Journal of Thermal Science Vol.24, No.4 (2015) 303-312

DOI: 10.1007/s11630-015-0789-8

Article ID:1003-2169(2015)04-0303-10

Experimental Investigation of Effects of Suction-Side Squealer Tip Geometry on
the Flow Field in a Large-scale Axial Compressor using SPIV

MA Hongwei*, WEI Wei, WANG Lixiang, TIAN Yangtao

1. Key Laboratory of Science and Technology on Aero-Engine Aero-Thermodynamics,

2 School of Energy and Power Engineering, Beihang University, Beijing, 100191, China

3 . Collaborative Innovation Center of Advanced Aero-Engine, Beijing, 100191, China

© Science Press and Institute of Engineering Thermophysics, CAS and Springer-Verlag Berlin Heidelberg 2015

It is well known that the non-uniform tip geometry is a promising passive flow control technique in turbomachi-
nery. However, detailed investigation of its effects on the unsteady flow field of turbomachinery is rare in the ex-
isting literatures. This paper presents an experimental investigation of effects of suction side squealer tip configu-
ration on both the steady and unsteady flow field of an isolated compressor rotor. The flow field at 10% chord
downstream from the trailing edge was measured using a mini five-hole probe. Meanwhile, the unsteady flow
field inside the passage was investigated using stereo particle image velocimetry (SPIV). The steady results show
that the SSQ tip configuration exerts positive effect on the static pressure rise performance of this compressor,
and the radial equilibrium at the rotor outlet is obviously rearranged. The SSQ tip configuration would create a
stronger tip leakage vortex at the formation phase, and it experiences a faster dissipation process around the rear
chord. Also, the splitting process of the tip leakage vortex is severer, which is the main cause of the relatively
higher probability of the presence of the streamwise reverse flow. The quantitatively analysis of the tip leakage
vortex indicates that the velocity loss inside the blockage region is direct response of the evolutionary procedure

of the tip leakage vortex. It keeps increasing until the end of the splitting process. Although the blockage coeffi-

cient grows sustainably, the velocity loss will reduce once the turbulent mixing procedure is dominant.
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Introduction

Generally, the loss related to the tip leakage flow could
be divided into two categories, including the viscous ef-
fects within the tip gap, and mixing loss generated by the
interaction between the leakage jet and the mainstream.
Many targeted measures have been employed to reduce
the detrimental effects induced by the leakage flow. Wa-
dia and Booth [1-2] conducted a quantitive comparative
experiment on three kinds of turbine cascade, and pro-
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posed a simple model to predict and minimize the tip
flow. Bindon and Morphis [3] investigated the effects of
rounded pressure side on the performance of a turbine
cascade. The overall loss was almost unchanged; howev-
er, the internal loss was eliminated while the mixing loss
was higher. But the experiment performed by them in a
1.5-stage turbine rotor showed that the efficiency was
improved by using this kind of tip configuration [4].
Heyes et al. [5] conducted experiments on two turbine
cascades, and they concluded that the performance of the
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Nomenclature
VA streamwise direction Abbreviations
V. streamwise velocity PIV Particle Image Velocimetry
V- boundary ~ Streamwise velocity on the boundary of the SPIV Stereo PIV
blockage area
L Distance from the blade leading edge along the SS50/ SS90  50%/ 90% chord measurement slice
chordwise direction
C Chord SSQ suction side squealer tip geometry
RPM rotational speed (1r/min) Greek letters
m, mass flow rate in one passage & relative total pressure loss coefficient
normalized by Dp
A domain of integration of blockage A principle to identify the TLV
Dp dynamic pressure at inlet (Pa) g circumferential direction
Ps static pressure at outlet (Pa) Subscripts
B, blockage coefficient of tip leakage flow 0 compressor inlet
Usip tangential velocity of blade tip (m/s) 1 compressor outlet
Cva Vo ! Uy, axial velocity coefficient at inlet t tangential
Cp (Psy-Psy) /Dp, static pressure rise coefficient a axial
Cvz Vai /Usp, axial flow coefficient
r radial direction

