed. It is to be ensured that the flow isligleaiented in
the channel passages. The energy transfer froshtife to the
fluid takes place in the rotating impeller. Thestixig impeller
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[6] (Sankaran, 1986) is a special kind, designecbtwsider the
effect of the outlet edges of the vanes of a cieigai impeller
on its performance and flow characteristics. Thpaher was
designed on the power and speed of the available drotor.

The shape number was chosen was 0.1. The impaller i

unshrouded one, with an inducer at the entry. Tigeiger is
provided to give a smooth guidance to the flow ingrfrom
axial to radial direction inside the inlet regiohtbe impeller.
The ratio of the inducer tip diameter to the imeelbuter
diameter, d1t/d2t, is 0.6 to minimize the frictibl@sses. The
blade inlet anglg@2 at the impeller tip is 350. The meridional
component of velocity is uniform at the inlet oétimpeller. It
is nearly constant from the inlet to the exit of tmpeller. The
number of blades used in the impeller is 16. THecten of
the number of blades is based on Pfleiderer’s @muatvhich
gives the required number corresponding to the li@pe
geometry. If an excessive number of blades are,Useder
frictional and blockage would be high reducing #fféciency.
Also, if lesser number of blades were used theraldvoot
have been proper guidance of the fluid in the inepel
resulting in high slip and lowering of the work é&tfth to the
fluid. With the lesser number of blades, the blddading
would also be higher. The impeller has twisted étadt the
exit region. The impeller blade edges have a marinhist
angle of 150 at the hub and shroud ends. This mihleeklade
angles at the exit of the impeller to uniformly ydrom 750
from the hub end to 900 at the mid span and thelD&D at
the shroud end. All angles are measured with réspethe
tangential direction. The rear cover of the castafled as
back shroud forms the hub wall and is attachedéovblute
casing by means of studs. A minimum clearance latviee
impeller and the rear cover is provided to minimite
leakage. The cover of the casing is extended tm thie back
wall of the vane less diffuser. The vaneless défus a simple
device consisting of an annulus in which the radibcity
component is reduced by an increase in the areatlamd
tangential velocity by the requirement of constdhtid
angular momentum (free vortex) .The extended pharthe
parallel walls of front cover and the rear covernfed
vaneless diffuser. The width of vaneless diffusersvkept
same to direct the flow from, impeller to the aramybassage
without lateral expansion. The function of the welgasing is
to collect the air from the vane less diffuser aligtharges it
to the delivery duct. The volute casing was of uisc cross
section. The width at entry to the volute casingls® kept the
same as that of the vane less diffuser exit widththat the
surfaces at the two sides of the volute at entmm$o a
continuous portion of the vaneless diffuser. finsly fixed to
the foundation. The volute casing is designed faoastant
angular momentum for the air stream. The crosseseof the
volute is circular. It has a base circle of 630 miammeter, a
volute angle of 130 and cut-off angle of 230. Thesgage
width at the entry to the volute cross-sectionhat éxit is 200
mm in diameter and is directly connected to a @eliduct of
the same diameter through a 900 bend. The delideacy is
200 mm in diameter and 5 m in length. The throttee is

fitted at the end of the delivery duct to regultte volume
flow through the impeller. The average deliverygsiae is
measured through the static pressure tapping pedvioh
delivery duct wall at a distance of about 1 m fréme 900
bend following the volute casing. The throttle camaild be
moved forward or backward manually inside the dsljvduct
to regulate the volume flow through the compress§br.the
shroud adapters, for the pressure sensor, aredga\at Six
different radial locations from inlet, just behinide leading
edge, to exit, after the trailing edge of the ingre(Fig. 1).
The sensor is passed inside a brass holder of 2intamal
diameter and with external threading (M4). The sens
glued to this brass holder using Fevikwik. The braslder is
screwed into these adapters at different locationpressure
measurement. Spacers were used to maintain tlobetipance
accurately. Tip clearance is varied by moving ttoetf shroud
axially. Thereby the distance between the front i@aat cover
would alter. Provisions are made on front coverfixothe
spacers in position. Four spacers were used foh eigc

