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Abstract
For unshrouded centrifugal compressors, the impeller vanes are short near the exit and the relative clearance
(clearance/vane exit height) is large, causing significant leakage losses. The present paper reviews recent experimental and
computational investigations on the tip clearance flows in centrifugal compressors. Correlations that account for the loss of
efficiency due to tip clearance are examined. Methods available for reducing tip clearance losses in centrifugal compressors are
also examined. Guidelines for future research are also given.
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Nomenclature

Subscripts

b

vane height

max values at maximum efficiency

c

tip clearance between the impeller vane and

1, 2 impeller inlet and exit respectively

casing

1 Introduction

k

constant

p*

rotary total pressure difference

ps

pressure surface side

Centrifugal compressors find a wide range of

3

Q

volume flow (m /s)

applications,

R

nondimensional radius = radius/impeller tip

turbochargers, small gas turbine engines, etc. There

radius

are

suction surface side

compressors. The impeller may be shrouded

U

vane speed (m/s)

closed), where the shroud rotates with the impeller

X

nondimensional axial distance = axial distance

and there is no clearance between the shroud and the

from the hub/distance between hub and shroud

tip of vanes, or it may be unshrouded (or open)

(0 at hub and 1 at shroud)

where there is a narrow clearance between

nondimensional pitchwise distance = pitchwise

stationary shroud (casing) and the tip of the vanes.

ss

Y
a

two

such

types

as
of

in

process

impellers

for

industries,
centrifugal
(or

the

distance/vane spacing

Harada (1985) found that the performance of an

contraction

unshrouded impeller is superior to that of a shrouded

coefficient

of jet

through

the

clearance

impeller of identical design (Fig. 1). Also, the stable

speed ratio = speed/ design speed

operating range is reduced, as the rotating stall takes

Δ η

change in efficiency

place at a higher flow rate for the shrouded impeller.

φ

flow coefficient

The clearance flows in an unshrouded

γ

power coefficient

intercept the secondary flows along the shroud from

η

efficiency (%)

the pressure side of a vane to the suction side of the

τ

nondimensional tip clearance = tip clearance/

adjacent vane. It is presumed that the reduction of

impeller vane exit height (%)

the secondary flow loss is larger than the pressure

energy coefficient

losses due to the tip clearance.

Ω

ψ
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wall,
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contributing to loss of efficiency, (iii) the relative

*

results

in

a threedimensional

separation

movement between the vane and the boundary layer
on the casing or hub wall, encouraging a jet flow

>«VΦ

1

through the gap.

R. S.

In the cases of high pressure ratio centrifugal
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affects the

between the vane suction surface and the annular
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f

itself

encouraging
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R. S
1

i

ε
C*

flow

velocity which, locked in the region of the interface
"SP

0

ο

shear

performance

Δ

χ

layer on the casing or hub wall of the compressor.

\

\

80

;ί 100

leakage flow through the tip gap from the pressure to
suction surface, (ii) the presence of the boundary

RS· St ar t i r i g p o i n t
of t he r ot at i ng
st a l l

RS

^ 100

1

1

1

compressors

low

specific

speed

centrifugal

compressors, the vanes at the impeller exit are short

j

100

and

120

and the relative clearance (ratio of tip clearance to

Q / Q m a x r i ° Ι.

the vane height at the exit) is large, causing higher

Fig. 1: Performance characteristics of shrouded and

losses and reduction in efficiency. Figure 2 taken
from Pampreen (1973) shows that there is a drop of

unshrouded impellers (Harada, 1985)

0.3% in efficiency for 1% increase in the relative tip
clearance. He also concluded that tip clearance has a
For high pressure ratio centrifugal compressors,

pronounced influence on the performance of small

unshrouded impellers are common. It is well known

centrifugal and axial compressors as compared to the

that impeller performance is eroded by the leakage

Reynolds number effects. Thus there is a need to

flow through the clearance between the impeller vane

study experimentally and computationally the effects

tip and the stationary shroud surface. Thus, it is very

of tip clearance on the performance and flow field of

important to study the effect of tip clearance on the

centrifugal compressor and devise means to reduce

performance

the deteriorating effects of tip clearance.

