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ducted to determine the effect of stage loading on endwall
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flows in a low speed axial flow compressor. These investigations consisted of two sets of measurements. The first
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ABSTRACT

This paper reports results from investigations con-

measurements are used to determined the boundary layer
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set consisted of radial tranverse of flow properties at
the rotor inlet and exit, at five flow coefficients. These

stagger

angle

= X/C X

to axial

with reference

thickness,

m

(defined

in

the

integral parameters. The displacement thicknesses oat the

S

displacement

rotor hub and tip agree reasonably well with Smith's
(1970) correlation for multistage axial compressors. The
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tip or hub clearnace, m
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efficiency
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momentum thickness, m (defined in the text)
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tangential
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air density, kg/m 3
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flow coefficient,

second set consistcc of measurements of static pressures
on the rotor blade at four flow coefficients. From these
measurements lift coefficient is determined. Also loss
of lift coefficient near the tip is calculated and is attributed mainly to the tip leakage flows.
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Effect of Stage Loading on Endwall Flows in an Axial
Flow Compressor Rotor

mass averaged quantities

Two sets of experimental measurements were car-

ried out. The first set consisted of measuring radial
distributions of flow properties at the rotor inlet and

INTRODUCTION

exit at five flow coefficients (^= 0.48, 0.54, 0.55, 0.57

& 0.60).The overall performance characteristics of the
rotor is shown in Fig.1. The flow rate variation was

Flow in the endwall region of an axial flow compressor is very complex due to interaction of inviscied
main flow with viscous phenomena, such as boundary

accomplished by varying the throttle opening. The rotor

layers on the annulus walls and blades, secondary and

speed was held constant at 1100 rpri, maintaining the
Reynods number constant at 5.3 x 10 based on the tip
speed and chord. The Reynolds number based on midspan

tip clearance flows. This region is a major source of
inefficiency. Any improvement in the aerodynamic performance of the compressor has t come from understand-

inlet rel9tive velocity 5 and midspan chord varies from

4.0 x 10 to 4.6 x 10 . A three-hole wedge probe manufactured by the United Sensor Corporation. (diameter
= 4.8) was traversed from hub to tip at the rotor inlet
and exit at each throttle opening. The flow angle was

Recent experimental investigations have led to

a better understanding of endwall flows in rotors. Lakshminarayana et al (1982) measured velocity and turbulence

quantities in the endwall region of a rotor passage. Lak-

determined by nulling the pressures from the side holes
of the probe. The side holes were also calibrated to permit

turbulence measurements in the tip clearance of the

sure was measured by the central hole of the probe.

shminarayana and Pandya (1984) reported velocity and

the static pressure to be measured. The stagnation pres-

same rotor at two flow coefficients. Lakshminarayana

The accuracy of the wedge probe measurements were
verified by comparing the mass averaged axial velocity

et al (1986) reported stagnation pressure data in the

endwall region of the same rotor at two flow coefficients.

measured at rotor inlet and exit with that obtained from

the stagnation pressure and wall static pressure at the

One of the most important parameters on which

endwall flows depend is stage loading or flow coefficient.
There are very few such measurements available in
the rotor endwall region. In addition to the detailed endwall flow field measurements by the Penn state group

compressor inlet. The agreement was always within an
acceptable ± 3%. Some of the wedge probe measurements

were checked with a claw type probe, for flow angles,
and a two hole wedge probe, for static pressures.

(the above references), Dring et al (1982) measured exit
flow in an axial flow rotor. Hunter and Cumpsty (1982)

The second set of experiments consists of measuring

static pressures on the rotor blades at the following

obtained detailed casing wall boundary layer measurements
in an axial flow rotor at various flow coefficients and

chordwise and radial locations on the suction and pressure
surfaces.

tip clearances. Bettner and Elrod (1983) examined effects

of stage loading, tip clearance and wall roughness on
the casing wall boundary layer development in an axial

Z
= 0.083, 0.125, 0.167, 0.25, 0.417, 0.583, 0.75,
and 0.833.

compressor stage. Another recent study by Cyrus (1985)
compared secondary flow patterns and stagnation pressure

R
= 0.507, 0.587, 0.670, 0.750, 0.832, 0.918,
0.962, 0.988, 0.996 and 0.998.

losses on the casing endwall region of an axial rotor
at different flow coefficients. In the present paper, the

The diameter of the static pressure holes is 0.6
mm. The holes were drilled normal to blade surface are

effect of stage loading on the endwall flows is examined

from the annulus wall boundary layer measurements
at rotor inlet and exit and static pressure measurements

free of burrs. The estimated accuracy of the blade static

at various flow coefficients, from stalled to maximum
flow conditions.