clearance were fixed at 90 degrees. The experitnenta

investigations involve study for four tip clearans® hence
four set of spacers were made. To measure theoasucti
delivery and wall static pressures along the shraundi
scanning box (Furnace Control Model no. FCO 91-8h w
micro manometer (Model FCO12) manufactured by M/s
Furness Control Ltd., Bexhill, UK is used. The micr
manometer has a sensitive differential pressuresuomnggy
device capable of reading air pressures up to 9 186 WG.
It would respond to pressure inputs up to 5 kHz tBe time
constant potentiometer could be used to damperomsspthe
fluctuating signal. It is useful in damping flowu@ituations.
The pressure can be measured to an accuracy GhndNG.
The scanning box contains 20 valves so we can meaguto
20 pressures. The speed of the centrifugal commreiss
measured using a non-contact digital type tachamdtee
speed measurement is based upon the evaluatigilefting
pulses from the rotating shaft. It has a range-8999 and its
accuracy is £ 1 rpm.
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Fig. 1 Meridional view of impeller showing static pressur
measurement
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Table 1 Design Details of the Rotor U, = Rotor tip speed (m/s)
2W
Total pressure risé\p: 300 mm WG Energy coefficientyp (1= —
Volume flow rate, V: 1.12 m3/s U2
Speed of rotation, N: 2000 rpm _ .
Shape number, Nsh: 0.092 Where W_ SpeC|f|2c W02rk (Fre)
No. of rotor blades, Z: 16 Pq"Ps  ch-cs gAZ
Inducer hub diameter, d1h:160 mm P 2
- _ 2N 2n . El
Inducer tip diameter, d1t: 300 mm Power coefficieny = C -—m
- PAUS  pAUS
Rotor tip diameter, d2: 500 mm 2 2
Blade height at the exit, h2: 34.74 mm where N = Coupling power (Watts)
Blade angle at inducer tip,35° A = Suction duct area (i
B1t: E = Motor voltage (Volts)
Blade angle inducer hub,53° I = Motor current (Amps)
B1h: Nm = Motor efficiency
Blade angle at exif32: (a) At hub: 75 N pVW
(b) At mean section: 90 (c) At tip: Compressor efficiency)c ©'= TNL
105 C
All the angles are measured w. r. t. tangential
direction
COLOUR DESIGNATION
s [;'!'_ il Tip section
:_j_f'jl_ P Py = 105" RED +INPUT TO SENSOR
BLACK - INPUT TO SENSOR
GREEN + OUTPUT FROM
WHITE - OUTPUT FROM

Table 1.1 Colour designations of sensor wires

5.RESULTSAND DISCUSSION

The results of experiments conducted on the cegaif
impeller at four values of tip clearances i.e.,282, 4%, 6.1%
and 7.9% for fOur different flow coefficients i.e,0.18, 0.21,
0.28, 0.34 and 0.40 are presented and discusskis ichapter.
The performance characteristics of the impeller@esented
first and then results of wall static pressure mess from the
front shroud to impeller exit are presented.

Fig. 2 Details of Configurations Tested

The non-dimensional parameters are defined asAello 6. PERFORMANCE CHARACTERESTICS

C Performance test is carried out at a constant spegdrying

Flow coefficient,@ 1= =_2r throttling positions from low flow rate (in surgegion) to
'ITd2 b2U2 U2 high volume flow rate (near choking). Five flow fii@ents

_ viz., =0.40, =0.34 (both above design flow), =0.@&ar

Where V N _Volume flow ('?’S). design flow), =0.21=0.18 (both below design flowdafour
2 N Rotor tip diameter (m) values of non-dimensional tip clearance viz., =2.28%

b, Rotor blade width at exit (m) P oo

6.1% and 7.9% are chosen for experimental work. The
performance of the compressor in terms of energyficient

Gr Radial velocity at rotor exit (m/s)
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vs. flow coefficient is presented in Fig. 5.1. Thaege of flow
coefficient for which the compressor operates gtab=0.08
to =0.48.The result of the experimental investimyadirevealed
that, energy coefficient across the compressoedsiced as
the tip clearance is increased. The flow coeffigiarhere the
energy coefficient is maximum decreases with tloeeiase in
tip clearance. Similar results are observed in & &peed
radial tipped centrifugal compressor (Sitaram arahdey,
1990). However the operating range of the compresso
decreased slightly as the maximum volume flow pagsi
through the compressor is reduced with tip cleaarihe
performance curves shown include losses not omdyirththe
impeller, but also in the following vaneless di#us volute
casing and delivery duct. The static pressure idigton
measured at the casing static pressure holes @nshoFig.
5.2, at 2.2% tip clearance for different flow céeffnts. On
the shroud, static pressure taps were provided fheninducer
leading edge to the impeller exit. The shroud hasiriner
shape contoured to match the impeller blade tigilprérom
the inlet to the exit. The static pressure measeangésnon the
shroud indicate variation in the static pressureffament,
which matches with the blade passage clearly. Rrenfigure
it is seen that the distribution is high fo= 0.28, as it is
nearer to design point operation. The pressureialiyit
decreases due to suction and then uniformly inesas
indicating that there are no dead zones or eddéss the
shroud region inside the impeller and energy temstcurs
smoothly to the fluid near the shroud. This canirferred
from the Fig 5.1. It is lesser in the case of otliilew
coefficients. The first two static pressure tappsigows a
negative static pressure coefficient. Very closethte third
hole position the leading edge of the impeller tstaBince
then, the pressure coefficient took an increasiagd. This is
due to the development of low pressure zone bethiadlade
in the suction side.