and

flow

field

of

a

centrifugal

compressor. The parameters which are affected by

The objective of the paper is to review recent

tip clearance in compressors are (i) efficiency, (ii)

investigations on tip clearance effects in centrifugal

overall performance parameters, (iii) boundary layer

compressors. Guidelines for future research are also

parameters,

given. This review can be considered as a sequel to

velocity

(iv) pressure distribution,

distribution,

(vi)

induced

(v) axial
drag,

(vii)

that of Senoo (1987).

stability, (viii) mass flow, (ix) surge limit, (x)
secondary flow and (xi) inlet flow.
Because
compressor

of
cost

manufacturing
decreases

with

tolerances,
increasing

the
tip

Cl e ar an c e
exi t w i d t h .
Δ

O
Ρ
X
V
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ΓΡΕ 2 n d st age t est 30
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T PE 331. 301 2nd st g t est 1B4
T PE 331 301 2nd st g t est 186
T PE 2n d st a g e t est 135

clearance. But there is a progressive performance
penalty with increasing tip clearance. The leakage
flow through the tip clearance of impeller vanes
modifies the flow pattern in the impeller vane
passages. The mechanism of flow that results in
performance loss are not understood in detail, but it
may

be

assumed

that the contributory

factors

include, (i) the pressure difference between the
suction and pressure surfaces of a vane resulting in a

Cl e ar an c e / r o t o r exi t w i d t h v a r i a t i o n

Fig. 2: Effect of tip clearance on efficiency drop of
centrifugal impellers (Pampreen, 1977)
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clearance

2 Experimental Investigations

becomes

conspicuous
The experimental investigations carried out on
the

tip

clearance

effects

in

the

centrifugal

Study

of

performance

larger,

impellers

and
with

the
large

trend

is

backward

leaning vane angles (Ishida and Senoo, 1981). It is
also observed that, if the tip clearance near the
entrance region is locally made narrower (where the

compressors can be classified as follows:
1.

in

characteristics

(i.e.,

deceleration of relative velocity is significant) a

variation of input power, pressure loss and efficiency

considerable improvement in performance can be

drop due to tip clearance).

expected. Also decrease of input torque due to tip

2. Study of the flow patterns, especially spanwise

clearance is related to the blockage of effective area

distribution

at the impeller exit.

of

circumferentially

averaged

flow

In many cases, the minimum flow rate of a

parameters using conventional pressure probes.
3. Detailed study of the flow patterns, including:

compressor is limited by the stall of either the

a) at the exit of the impeller using fast response hot wire

impeller or the diffuser. If the inducer is the cause of

probes and semi conductor pressure probes.

impeller stall, the tip clearance of the inducer may

b) in the impeller passage using laser

Doppler

have a direct influence on the surge line. However,
the tip clearance of the impeller is changed by axial

anemometry and rotating probes.

movement of the shroud casing, keeping the tip
clearance of the inducer constant. It is observed that
2.1 Effect of Tip Clearance on the Performance
Characteristics

stall occurs at slightly lower flow rate as the tip
clearance

is

increased

in

both

high

speed

normally

compressors (Fig. 3a) and low speed compressors

have very small vane height at the impeller exit, due

(Fig. 3b). Both the efficiency and pressure ratio are

to the low specific volume of gas at the impeller exit. It

reduced.

High speed centrifugal compressors

is difficult to get accurate measurement of spanwise
distribution of flow parameters using probes, without
extreme miniaturization. Most of the experimental
studies on tip clearance

effects in high

centrifugal

therefore

compressors

speed

consist

of

2.2 Effect of Tip Clearance on the Spanwise
Distribution of Flow Parameters
It is possible to get more detailed information on

measurement of performance characteristics, such as

the effect of tip clearance on centrifugal compressor

pressure rise across the stage, efficiency and surge

performance

and

flow

field,

by

carrying

out

margin. Such measurements have been carried out by

measurements of spanwise distribution of circum

Mashimotlea
et al. (1979), Klassen et al. (1977 a and b),

ferentially averaged flow parameters at the impeller

Beard

et al.

Eisenlohr

and

(1978),

Schumann

Chladek

(1994),

et

al.