holes, near the rotor hub and tip, on the axial projec-

pressures is about 5 per cent, following the experimental
work of Shaw (1960). The location of static pressure

on the rotor blade. These measurements are carried out

tion of the rotor blade is shown in Fig.2. Only these

data are discussed in the present paper. Data at other

radial locations are available in Sitaram and Lakshmi-

EXPERIMENTAL FACILITY AND TECHNIQUE

narayana (1983). The rotor inlet and exit hub and tip

wall boundary layer thickensses at O= 0.55 are also mar-

The low speed medium loaded single stage axial

flow compressor facility at the Turbomachinery Laboratory

ked in the figure. As seen from the figure, the holes

are closed spaced in the radial direction, near the tip,
as the static pressure is expected to change rapidly in

of the Department of Aev3pace Engineering at the Pennsylvania State University was used in the present investigation. A unique feature of the facility is a rotating
traverse mechanism, which enables measurements to
be taken inside the rotor blade passage with both conven-

this region. The pressure signals from the blade static

holes were transmitted through a scanivalve to the pressure transducer of the data transmission system. The

tional pressure probes and hot wire probes. The facility

rotating pressure transducer electrical signals were trans-

endwall flows. The major details of the facility are given
below:

and voltmeter) through a low noise-to-signal ratio mercury
lip ring unit. The scanivalve was controlled by means
of a slow-syn preset indexer and the pressure at all the

has been extensively used for the study of rotor blade

Tip diameter
Hub/tip ratio
Rotor blade chord at midspan
Aspect ratio
Rotor tip clearance
Rotor solidity at midspan
Number of rotor blades

0.932 m
0.5
154.7 mm
1.5
2.3 mm (1% of span)

Rotor blade stagger at midspan

31 deg.

mitted to the stationary instruments (carrier demodulator

chordwise positions were measured. While pressure pressure

measurements were being taken at a particular radius

the pressure holes at other radii were covered with masking tape. Smoke was blown through the pressure holes
to ascertain that there was no leakage between various

1.28
21

holes.
For the second set of measurements, the throttle
opening was kept constant and the speed was varied.
The effect of Reynolds number on the compres5sor per-

The profiles of IGV, rotor and stator blades are

form9nce was negligble. It varied from 4.6 x 10 to 5.6

NACA 65-series. Further details on the facility, including
aerodynamic and mechanical design and rotor blade pro-

x 10 . The corresponding Reynolds number based on

midspan 5 inlet relatiy^e velocity and midspan chord were

files are given in Lakshminarayana (1980).

3.5 x 10 to 4.8x 10.
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ing, modelling and improvement of endwall flows.

RESULTS AND DISCUSSION

bution at the boundary layer edge. The boundary layer

edge is determined as follows. At the boundary layer

The results obtained from both sets of experiments
are presented and interpreted in this section.

edge, the slope of the stagnation pressure, axial velocity

and flow angle changes rapidly. The experimental data
are examined and the radial location, where the slope

Axial Velocity Distribution at the Rotor Inlet

of the above quantities changes rapidly is taken as the

boundary layer edge. The values with subscript 'e' refer
to hub or tip radius. The integrations were carried out

The axial velocity at the rotor inlet for the five

flow coefficients is shown in Fig.3. It is normalized with
the velocity at the compressor inlet. The axial velocity
distribution is relatively flat, varying between 0.85 to
1.15 times the compressor inlet velocity. The boundary
layer at the hub and casing wall is about 10% of blade

within appropriate limits. The above procedure was adopted, as it was felt this would be most appropriate for
the case of radially nonuniform axial velocity distribution

The integral thickness variation at the rotor exit

span. These data were used to calculate tangential force

defect, as discussed later.

with flow coefficient is shown in Fig.6. The displacement
and momentum thicknesses at the rotor hub increase
with increasing loading except at 4i= 0.54. At the rotor
also, they increase with increasing loading except at =
0.54.

Axial Velocity Distribution at the Rotor Exit

The axial velocity, at the rotor exit, normalized
with the velocity at the compressor inlet, for the flow
coefficients is shown in Fig.4. The boundary layer thick-

Hunter and Cumpsty (1982) also observed that

the integral thicknesses increase coefficient with increase
in loading.

nesses are marked in the figure. The method followed

to determine the boundary layer edge is discussed later.
The boundary lcLyef at. tKc hub ig thinner (about 12% blade

The shape factrs indicate turbulent boundary layers
developing on the rotor hub and casing at all flow co-

span) than that at the tip (about 20% blade span). Also

the boundary layer at the stall flow coefficient ( = 0.48)
is thicker than the boundary layer thickness at the other

efficients. Although the rotor tip is stalling at ?= 0.48

(as indicated by low axial velocity in this region and
equivalent diffusion factor criterion), the shape factor
is only 1.55. But this is higher than the shape factors

flow coefficients. The axial velocity data were used

to calculate tangential force defect and to derive dis

placement and momentum th`cknesses as discussed later.

at other flow coefficients.