suction-side squealer was improved more compared with
the pressure-side squealer. They also proposed a model
correlating the loss and the discharge coefficient, which
confirmed that one should minimize the leakage mass
flow at a given tip clearance rather than the loss genera-
tion over the tip. Denton [6] developed a tip loss model
which shows several possible means of reducing tip lea-
kage flow loss. Camci and Dey [7] performed an experi-
mental investigation of aerodynamic performance of full
and partial squealer rims in a turbine stage. The results
show that the latter tip configuration exerted positive
effects on the local aerodynamic field by means of wea-
kening the tip leakage vortex. Such tip treatments could
also be a promising measure to improve the heat transfer
of the turbine blade tip [8—10].

The existing literature towards the application of this
passive flow control technology in compressors is rela-
tively less. Ma and Zhang [11] conducted an experimen-
tal investigation of flow field of one kind of grooved tip
geometry. They suggested that the channel on the blade
top smooths the pressure change across the blade, which
prevents the formation of a clear and strong tip leakage
vortex. The grooved tip increases the flow capacity at the
incidence angles of 0 and 5 deg. However, it leads to
more loss than the baseline at the two incidence angles,
which is attributed to the larger loss within the tip gap
while the mixing loss is reduced.

As known, the tip leakage also exerts profound effects
on the stability of turbomachinery. Classic conclusion
would be the almost linear relationship between the stall

margin and tip clearance [12]. However, the influence of
non-uniform tip clearance on the unsteady flow field is
hardly known. Ghanem [13] investigated the unsteady
leakage flow in a propeller using particle image veloci-
metry (PIV), and concluded that some changes of the
flow variables have to be shifted and scaled to reveal the
real unsteady flow features. Hong-Sik [14] performed a
fully coupled fluid-structure interaction simulation in a
multi-stage high pressure compressor, and found that the
chordwise non-uniform tip clearance changed the domi-
nant frequency of tip flow significantly.

Apart from the numerical simulation method, it is ex-
tremely difficult for the conventional experimental tech-
niques to acquire the evolutionary procedure of the tip
leakage flow inside the passage of a rotational turboma-
chinery. Most of the previous studies of the effects of
non-uniform tip geometry on the flow field are conducted
in cascades or at the exits of the rotor passage. Recently,
the non-intrusive measurement techniques SPIV has been
proved to be a promising tool to investigate the devel-
opment of the tip leakage flow [15]. The creative expe-
riment layout of SPIV in their test made it possible for
the capture of the cross-sectional instantaneous tip lea-
kage vortex. Yu [16] promoted this measurement tech-
nique to a higher level, and deliberately studied the ki-
nematic and dynamic properties of the tip flow with va-
riant flat tip configuration in a large-scale compressor.
Zhang [17] investigated the relationship between the
blockage induced by the tip flow and its evolutionary
procedures in the same test facility.
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The purposes of this paper are to present an experi-
mental investigation on the effects of suction side squea-
ler tip clearance in an isolated-rotor stage with multiple
measurement techniques. And the evolutionary procedure
of the tip leakage vortex is demonstrated quantitatively.

Experimental Procedure

Experimental Facility and Test Technique

The experimental investigation was carried out in a
large-scale compressor facility (Figure 1) at Beihang
University. An isolated rotor was deployed to provide the
research environment. The compressor was operated at
two operating points under the reduced rotational speed
of 1100 RPM with a rotation speed drift of 1.0 RPM. The
compressor casing is 1 m with a hub-to-tip ratio of 0.6.
The isolated-rotor stage comprises 17 blades. The rotor
blades with C4 airfoil are designed in terms of the free
vortex law. The measurements were taken at the Rey-
nolds number of 7.5e5 based on the blade chord and the
inlet velocity. More details of the test rig refer to [18].

BASELINE-L, ﬁ ——
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Fig. 2 The investigated tip clearances

The tip configurations explored include a flat tip
(Baseline), and a suction side squealer tip (SSQ), as
shown in figure 2. The case with the flat tip of 1 mm
clearance is referenced as the baseline. The sectional
views of tip configurations are also shown.