(1987),

Palmer

exit using pressure probes. Such measurements are

and

usually carried out on axial flow compressors. Only

Waterman (1995) and Mattern et al. (1997). The

a few investigators carried out such measurements on

magnitude of reduction in efficiency of compressors

centrifugal compressors, systematically varying the

tested in these studies correlated reasonably well

tip clearance (e.g., Sitaram and Pandey, 1990 and

with the curves shown in Fig. 2.

Jayaprasad, 1993 on low speed compressors and

Similar measurements were carried out on low

Schumann et al., 1987 on high speed compressors).

speed, largescale centrifugal compressors by Ishida

Schumann et al. (1987) varied the tip clearance

and Senoo (1981), Sitaram and Pandey (1990) and

of four high speed centrifugal compressors of the

Jayaprasad (1993). The drop in efficiency with tip

same design, but of different impeller area ratios. In

clearance has the same order of magnitude as that for

addition to performance measurements, they used a
miniature combination probe at the impeller exit, to

high speed compressors.
It is observed that in all the above studies, the

measure spanwise variation of total temperature,

input power becomes slightly reduced as the tip

total pressure and flow angle and to derive spanwise
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Effect of tip clearance on the performance of centrifugal impellers

variation of total, tangential and radial velocities and

with

the

impellers

or by

using

laser

Doppler

efficiency. They found that the flow is affected over

anemometry (LDA). Many such investigations have

most of the channel height as the tip clearance is

been

increased

Lakshminarayanatlea
et al., 1986 in a low speed axial

(Fig.

4a).

Similar

results

were

also

obtained in low speed compressors (Fig. 4b).

carried

compressor

out

on

using

axial

rotating

compressors
pressure

(e.g.
probes,

Lakshminarayana et al., 1982 a & b, using a rotating
trisensor hot wire probe in the same facility and
2.3 Effect of Tip Clearance on Detailed Flow

Strazisar

Pattern at the Impeller Exit and Impeller Passage

compressor using LDA). Only recently have such

For a better understanding of tip clearance effects

detailed measurements become available for centrifugal

in centrifugal compressors, detailed flow measure
ments at the impeller exit and in the impeller passage
are needed. At the impeller exit, it is possible to

et

al.,

1989

in

a

high

speed

axial

compressors.
Sridhara

(1999)

carried

out

detailed

measurements at the exit of a lowspeed centrifugal

obtain the pitchwise variation of flow parameters, by

compressor at different radius ratios, at various flow

using fast response probes such as hot wire probes

coefficients and at three values of tip clearance (τ =

and semiconductor pressure probes combined with

2.18%, 4.49% and 7.90%). He utilized a single

real time instrumentation. The flow field in the

slanted sensor hot wire probe in multiposition along

impeller passage can be measured by probes rotating

with a real time signal analyzer. Some typical results
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Effect of tip clearance on the spanwise distribution of flow parameters at the impeller exit

at the design flow coefficient of 0.28 and radius ratio

impeller exit. In both cases the passage wake tends

of 1.104 are shown in Fig. 5. Radial velocities are

to seek the "stable location for low p* fluid". The

plotted as contours and the other two components,

significant difference is that the low p* fluid can

tangential and axial, as velocity vectors. The passage

move from the pressure surface shroud corner to the

and vane wakes are clearly distinguishable, and the

stable location in the suctionside corner by escaping

effect of the tip clearance is to increase the extent of

through the tip leakage gap to the adjacent passage

the passage wake. Fargetlea
et al. (1988) carried out

rather than taking the much longer route across the

impeller passage measurements at five stations in a

shroud to the suction side corner of the measurement

low speed centrifugal compressor using a five hole

passage.

probe rotating with the impeller. The measurements

Harada (1985) measured the velocity distribution at

were carried out at the design flow coefficient with

the exit of highspeed unshrouded (τ = 3.3%) and

(τ = 4%) and without tip clearance. However, the

shrouded

shroud was rotating with the impeller in both cases,

distributions near the hub and tip are shown in Fig. 7 at

so there is no relative motion between the surfaces

design flow coefficient. The figure indicates near the tip

forming the gap. Figure 6 shows the dimensionless

side,

rotary total pressure, p*, for both cases near the

fluctuations between the vanes than the unshrouded one,

the

impellers of the same design.

shrouded

impeller

has
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Sh r o u d

passage due to leakage from the pressure side to the
suction side of the vane across the tip clearance, as
pointed out by Howard and Kittmer (1975).

