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Hub Wall Rotation Influence on High-Speed
Compressor Cascade Performance

A. Doukelis,* K. Mathioudakis," and K. Papailioui
National Technical University of Athens, Athens 15773, Greece

The influence of the magnitude of the relative wall speed on the performance of an annular compressor cascade
with hub clearance is examined. Five-hole probe measurements, conducted at the inlet and outlet of the cascade,
are used to derive blade performance characteristics, in the form of loss and turning distributions. Characteristics
are presented in the form of circumferentially mass-averaged profiles, whereas distributions on the exit plane
provide information useful to interpret the performance of the blading. Four different rotational speeds of the
hub have been examined, giving the possibility to observe the dependence of performance characteristics on hub
rotational speed. Increasing the rotational speed is found to improve the performance of the cascade by decreasing
losses in the clearance region, while it affects the flow in the entire passage.

Nomenclature
C, = blade axial chord
M = Mach number
M, = hub peripheral Mach number
m = mass flow rate
Ds = static pressure
y2 = total pressure
Oin = dynamic inlet head at midspan, p, — p;
14 = velocity o
a = yaw angle relative to axial, tan™'(V,/V,)
0 = turning angle, Eq. (2)
D) = pressure loss coefficient, Eq. (1)

Subscripts and Superscripts

0 = circumferentially mass-averaged value of a quantity
Q(r, ¢) between angular positions ¢, and ¢,
_ =2 din
o) = o, ¢) — where
=0 Am(r)
=1
¢2
Ar(r) = / dim
#1
x,u,r = axial, circumferential,and radial component
1 = upstream of the cascade
2 = downstream of the cascade

Introduction

HE study of tip clearance effects has received considerable
attention since the early days of turbomachine development.
The presence of a blade tip clearance gap is the origin of losses,
which may be of significant amount, while it influences the stability
limit of compressors. Research efforts are continuing to the present
day because the related phenomena are not yet fully understood.
Models for estimating the losses associated with clearance gaps
have been proposed by several researchers. They can predict flow
features with a degree of success that depends on the configurations
examined, including the effect of the relative wall speed. In this
respect, compressors and turbines need separate treatment. In com-
pressors, the effect of viscous flow transportis in sympathy with the
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leakage flow due to blade surface pressure difference, whereas in
turbines the effect is opposite. Reviews of methods for estimating
tip clearance effects on compressor performance have been given
by Lakshminarayana' and Peacock,” and Schmidt et al.> have ex-
amined applicability of existing correlations to data from a low-
speed rotor. The developmentof a successful model requires a good
physical knowledge of the phenomena and the parameters affecting
them. That is why detailed tip clearance flowfield investigationsare
needed, and many of them have been performed in recent years into
simple leakage rigs, cascades, or rotating machines.

Rains’s* early experimental studies in a three-stage axial water
pump and Dean’s’ studiesin a low-speed linear compressorcascade
with different gap heights and relative wall velocities have identified
the presence of a leakage vortex and studied some of its features.
Lakshminarayana and Horlock®” investigated the features of the
leakage vortex and its influence on static pressure distributionat the
blade tip suction side, and they proposed a model for calculation of
effects on cascade performance. They suggested an optimum gap-
to-chord ratio for minimal flow separation at the blade tip region.

Water rigs with linear cascades were used by Gearhart® and
Graham” to study the effect of wall relative movement on tip clear-
ance flow, by using a moving belt. Gearhart® studied a compressor
cascade and observed an increase of the mass flow rate through the
clearance gap with the relative wall movement. Graham® studied a
turbine cascade and produced pressure distributionsat midspan and
near the tip for different tip gaps and wall speeds.

A linear low-speed compressor cascade with different tip clear-
ance gap sizes was used for a thorough flowfield investigation per-
formed by Kang and Hirsch.'”!" The measurement results mani-
fested that the leakage vortex has a low total pressure quasi-circular
core with high losses and a wakelike axial velocity profile, diffusing
while moving downstream. During the tip clearance vortex evolu-
tion, its center moves away from both the blade suction surface and
the endwall, and this motion induces a strong blade reloading that
reinforces the leakage flow.