The boundary layers on both endwalls are about 3 mm
and the inlet turbulence intensity is about 2%. The plane
at 10% chord downstream from the rotor trailing edge
was measured at 45 spanwise stations using a mini
five-hole pressure probe. During the experiment, the flow
capacity was kept as the invariant among the three tip
configurations, which is obtained from a venturi tube at
the inlet of the test rig. And it was also checked by com-
puting the integral of Cvz from the data measured using
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the five-hole probe at the rotor outlet.

Calibration of the mini five-hole probe was carried out
in a low-speed wind tunnel. The pitch angle and yaw
angle range of calibration was +28 degree and +32 de-
gree respectively, with an interval of 4 degree. Its uncer-
tainties of angles are less than 1° while the uncertainty of
total pressure is less than 1.0%. The uncertainty of all the
pressure sensors deployed is less than 0.1% during a
steady calibration.

The SPIV measurement system comes from LaVision
Company. The device consists of two 12-bit 2048x2048
pixels Imager ProX4M CCD camera, Nd: YAG laser
(140mlJ/Pulse), PC, PTU, and Davis software. The max-
imum sampling frequency is 14 Hz, but in practice, the
sampling frequency is limited to 7 Hz. The including
angle between the two cameras is 120 degree as shown in
Figure 3a.

30%S.5.

L

0% P. S., 110% $.

70%P.S., 130%S. S.

90% P. S., 150% S. S.

(b)

Fig.3 Layout of SPIV test, (a) SPIV equipment, (b) the SPIV
measurement slices

Ten slices were sampled during the experiment. The
streamwise locations of the slices are shown in Figure 3b.
Over 450 frames were averaged for each slice in the post
processing. The multi-grid method is utilized to process
each frame. The initial query window is 64x64, and the
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final query window is 32x32. The corresponding physi-
cal space is about 1.5mmx1.5mm. Each slice is sampled
by the double-frame double-exposure method. The aver-
age diameter of the particle is around 1 pm.

Result and Discussion

Overall Performance Comparison

Performance map of the compressor is plotted in fig-
ure 4 by the static pressure rise coefficient versus the
axial velocity coefficient. A slight improvement could be
observed throughout the operation while the SSQ tip
configuration is applied.
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Fig.4 Compressor performance map

Figure 5 illustrates the spanwise integral mass aver-
aged relative total pressure loss derived from five-hole
probe result. The definition is given by

5:
I L [
z (_pVa,in+PS,in+EpUSpan)_(EpW2 +PS,aut) /DP

Root
(1)
where U,,,, gives the spanwise distribution of tangen-
tial velocity of the rotor blade.

It is effective to reduce the relative total pressure loss
with SSQ as shown in figure 5. Peak loss reduction lo-
cates at the near-stall point. According to the definition
given, the uncertainty of massflow averaged relative total
pressure loss is 2.8E-3 (5.1% of the baseline loss) which
is mainly attributed to the uncertainty of Ps, out (~8 Pa).
Considering the small variation of relative total pressure
loss between the two cases as well as the slight change of
the performance, a preliminary conclusion could be drew
that the modification in the tip would not exert profound
influence on the steady flow field in this large-scale fa-
cility.

Although the improvement of the integral parameters
is not obvious, the spanwise distribution of other flow
parameters have been rearranged obviously as shown in
figure 6. ‘SSQ minus Baseline’ labelled in figure 6b
means the difference of the relative flow angle between
the SSQ and baseline. Typically, in the tip region, the
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spanwise distribution of flow capacity and relative flow
angle indicates that the tip leakage flow is pushed away
from the suction side slightly. In the meantime, the flow
capacity is also improved. The variation induced by the
tip reform is clearly larger than the measurement error,
which is credible.
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Fig. 5 Mass-averaged relative total pressure loss comparison
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Fig. 6 Spanwise distribution and variation of (a) flow capacity,
(b) relative flow angle, Cva = 0.55

Considering this comparison experiment is carried out
under the invariant of massflow rate, the flow capacity
below 80% span is decreased consequently, especially in
the hub region. However, the distribution pattern of the
variation of Cvz below 80% blade height could be identi-
fied as relative uniform offset, while the tip region fol-
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lows a monotone increasing pattern. In another word, the
radial distribution of loading is changed due to the
slightly variation of radial equilibrium. The test facility is
designed under the hub-shroud-ratio of 0.6, which is a
relative low value in the modern compressor design. And
it is believed to be the reason for the sensitive correlation
between the tip region and the main stream.