3 Theoretical Investigations
Theoretical investigations of the effects of tip
Hub

α) With tip clearance ( t = £·/.)

clearance

on

centrifugal

compressors

can

be

classified as follows:
1. Correlations that predict efficiency drop and
other overall characteristics of the compressor.
2. Macroscopic analysis on the mechanics of the
flow and pressure losses
3. Flow analysis in the

impeller by means

of

computational fluid dynamics.

3.1 Correlations
Fig. 6:

Dimensionless rotary total pressure, p* in

Many correlations are available to predict the

the impeller passage near the tip (Fargeteet

change in the compressor characteristics due to the tip

αϊ, 1988)

clearance (e.g., Eckert and Schnell, 1961, Pfleiderer,

shrouded
Fig. 7:

unshrouded

Velocity fluctuations at the exit of shrouded and unshrouded impellers at design condition (Harada,
1985)

whereas near the hub there is little difference between

1961, Pampreen, 1973 and Senoo and Ishida, 1986

them. The secondary flow in the unshrouded impeller

and 1987). The efficiency drop can be correlated

passage differs from that of the shrouded impeller

using the following equation.
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Δ η

2a c

η

b,+b2

with experimental data from high speed and low speed
compressors.

Eckert and Schnell (1961) chose a = 0.9, while
Pfleiderer (1961) uses a = 1.5 to 3. Pampreen (1973)

3.2 Macroscopic Analysis on Mechanics of Flow and
Pressure Losses in Compressors

plotted the efficiency drop versus tip clearance for a

Senoo and Ishida (1987) modified their previous theory

number of centrifugal compressors (see Fig. 2).

(1986) by including the variation of slip coefficient of

These data agreed well with the correlation of Eckert

the impeller due to the tip clearance. They assumed

and Schnell, provided bj /b 2 = 4 and η = 0.8.

the clearance region was an orifice or a slit of width

In Fig. 2 four broken lines are drawn (Senoo and

c on a large wall and showed that the defect of the

Ishida, 1986), to connect data which belongs to

pressure force along the wall is equal to (2 α  1) c

respective impellers. The Inclinations of these lines are

times the undisturbed pressure difference across the

different from each other and all of them

are

wall, where α is the contraction coefficient of the jet

considerably larger than that of Pampreen's full line.

through the clearance. From this assumption, they

Since the inclination of broken lines is different from

developed equations to predict pressure loss and

one impeller to another, it is clear that the efficiency

efficiency drop due to tip clearance in centrifugal

drop due to tip clearance cannot be decided only on the

compressors, and showed good comparisons with

clearance at the impeller exit. Senoo and Ishida (1986

experimental data for highspeed compressors (Klassen teQJ

and 1987) developed correlations to predict the drop in

et αϊ, 1977a and b, and Beard et αϊ, 1978) (Fig. 8).

efficiency, at design and offdesign mass flows and

Senoo (1991), further improved this theory and

speeds. They assumed the pressure loss due to tip

extended it to axial compressor rotors. The mutual

clearance consists of pressure loss induced by the

relationship between the leakage flow loss, induced

leakage flow through the clearance and the pressure loss

drag loss and clearance loss due to the axial pressure

for supporting fluid against the pressure gradients in the

gradient was established. He also showed that the

passage, and in the annular clearance space between the

leakage loss is only a part of the pressure loss due to

shroud and impeller. Their predictions compared well

the tip clearance.