Morphisand Bindon'? used an annular turbine cascade to examine
the effect of relative wall motion on the pressure distribution of the
blade tip. Yaras et al.'>'* used a turbine cascade with a moving belt
to study the flow inside the tip clearance and downstream of the
blade row for varying relative wall velocities.

The flow in the tip region of a low-speed axial flow compres-
sor rotor was measured by Murthy and Lakshminarayana!> The
emergence of the leakage jet at approximately quarter chord and
its eventual rollup resulted in the underturning of the flow at
higherradii and overturningat lower radii. Further measurements of
Lakshminarayana and Murthy'¢ indicated the presence of a strong
leakage vortex. Mixing between the wake and the leakage flow re-
sulted in increased losses from the trailing edge to about half a
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chord downstream. Subsequent work of Lakshminarayana et al.!”
on a low-speed axial compressor rotor showed that the leakage jet
mixes quickly with the main through flow and was not seen to roll
up into a vortex, a finding contrasting observations in low-speed
cascades. Foley and Ivey'® conducted a detailed investigation in a
low-speed isolated compressorrotor. A vortex structure was identi-
fied and associated to the losses in the tip region.

Stauter'® mapped the tip region flowfield in a two-stage, low-
speed axial compressor. The measurements showed a continuous
decay of the leakage vortex through the passage until aft of the
trailing edge of the blades, at which point the radial flows started
increasing again, reaching a peak at 115% chord, after which they
started decreasing. Suder and Celestina?® obtained some data from a
high-speedcompressorrotor with a limited coverageof the flowfield,
namely, two circumferential planes near the tip wall, revealing a tip
clearanceflow structuresimilarto the onerevealedby measurements
produced from low-speed rigs.

Experimental study in a multistage compressor were performed
by Foley®! on a four-stage, low-speed axial compressor and two
different tip clearance gap sizes. The measurements revealed that
the fluid enters the blade row endwall regions with a high incidence,
causing peak suction pressures to occur closer to the blade leading
edge at the blade tip and root. At the blade tip, the peak suction
pressure is maintained by the radial flow of fluid being entrained
into the leakage jet. The decay of the leakage vortex is not complete
attheexitto thebladerow, andincreasedlosses canbecome apparent
in the root region downstream of the following blade row.

Information produced by detailed experimental studies has been
used to build models for the study of clearance effects. For example,
the work of Nikolos et al.,2°~% incorporatinga theoretical model for
the influence of relative wall motion, gave the possibility to predict
radial distributions of flow quantities, including losses, with good
agreement with data from cascades and several compressor rotors.

Most of the experimentalinformation,on which attempts for mod-
elling tip clearance size effects have been based, comes from inves-
tigations in low-speed rigs. Nevertheless, it is not certain whether
the same physical mechanisms still prevail inside high-speed flows,
such as the flows in current gas turbine engines. The present in-
vestigation comes to provide, for the first time, data from a high-
speed annular cascade with a clearance gap over a rotating hub
wall, representative of realistic compressor operating conditions.
It deals with cascade performance for varying relative wall veloc-
ity, using data from measurements at the inlet and outlet of the
cascade. Three-dimensional flow structure, the effect of clearance
gap size and the presence of wall rotation on the cascade perfor-
mance, for two different gap sizes, have already been presented by
Doukelis et al.26%’