Time-averaged Flow Field inside the Passage

Figure 7 and figure 8 respectively illustrate the ensem-
ble-averaged streamwise velocity which is normalized by
the rotor tip velocity at two operational points. The low-
velocity region of the tip leakage flow is larger with the
SSQ tip configuration than the one with the baseline at
both conditions. This is especially clear at 70% to 110%
chord measurement slices (SS70-SS110). However, this
difference is unclear at the rotor exit.

In order to quantitatively evaluate the blockage caused
by the two tip configurations, a blockage coefficient of

@
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the tip leakage flow is defined in the equation (2). The
domain of integration A is the area that affected by the tip
leakage flow in the tip region. This definition takes the
variation of streamwise velocity into account, and it has
been verified by Yu and Zhang et al. [refs].

A
Bm = J (sz,baundary - sz )dA / m, (2)
0

where V. poundary 1 the streamwise velocity on the boun-
dary of the blockage area, and m; is the massflowrate in
one passage. The blockage coefficient of the tip leakage
flow is shown in figure 9.

The blockage develops quite linearly at the first sever-
al slices. According to the evolution theory proposed by
Yu [16] and Zhang [17], the blockage is strongly asso-
ciated with the development of tip leakage vortex. The
rapid increase of blockage is mainly induced by the des-
tabilization of the tip leakage vortex, and this pattern will
reverse while the turbulent mixing process is dominant.

(b)

Fig. 7 Ensemble-averaged streamwise velocity, design point, normalized with the rotor tip velocity (a) Baseline, (b) SSQ

(@

(b)

Fig. 8 Ensemble-averaged streamwise velocity, near-stall, normalized with the rotor tip velocity (a) Baseline, (b) SSQ
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The SSQ tip configuration obviously leads to a larger
blockage effect at both of the operational points, which
could also be attested in figure 7 and figure 8. At the rear
locations, the difference is smaller. It seems a stronger tip
leakage vortex is induced by the SSQ tip configuration.

Figure 10 shows the velocity loss of the tip leakage
flow comparing with the mainstream, and a similar pat-
tern is observed. The velocity loss increases at the first
several slices, but the loss will decrease in advance of the
blockage. This is because the velocity loss directly
represents the status of the tip leakage vortex.

The bold line segment in figure 10 indicates the start
of the splitting process, and the peak of velocity loss
means that the splitting process is almost finished around
SS70 measurement slice. This will be demonstrated and
discussed in the next section.
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Fig. 9 Blockage coefficient of the tip leakage flow
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Fig. 10 Velocity loss of the tip leakage flow

At the rotor outlet, the velocity loss induced by the
SSQ tip configuration is smaller than the baseline, which
is in accord with the steady measurement taken by the
five-hole probe.

Several preliminary conclusions could be drawn that
1) the blockage represent the integration effects of the
streamwise velocity loss, 2) the velocity loss is a direct
response of the evolutionary procedure of the tip leakage
vortex, 3) the SSQ tip configuration would create a
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stronger tip leakage vortex at the formation phase, and it
experiences a faster dissipation process in the rear chord
region.

Instantaneous Flow Field in the Tip Region

In order to investigate the instantaneous flow field in
the tip region, a vortex identification program using the
A, principle was developed to locate the tip leakage vor-
tex. The definition is given by equation (3), which is a
simplified -, principle.