Λ(°/ 0 ) Expt. P r e d i c t e d
100 ·
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80 •

082
>

Δ
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•
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Fig. 8: Comparison of predicted and experimental performance of a high speed compressor (Senoo and Ishida,
1987)
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3.3

Flow

Analysis

in

the

Impeller

using

5 Optimum Clearance

Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) provides
detailed flow pictures in turbomachines at lower cost
compared to experimental investigations. CFD is
very useful to gain an understanding of flow field
inside the impeller passage. However to understand
the flow processes in the clearance region, the grid in
the clearance region must be smaller than
clearance, requiring a highspeed

large

the

memory

computer. Such CFD analysis of the effects of tip
clearance is available in the case of axial compressor
rotors (Hah, 1986).
In the case of centrifugal compressors, CFD
analysis of flow has been made by Moore and Moore

No review on tip clearance flows is complete
without a discussion of optimum

clearance.

An

optimum clearance of about 2% is observed in axial
compressor

cascades

(Lakshminarayana

and

Horlock, 1967, and Storer, 1989) and of about 0.7%
in a transonic compressor (Wennerstrom, 1984). N o
such optimum clearance is so far experimentally
observed in centrifugal compressors. However, from
Harada's

(1985)

shrouded

and

experimental

unshrouded

investigations

impellers,

on

it may

be

inferred that optimum clearance exists for centrifugal
compressors also, but its value may be too small to
be achievable practically.

(1987, 1988 and 1990 a and b), Hah and Krain
(1990), Dorney and Davis (1990), Tourlidakis and
Elder (1993) and Hathawaytlea
et al. (1993) using the
code developed by Dawes (1988). They obtained
good comparison with experimental data. Only three
groups of researchers utilized CFD analysis to
predict

the tip clearance

effects in

centrifugal

compressors (Moore and Moore, 1990 a and b,
Bansod and Rhie, 1990 and Hathaway et al., 1993).
However the computations are carried out at one
value of tip clearance only

and

no

systematic

comparison with experimental results is made.

6 Methods to reduce Tip Clearance Effects
in Centrifugal Compressors
There are many active and passive means that are
found for reducing the deleterious effects of tip
clearance flows in axial flow compressors. They can
be broadly classified as follows:
1. Active control of tip clearance (Beitier et

al.,

1980)
2. Control of tip clearance flows by passive means.
i)

Vortex generators on the rotor vanes and

ii)

Partial

casing wall (Wennerstrom, 1984).
shrouds

(Sitaram

and

Sivakumar,

1997).

4 Effect of Tip Clearance on the Noise of
Centrifugal Impellers

iii) Casing

treatment

(Smith

and

Cumpsty,

1984).
iv)

Recessing

of

the

casing

(Wisler

and

Although no systematic investigations on the

Beacher, 1986, in a low speed multistage

effects of tip clearance on the noise of centrifugal

axial flow compressor and Thompson et al.,

compressor are available, investigations on an axial

1998 a and b, in a single stage transonic
axial flow compressor).

fan (Kameier and Neise, 1997) and mixed flow fans
(Fukano et al., 1986) demonstrated that the noise is

v)

Recessed vaned casing treatment (Kang et
1995)

or

air

reduced as tip clearance is reduced. Similar trends

al.,

may

(Miyake et al., 1987).

be

expected

in

the

case

of

centrifugal

compressors. Kameier and Neise, 1997 utilised a
turbulence generator in the clearance gap of a low

vi)

separator

equipment

Turbulence generators (Kameier and Neise,
1997)

speed axial flow fan to reduce the noise generated
due to tip clearance, in addition to increased pressure
rise, efficiency and operating range.

Among the above methods, active control of tip
clearances a;.J passive control of tip clearances by
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recessing of the casing are in use in aircraft gas

reduced leakage flow, reduced blade tip loading and

turbine engines. The recessed vaned casing treatment

increased total pressure ratio without sacrificing the

or air separator equipment is found to improve the

efficiency. Experimental and computational investi

stable operating range of axial flow compressors

gations on the effect of lean angle on the tip leakage

substantially.

flows of a centrifugal pump have been carried out by

In the case of centrifugal compressors, active

Zangeneh

et al.

(1998).