Annular Cascade Configuration,
Execution of Measurements

Facility

The layout of the annular cascade facility, as well as the prin-
ciples for its design and construction, have been reported in detail
by Mathioudakiset al.?® An axial compressor, placed downstream,
induces the flow in the test cascade. The airstream enters the facility
via a smoothly contracting bellmouth into a scroll, which delivers
the airflow with a swirl into a contracting axisymmetric bent duct,
leading to the annular space with hub-tip ratio of 0.75. The test
section, on which the test cascade is mounted follows, as can be
seen in Fig. 1. The cascade has 19 untwisted blades of a chord of
100 mm, an aspect ratio of 0.8, maximum thickness-to-chordratio
of 4.58%, a solidity of 1.065 at midspan, and a 4% chord clearance
gap size. The geometrical inlet and outlet angles of the blades are
60.1 and 44.6 deg from the axial direction, respectively (equivalent
camber angle of 15.5 deg), whereas the stagger angle of the blades
atmidspanis 51.4 deg. The hub wall of the annular space can be ro-
tated by a controlled speed electric motor, creating a relative motion
between the endwall and the blade tip. The maximum local Mach
number that can be achieved in the annulus at the cascade inlet is
about 0.7, whereas the maximum peripheral Mach number of the
hub wall is 0.51.

scroll Inlet Plane i :Outlet

Fig. 1 Layout of the test section of the annular cascade facility.

Instrumentation and Measuring Locations

The objective of the present work is the study of the effect of
the magnitude of the hub wall velocity relative to the blades on
the performance of an annular compressor cascade. Measurements
were conducted for this purpose by a conventional five-hole probe
at the inlet and outlet of the cascade, at locations foreseen for this
purpose. The maximum local Mach number in the annular space
at the cascade inlet was about 0.6, giving a Reynolds number of
approximately 1.1 x 10°. Four different hub wall rotational speeds
were examined, ranging from hub still to hub rotating at a peripheral
Mach number M, =0.504.

At the cascade inlet (Fig. 1), radial traverses were performed at
six circumferentiallocations, 0.4 axial chords upstream the leading
edge of the blades. The six circumferentiallocations are fixed with
respect to the blades and lie at differentblade-to-bladepositions. At
the cascade outlet (Fig. 1), 11 radial traverses were conducted, 1.38
axial chords downstream the trailing edge of the blades. The probe
was fixed on the casing, while the cascade was turned at different
circumferential positions.

The short-stem, five-hole probe used for the current study has a
stem diameter of 3 mm. The five-hole probe assembly was mounted
on a remotely controlled traversing mechanism. The accuracy in
setting the angular positioning of the cascade is £0.1 deg for a full
rotation. The uncertainty of angle measurement for the alignment
of the probe carriage, which is of the order of +0.3 deg, yields a
systematicerror to the measurementof the flow angles of the order of
+0.3 deg. Accordingto the calibrationreportof the probe (Schneider
and Koschel?®), the expected errors of the measured quantities are
£0.1 deg for the yaw and pitch angles, =0.5% for the total velocity,
and £0.6% for the total and static pressure.

Cascade Performance

The influence of the magnitude of the relative wall speed on the
performance parameters of the cascade is now presented. First inlet
and outlet flow distributionsare discussed,followed by distributions
of losses and turning.

Inlet and Outlet Conditions

Measurements at the annular cascade inlet and outlet were per-
formed for each rotational speed under study. Figures 2 and 3 show
the circumferentially mass-averaged profiles at the inlet and outlet
of the cascade, for the four cases of hubrotation. Data from different
circumferentiallocations at the exit of the connecting duct indicate
that the total pressure gradient at the inlet midspan (Fig. 2c) has
been produced at the scroll exit as a consequence of the shear layers
generated inside the inlet bellmouth and the scroll. For flow paths
exiting the scroll at its upper part (close to the scroll spiral cen-
terline), where the flow has traveled a relatively small distance in-
side the scroll, a uniform total pressure profile is manifested around
midspan at the correspondingcircumferential locations at the scroll
exit. The remaining circumferential locations, where the flow has
traveled a much longer distance and the scroll cross section has be-
come smaller, demonstrate a nonuniform total pressure profile all
over the span.
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Fig. 2 Flowfield properties at the cascade inlet.

The total pressure gradients close to the hub and casing closely
resemble customary boundary layers. The inlet boundary layer is
thicker in the hub region, covering the lower 25% of the span,
whereas the boundary layer in the outer casing covers the upper
10% of the span, as shown in Fig. 2c. The hub wall rotation influ-
ence is felt mainly in the lower 15% of the span, inside the hub
boundary layer. The total pressure profile at the inlet and outlet of
the cascade is less steep near the wall as the rotational speed is in-
creased, leading to a higher total pressure near the hub because of
the increased energy transfer from the moving wall to the fluid.