The compressor characteristic curve against flogffaxent at
different tip clearances is shown in Fig. 5.3. gsthe micro
manometer the static pressure difference betweenetttry
and exit of the compressor is measured, at a péatidip

clearance. The figure depicts a negligible diffeesnin
efficiency for flow coefficients up to 0.30, for lakip

clearances. At flow rates higher than this, thded#nce in
efficiency is appreciable, the peak efficiency lgelawer for
higher tip clearance and vice versa. This can téated to
the increase in tip losses with the increase indearance.
The reduction in efficiency is due to the reductiorenergy
transfer for higher tip clearances, since the inpotver
remains more or less the same.

Figure 5.4 shows the effect of volume flow rate pessure
ratio P2/P1 across the compressor. Pressure rativssan
inverse variation with increase of volume flow e all tip
clearances. As the tip clearance increases, thee spailable
for the flow to expand is comparatively more thalower tip
clearance; the pressure drops more and is cleady & the

figure. Figure 5.5 shows the effect of volume floate on
pressure rise (P2-P1). From the figure it is cleaden that
when volume flow rate increases the pressure dififeg is
reduced. For the same tip clearance, as the vollawerate is
increased the pressure at the exit increases focehéhe
pressure difference is having a decreasing trend.

CONCLUSIONS

The present experimental investigations were caoteduto
study the effect of tip clearance on the perforneaacd wall
static pressure in a centrifugal compressor. Paidoce tests
were conducted at five flow coefficient with fouiffdrent tip
clearances for each flow coefficient.
experimental investigations, following conclusi@re drawn

1 As the tip clearance is increased, there is a temun
static pressure rise across the compressor, wldiokes
reduction in energy coefficient.

2 The decrease in energy coefficient is more at highkie
of flow coefficient.

3 The operating range slightly decreases with theease
in tip clearance.

The wall static pressure is high for lower tip cheece for all
the flow coefficients. For high flow coefficienteduction in
static pressure is more near the inducer, whiclcatds more
deceleration of flow at higher flow coefficient. @htip
clearance is more pronounced at higher flow caeffits.
From these graphs it shows that the maximum pressur
achieved for 2.2% tip clearance, as compared terotip
clearance, for all flow coefficients. Similarly foa flow
coefficient of 0.28, the static pressure obsengehigher than
other flow coefficients for all tip clearances.

NOMENCLATURE

b: Distance between the shroud and hub at the esib(m)
Cd: Velocity in delivery duct (m/s)

Cs: Velocityinsuctionduct(m/s)

d: Rotor diameter (m)

N: Rotational speed of rotor (rpm)

Nc: Coupling power (Watt)

Nski ShapenumbeiNvV/\Wai4

Pda: Delivery pressure (Pa)

Ps: Suction pressure (Pa)

t: Rotor blade clearance (m)

U: Rotor tip speed (zdn/60) (m/s)

V: Volumeflowrate(ny/s)

W: Specific work (na/s2)

@: Flowcoefficient (defined in the text)

y. Powercoefficient (defined in the text)
n: Efficiency (defined in the text)

w. Energycoefficient (defined in the text)
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p. Densityofair(kg/m)

7. Tip clearance as a percentage of rotor
blade

height at exit= (t/b2) x 100.

Subscript: Tip.
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Fig. 5.2 Variation of time averaged static pressure along the casing
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Fig. 5.3 Compressor characteristic curve
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Fig. 5.4 Effect of volume flow rate on pressure ratio
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Fig. 5.5 Pressure difference across the compressor
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