The

investigated

in

use
axial

of

lean

is

control of tip clearance has been found effective

extensively

(Weimer, 1992). By simply reversing the tilt of the

cascades (Breugelmans et al., 1984, and Sasaki and

compressor

guide vane carrier, Eisenlohr and Chladek (1994)

Breugelmans,

controlled

(Harrison, 1992, and Hourmouziadis and Hubner,

the

transient

clearance

between

the

1998) and axial turbine

cascades

impeller and casing to the steady state value during

1985). If inducer is causing stalling in a centrifugal

the starting of the compressor. Palmer and Waterman

compressor, recessed vane casing treatment offers

(1995) utilized splitter vanes in the impeller of the

more promise. A combination of recessed vane

first and second stages of a twostage centrifugal

treatment in the inducer region and a properly

compressor, thereby reducing the vane loading. On

designed partial shroud on the impeller vane tip may

further increasing the number of vanes in the second

improve efficiency, pressure rise and the stable

stage

operating range.

impeller

from

16 to

19, the

clearance

sensitivity to the efficiency is reduced from 1% to
0.3%. Among passive means, casing treatment has
been tried extensively, with mixed results (Jansentlea
et

7 Concluding Remarks

al., 1980). A simple passive means such as partial
shroud (Ishida et al., 1990), has been found to be

Although

the deleterious effects of the

tip

effective (see Fig. 9). Howard and Ashrafizaadeh

clearance on the performance and flow in centrifugal

(1994) numerically investigated the effects of lean

compressors are well recognized, no systematic

angle modifications to a high performance centri

investigations have been carried out to ascertain the

fugal compressor. They showed that an appropriate

effects of the tip clearance. Only recently have

compound

detailed experimental and computational

lean

has beneficial effects such

as

investi

15
Expt Predicted
Ε
S

φ =027

Δ
Ο
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β
ο
CT
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ι
5
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Fig. 9: Effect ο f tip configuration on efficiency drop of a centrifugal impellers (Ishida et al., 1990)
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gations been forthcoming. The available correlations

"Recent experience on centrifugal compressors

can predict with some confidence the loss in

for small gas turbines", ASME

efficiency of the compressor.

78GT193.

Both

active

and

passive methods are being utilized to reduce the
deleterious effects of tip clearance.

No.

Beitier, R. S., A. A. Saunders and A. A. Wanger
(1980), "Fuel conservation through active control

Based on the review, the following guidelines are
given for future research.

Paper

More detailed

com

of rotor clearances", AIAA paper No. 801087.
Breugelmans, F.A.H., Y. Carels and M. Demuth

putational and experimental investigations into the

(1984), "Influence of dihedral on the secondary

flow inside and at the exit of the impeller are needed

Flow in a twodimensional compressor cascade", yxwutsrponmlih

for a better understanding and modelling of the

ASME J. of Engg. for Gas Turbine and Power,

phenomenon of tip leakage flows in centrifugal

Vol. 106, No. 3, pp.578584.

compressors. These are also helpful in developing
improved correlations and in devising

improved

Dawes,

W.

(1988),

threedimensional

"Development

Navier

Stokes

of

a

solver

for

means to reduce the deleterious effects of tip

application to all types of turbomachinery",

clearance flows in centrifugal compressors. Vaned

ASME Paper 88GT70.

diffusers of various configurations are used for
increasing

the

pressure

rise

in

centrifugal

compressors. So far all the investigations carried out
on tip clearance effects on centrifugal compressors

Dorney, D. J. and R. L. Davis (1990), "Centrifugal
compressor

impeller

ASME

Paper No. 90GT213.
Eckert,

Β.

and

Ε.

Schnell

are on compressors with vaneless diffusers only. It is

RadialKompressoren,

essential that investigations are carried

pp. 192357.

out on

aerodynamics",
(1961),

Axialund

2nd Ed., SpringerVerlag,

compressors with vaned diffusers at different values

Eisenlohr, G. and Η. Chladek (1994), "Thermal tip

of tip clearance, as the tip clearance flow would

clearance control for centrifugal compressor of

affect the performance

an APU engine", ASME J. of

of the vaned

diffusers

substantially.

Turbomachinery,

Vol. 116, No. 4, pp. 629634.
Farge, Τ. Ζ., Μ. W. Johnson and Τ. Μ. Α. Maksoud
(1988),

"Tip

leakage

in

a

centrifugal

compressor", ASME Paper No. 88GT210.
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