The yaw angle is also influenced by variationin the relative wall
speed. An increase in hub rotational speed entrains the fluid near
the wall and changes the flow angle profile, as shown in Fig. 2b. As

one would expect, near the wall, the angle increases, and it would
be expected to arrive to a value of 90 deg on the wall. This behavior
has a significant consequenceon the operationof the cascade. While
with the hub wall stationary the blade operates at a maximum local
incidence of about 5 deg, as the rotational speed is increased, the
incidence decreases by as much as 2.5 deg in the lower 10% of the
blade span, for the higher rotational speed. Finally, Mach number
is also influenced, showing larger values in the vicinity of the hub
wall, as the relative wall velocity is increased.

The distributions of flow quantities at the upstream location
were independent of the size of the clearance gap. Circumferen-
tial nonuniformity was found to be very small on a blade passage
scale.?’

The following remarks can be made on the cascade outlet flow
properties (Fig. 3):
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Fig. 3 Flowfield properties at the cascade outlet.
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M,=0.187

M,~0.339

M,~=0.504

Fig. 4 Mach number distributions at the cascade outlet (step = 0.02).

1) The hub viscous layer is significantly thicker than upstream,
extending up to 50% blade span, and is thicker for low wall relative
velocities.

2) For all of the quantities, the gradients in the hub region are
steeper for lower rotational speeds.

3) The changes in the hub viscous layer clearly influence the
remaining upper part of the passage. For this part, the blockage
effect results in higher Mach numbers in low rotational speeds.

4) The tip viscous layer does not seem to have been significantly
influenced by the development of the hub layer, in any case.

The distributions of Mach number and yaw angle at the cascade
outletover an area corresponding to one blade passage are shown in
Figs. 4 and 5. The dashed outline represents the passage projection
along the trailing-edge metal angle of the blades. An area of low
Mach numbers coversthe regionnear the hub wall, indicatinga thick
boundary layer at this location. The radial extent of this area is larger
forthe stationaryhub, and it grows thinneras the hub rotationalspeed
is increased. An area of low values, correspondingapparently to the
blade wake, extends through the upper part of the span. The wake
still persists at 1.38 axial chords downstream, while it is skewed
because of the radial variation of flow angle. Distributions of flow
angle (Fig. 5) show that there are small circumferential variations,
whereas significant radial variations with higher angle values near
the hub are observed for the lower rotational speeds.

Finally, Fig. 6 shows that blade loading is influenced by wall ro-
tation: static pressure distributions at two spanwise locations, one
close to the clearance gap (7.5% of span from hub) and one at a
farther radial position (78.8% of span), as well as on the blade tip

x,’ M,=0

M,=0.187

M,=0.339

N M.=0.504

Fig. 5 Yaw angle distributions at the cascade outlet (step = 2 deg).
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centerline, inside the clearance gap itself. The effect of hub wall ro-
tation acts in the same direction as the leakage flow for a compressor
cascade. It is, therefore, expected that hub rotation will strengthen
the vortex and displace the position of minimum static pressure up-
stream, as well as produce a larger perturbationon the blade surface
static pressure distribution. This is clearly demonstrated from Fig. 6
for pressure distribution inside the gap and at the radial location
in the gap vicinity. The position of minimum static pressure moves
from approximately 59% of the chord for the stationary case to 50%
for the rotating case.

Cascade Performance Parameters

We will now examine the performance of the cascade for different
relative hub wall speeds. The cascade performance is examined
through the loss coefficient @ and the turning angle 6, which are
defined as follows:

o=2ta—te )
P — Ps1
9:0_(1—0_(2 (2)

In Egs. (1) and (2), subscripts 1 and 2 denote the upstream
and downstream quantities at the same radius. These parame-
ters are derived by circumferentially mass averaging the measured
distributions of flowfield properties. Although the use of an alter-
native pressure loss coefficient, based on the streamlines, would
be desirable in view of the three dimensionality of the flow under
study, this would be possible only if detailed enough data for the
flow within the passage were available.