_OV,..2 OV .o ov, v,
ﬂz—(?) +(E) +2'@F 3)

Due to the lack of the gradient of the streamwise ve-
locity in the SPIV measurement, some classic principles
to identify vortices are no longer practicable, including Q,
-3, A principle. This simplified principle has been at-
tested to be accurate and effective to identify the tip lea-
kage vortex core [15].

The program is coded with MATLAB, and the data
source is the instantaneous frames extracted from the
Davis software. The main function of the program in-
cludes the following parts, 1) identification and elimina-
tion of the pseudo vectors; 2) ensemble-averaged calcu-
lation of the sampled frames; 3) identification of the tip
leakage vortex core; 4) orientation of the vortex core
boundary; 5) location, circulation and radius calculation
of the vortex core. It has to be mentioned that only the
blockage region is investigated to rule out the small flow
disturbance in the main stream. This threshold of 4, is
zero to strictly rule out the useless information.

Figure 11 shows the time-averaged and instantaneous
flow fields of identified vortices at the 50% S. S. and 90%
S. S. measurement slices (SS50, SS90) while the baseline
tip geometry is applied. The horizontal axis is the norma-
lized span, and the vertical axis is the normalized dis-
tance between the local positions to the suction surface.
The center of the tip leakage core is marked with a white
five-pointed star, and the blue solid line is the identified
boundary of the core. The black dash line is the fitting
ellipse of the boundary of the core. The black dots on the
background indicate the centroids of query window array.

The first plot of figure 11a and the first plot of figure
11b are the time-averaged results. Both of them show a
clear tip leakage vortex structure with concentrated nega-
tive vorticity. Nevertheless, the instantaneous flow fields
which are randomly chosen from the database show a
completely different pattern. The size, strength, and loca-
tion of the identified tip leakage vortex is time-varying.
Even at SS50 measurement slice, the tip leakage vortex is
not concentrated as the time-averaged data. At SS90
measurement slice the tip leakage vortex is scattered. It
could be concluded that the time-averaged results ob-
tained with SPIV cover plenty of unsteady characteristics
of the tip leakage flow.
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In order to evaluate the unsteady characteristics of the
tip leakage vortex, a statistical approach is applied to
investigate its evolutionary procedure. The method is
proposed by Ghanem [13], and it is quite an effective and
clear way to research the unsteady properties of this sin-
gular flow structure.

The data of each identified vortex extracted in every
instantaneous flow field is gathered into one database to
calculate the statistical properties of the vortices. Figure
12 shows the histogram of several parameters extracted
from the instantaneous flow fields at the first five mea-
surement slices while the compressor is operated in the
design point. The vertical axis indicates the probability of
the data in the histogram, and the horizontal axis
represents the value of the parameters. And figure 13
shows the same plot while the compressor is working in
the near stall situation.

As shown in the left column of figure 12, the radial
locations of the identified vortices of the two tip confi-
gurations are quite similar. However, the circumferential
position of the vortices is pushed further from the suction
surface while SSQ is applied.

Comparing the circulation among the five slices, it
could be seen that the circulation clearly decreases to a
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lower level in both of the tip configurations. In SS70
measurement slice, the identified vortex core is much
smaller and weaker than the SS30 measurement slice.
The corresponding physical phenomena are the splitting
process of the tip leakage vortex under a strong negative
pressure gradient. Similarly, the radius of the vortex core
is also smaller.

The identified vortices are getting decentralized while
the tip leakage vortex is developing downstream. The
displacement between the center of the time-averaged
data and the ones in the instantaneous flow field increase
rapidly. It could be seen in the right column of figure 10
that the small vortex cores uniformly distribute in the
blockage area at the SS70 measurement slice.

The splitting of the tip leakage vortex core starts at
SS40 measurement slice after which the circulation dis-
tribution is moving towards the small value. At SS70
measurement slice, the splitting process of the tip leakage
core has almost finished, and the turbulent mixing pro-
cess is dominant in the development of the tip leakage
flow.