Tangential Force Distribution

The hub tangential force defect thickness, a measure

of loss of tangential force due to the endwall flows,

at the rotor

The normalized tangential force, FO

exit for five flow coefficients is shown in Fig.5.
normalized tangential force is defined as follows.

= 0.48 to c = 0.55 and then remains
increases from
fairly constant. At the tip, the tangential force defect
thickness is maximum at 45= 0.48, then decreases and
remains fairly constant at other flow coefficients. The

The

Fe n = r (VX 1 V0 _ VX^ ye p )

ratio of tangential force defect thickness to the displace-

rrU {

ment thickness is fairly constant.

A comparison with the displacement thickness
correlation for multi-stage compressors, developed by

This definition differs slightly from that of Smith

(1970), to account for the changes in the axial velocity

at the rotor inlet and exit. From the figure it is evident
that the tangential force is fairly uniform in the midspan,
dropping rapidly in the hub wall and casing wall regions.

Smith (1970), is shown in Figs. 77(a) and :.+".(b) respectively
for the rotor hub and tip. The agreement is fair for
both hub and tip, except for the values at = 0.54. Here
the present tests give much smaller displacement thick-

These data were used to determine the tangential force
defect thickness, as discussed later.

ness. The data of Hunter and Cumpsty (1982) are also

plotted in the same figure. The agreement with Smith's

Annulus Wall Boundary Layer Integral Thickness

correlation is also fairly good.

The axial velocity and tangential force distributions
are used to calculate the following boundary layer integral

near the Rotor Hub and Tip

Blade Static Pressure Distribution and Lift Coefficients

thicknesses.

Displacement thickness

f _

V VW
Momentum thickness

Vx,

e _ ry.L_

rW

Shape factor

J
f

The blade static distribution near the rotor hub
for four flow coefficients (q3 = 0.54, 0.55, 0.57 and 0.60)

('-.V

is shown in Fig.,

ar

layer and R = 0.587, outside the hub wall boundary layer.
The static pressure is normalised by the dynamic head
of inlet relative total velocity and defined as follows

V X /v" yx )r^r

l

•1

Cp = (L1)/z F'

*

H - S / e

The abscissa is axial distance from the blade leading
edge, normalized by the axial chord at that particular

Tangential force defect thickness,

V F L (Fgn - F) rdr
rv1
n

radius. At both radii, the lift coefficient are about the
same. This is true for all the four flow coefficients.
This indicates that the loss in lift coefficient due to

the hub wall boundary layer is negligible. Dring et al

In the above definitions, the quantities with superscript '..i' refer to the assumed distributions without

(1982) presented blade static pressure distribution in
the hub region of an axial rotor. In their case also, the

the endwall flow effects. The assumed axial velocity

distribution at

Static pressure distribution is shown

for two radii, R = 0.507, within the hub wall boundary

x x 1'

lift force is slightly affected by the hub wall boundary
layer.

= 0.48 is shown in Fig.4. The assumed

distribution follows the slope of the experimental distri-
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exhibited by the flow.

The static pressure distribution on the rotor blade

5. The average loss in lift coefficient in the rotor tip

near the tip region is shown in Fig.9, for four flow coefficients. These values are shown at five radii, R =
0.918. 0.962, 0.988, 0.996 and 0.998. The first radius

region is maximum at the higher loading flow coefficient (^= 0.54).

is outside the casing wall boundary layer. The closely

6.

coefficient and the following trends were observed.

7. The effect of endwall flows on blade static pressure

spaced static pressure measurements in this region provide
a detailed distribution of the endwall flow in terms lift

The normalized retained lift coefficient at the rotor
tip is minimum at the higher loading flow coefficient
(i= 0.54).

distribution near the rtor hub is negligible.

At R = 0.918, the static pressure distribution does

not show any effects of endwall flows. At progressively
higher radii, decrease in loading is evident from the
figures. This trend is similar to that observed for a linear
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These investigations were carried out, while the
author was a Ph.D student under Professor B. Lakshmi-

compressor cascade with tip clearnace. (Lakshminarayana
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