Figure 7 shows the pressureloss coefficient for all cases of relative
wall speed. The loss distributions indicate a region of high losses
in the lower-half of the passage, which is the clearance influence
region. Lower values, with no significant variation are observed
in the upper-half, with a local increase near the tip endwall. The
magnitude of the losses is significantly larger for lower rotational
speeds, a difference that can be attributed to two factors: 1) that
rotation of the hub wall energizes the boundary layer, transferring
energy to the flow, with a beneficial effect on both the inlet viscous
layer and its subsequent development through the passage, and 2)
that, in the lower relative wall velocities, the hub section of the blade
operates at higher incidence angles, favoring the rapid development
of both endwall and blade boundary layers and resultingin a thicker
shear layer at the exit of the cascade. Note that the form of the loss
coefficient distribution observed here for the clearance region is the
typical one obtained by other experiments as well as theoretical
analysis of tip clearance losses.2*

Performance of the cascade in terms of turning angle can be seen
in Fig. 8. It is observed that the turning angle remains approxi-
mately constant in the upper-half of the span, while it is increased
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Fig. 7 Spanwisedistribution of circumferentially mass-averaged pres-
sure loss coefficient for varying hub rotational speed.
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sure turning angle for varying hub rotational speed.
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significantly in the lower one, as the hub rotational speed is in-
creased. The lower 10% even exhibitsnegative turning anglesfor the
lower rotational speeds, indicating significant viscous action in the
passage, which must have included some form of three-dimensional
separation.

An additional insight on the features of the flow related to the
preceding observations can be gained from observation of Fig. 9,
where the distribution of loss coefficient at the outlet of the cas-
cade, over an area corresponding to one passage, is shown. The
isocontours show islands of high loss, attributed to the presence
of a leakage vortex, not mixed out yet at this axial location. The
size of this island, for loss above a certain level, is consistently
becoming smaller as the hub rotational speed is increased, being
consistent with the observations derived from the mass-averaged
distributions.

The variationof the overallpressureloss coefficient of the cascade
and the maximum loss coefficient (occurring at about 13% height
from the hub) is presented in Fig. 10. The overall pressure loss
coefficientis calculatedby integrationof the pressureloss coefficient
distributionsin the circumferentialand radial direction, whereas the
maximum loss coefficientis the pressureloss coefficient at the radial
location where it exhibits the maximum value. It is observed that,
although at small rotational speeds the overall loss does not seem
to be influenced by the rotation of the hub, further increase leads to
overall loss coefficient reduction. The loss coefficient, on the other
hand, is continuously decreasing with hub speed. This behavior
reflects the change of loss coefficient distribution over the height,
shown in Fig. 7. The reduction of the local values as the speed
increases is compensated for by a small increase at the upper-half
of the span, which does not happen as the speed increases further.

Finally, the variationof turning angle within the wall influencere-
gionis presentedin Fig. 11. It is shown that the turning performance
is enhanced as the rotational speed increases, and the influence be-
comes less pronounced as we move farther from the wall.
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Fig. 10 Overall and maximum total pressure loss coefficient variation,
as function of the hub speed.
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Fig. 11 Turning angle variation (difference from value when hub is
still), as function of the hub speed, for different spanwise locations.

Conclusions

In the present work, an experimental investigation of the influ-
ence of the magnitude of the relative wall speed on the performance
of a high-speedannular compressor cascade with hub clearance has
been conducted. Five-hole probe measurements, conducted at the
inlet and outlet of the cascade for four different rotational speeds of
the hub, have been used to derive blade performance characteristics
in the form of loss and turning distributions.Increasing the hub rota-
tional speed was found to improve the performanceof the cascadeby
decreasinglosses in the clearance region and creating a more favor-
ableoperatingconditionthan the stationarywall case, while it affects
the flow in the entire passage. The favorable operatingconditionsare
attributedto the changesof localincidenceas aresult of entrainment
and energy transfer from the hub wall to the boundary layer.
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