As discussed in the literature [16, 17], and also consi-
dering the quantitive analysis of the instantaneous flow
field above, a clear development process of the tip lea-
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Fig. 11 Time-averaged and instantaneous flow fields of identified vortices at (a) SS50 (b) SS90
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Fig. 12 Statistics of the instantaneous flow fields at five different measurement slices, design point

kage vortex could be obtained at the design point as the
following: 1) the formation of the leakage flow, 2) the
split process due to the strong negative pressure gradient,
3) the turbulent mixing process.

As for the SSQ configuration, it obviously leads a
strong effect towards the tip leakage flow. It is believed
that the larger curvature of the squealer should be re-
sponsible for a stronger tip leakage vortex, and conse-
quently give rise to larger radius and circulation of the tip
leakage vortex core at the first three slices. However, due
to the smaller supplement of flow at the rear chord, its
splitting process is faster than the baseline.

Comparing with the development shown in figure 12,
the plot in figure 13 shows a similar pattern. But the
splitting process is much faster due to the severer nega-
tive pressure gradient, as a result, the size and strength of
each small vortex core decrease faster than that in design
point. This is a quite different conclusion with that ob-
tained from the time-averaged results.

The discussion above also proves the conclusion that
obtained through the figure 9 and figure 10. The velocity
loss in the blockage region is strongly associates with the

evolutionary procedure of the tip leakage flow. The ve-
locity loss keeps increasing until the end of the splitting
process, and it will reduce once the turbulent mixing
procedure is dominant. In the turbulent mixing process,
the blockage however will still increase.

Figure 14 shows the numbers of identified vortex
cores per effective frame. The vortex splitting is almost
linearly developing throughout the evolutionary proce-
dure of the tip leakage vortex. It has to mention that the
number of the vortex core is less than 1 at SS30 mea-
surement slice. It attests that the tip leakage vortex is not
always exists at the very beginning of the formation
process. The roll-up of the tip leakage vortex is intermit-
tent due to the severe surrounding environment. The
splitting process induced by SSQ tip configuration is
more severe in both the operating conditions, which
shows a similar trend with the development of blockage
observed in figure 7 and figure 8.

The negative pressure gradient is much larger while
the compressor is operated at the near stall condition. The
tip leakage vortex will also experience a different evolu-
tion procedure with the design point. As shown in figure
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15, there exists much greater probability of the presence
of the reverse flow in the tip leakage region. The SSQ tip
configuration would experience a more severe destabili-
zation process than the baseline, which could be attri-
buted to the stronger tip leakage vortex and less supple-
ment of flow at the rear chord.
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Fig. 15 Probability of the occurrence of the reverse flow in
the tip leakage region
Conclusions

This paper presents a detailed experimental investiga-
tion of the effects of two tip configurations on the flow
field of an isolated compressor rotor. Several conclusions
are summarized as following.
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(1) The SSQ tip configuration exerts positive effect on
the static pressure rise performance of this compressor.
However, considering the measurement uncertainty, its
influence on the steady flow field is mainly limited to the
radial equilibrium at the rotor outlet rather than the total
performance.

(2) From the viewpoint of time-mean flow field, the
SSQ tip configuration would create a stronger tip leakage
vortex at the formation phase, and it experiences a faster
dissipation process in the rear chord region. The analysis
of the instantaneous flow field shows that the splitting
process of the tip leakage vortex is more severe while the
SSQ tip configuration is applied. Meanwhile, the proba-
bility of the presence of the reverse flow is relatively
larger due to the stronger destabilization process.

(3) The blockage coefficient represents the integration
effects of the streamwise velocity loss, and the velocity
loss is a direct response of the evolutionary procedure of
the tip leakage vortex. The velocity loss in the blockage
region keeps increasing until the end of the splitting
process. Although the blockage grows sustainably even
in the turbulent mixing phase, the velocity loss will re-
duce once the turbulent mixing procedure is dominant.

(4) The number of identified vortex core is less than 1
at the first measurement slice. It attests that the tip lea-
kage vortex is not always exists at the very beginning of
the formation process. The roll-up of the tip leakage vor-
tex is intermittent due to the severe surrounding envi-
ronment.
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