Proceedings of ASME Turbo Expo 2011
GT2011
June 6-10, 2011, Vancouver, British Columbia, Canada

GT2011-45236

EXPERIMENTAL INVESTIGATIONS OF CORNER STALL IN A LINEAR
COMPRESSOR CASCADE

MA Wei 12 OTTAVY Xavier (U, LU Lipeng (@, LEBOEUF Francis (Y, GAO Feng (12

(1) Laboratoire de Mécanique des Fluides et d’Acoustique, Ecole Centrale de Lyon, 69134, France
(2) Beijing University of Aeronautics and Astronautics, 100191 Beijing, China

ABSTRACT We thus obtained a set of detailed measurements which col
In order to gain a better knowledge of the mechanisms stitute an original and complete data base and in good agreemer
of corner stall and to calibrate computational-fluid-dynamics with the published experimental results in literature. These date
(CFD) tools including both Reynolds-averaged Navier-stokes were also compared with CFD results and showed that the im
and large eddy simulation, a detailed and accurate experiment provements needed in turbulence modeling in order to accuratel
of three-dimensional flow field through a linear compressor cas- simulate the three-dimensional separation configuration of cor-
cade has been set up. Experimental data were acquired for a ner stall.
Reynolds number &.82x 10° based on blade chord and inlet
flow conditions.
First, inlet flow conditions were surveyed by hot-wire NOMENCLATURE

anemometry in boundary layers. Ca axial chord
Second, in order to investigate the effects of incidence, mea- Cp coefficient of static pressure
surements then were acquired at five incidences frohmo %°. d diameter of hot-wire probe

The results included the outlet flow variables of the cascade, 5* displacement thickness
measured by a five-hole pressure probe, and static pressures ong, energy thickness
both blade and endwall surfaces, measured by pressure taps. 4  shape factor

Third, the flow field details were measured at an incidence | incidence
angle of 4. In this configuration the corner stall region was | gctive length of hot-wire probe
large enough to be investigated, and without two-dimensional position of LDA measuring line
(2D) separation at mid-span on the blade suction side near the Re. Reynolds number based on blade chord
trailing edge. The velocity field was then measured by 2D Parti-
cle Image Velocimetry in cross-sections parallel to the endwall.
And the velocity field in the vicinity of the blade suction side was
measured with 2D Laser Dropper Anemometry.

In order to test the performance of CFD and also to validate
the experimental results, a series of numerical simulations were
carried out and compared with the experimental results.

Regy Reynolds number based on momentum thickness
n the distance to the blade surface

v kinematic turbulence viscosity

6 momentum thickness

Tu turbulence intensity

U inlet velocity

U fluctuation velocity

u; friction velocity

w total pressure loss coefficient
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w* pitchwise-mass-averaged total pressure loss coefficient
w mass-averaged total pressure loss coefficient

1 INTRODUCTION

The juncture of the endwall and blade corner region is one of
the high-loss regions in compressors [1]. The three-dimensional
separation in this region, also referred as corner stall or corner
separation, is an inherent flow feature in compressors. Allevi-
ating corner stall is the key to improved efficiency and stabil-

ity of compressor [2]. A number of studies have been carried

out to investigate the impacts, the flow topology, the influenc-

ing factors, as well as global consequence of corner stall [3-8].

Though some of the deleterious consequences of corner stall can

be identified, an effective control of these effects is very difficult
to achieve. This is because of the fact that the nature and charac
teristics of these separations are still neither clearly understood,
nor the mechanisms and factors that influence their growth and
size fully quantified [7]. Corner stall is caused mainly by the

strong streamwise pressure gradient, the presence of secondarf

flow and the merging of the wall and blade boundary layers; it

is beyond the scope of the theories of boundary layer and sec-

ondary flow. Computational fluid dynamics (CFD) is a powerful
tool to simulate corner stall flows, but only the overall pattern of
corner stall can be captured while flow details are most of the
time not well computed [9]. Today large eddy simulation is one
of the more promising models of humerical simulation of turbu-
lence [10,11], but it still needs to be calibrated for turbomachin-
ery applications.

In order to gain a better knowledge of the mechanisms of
corner stall and to calibrate CFD tools including both Reynolds-
averaged Navier-Stokes (RANS) and large eddy simulation
(LES), a detailed and accurate experiment of three-dimensional

flow field through a linear compressor cascade has been set up

in the Laboratoire de Kicanique des Fluides et d’Acoustique
(LMFA) at Ecole Centrale de Lyon. Experimental data were ac-
quired for a Reynolds number of 3.8210° based on blade chord

and inlet flow conditions. Measurements have been achieved us-

ing hot-wire anemometry, pressure taps on blade and endwall,
five-hole pressure probe, two-dimensional (2D) particle image
velocimetry (PIV), and 2D laser Doppler anemometry (LDA).

In order to test the performance of CFD and also to validate
the experimental results, a series of numerical simulations were
carried out and compared with experimental results.

2 APPARATUS AND INSTRUMENTATION
In this section, we will introduce the facilities arrangement
and uncertainties of each experimental result. All the data were

2.1 Wind Tunnel and Cascade

The investigation was carried out with a low speed cas-
cade wind tunnel. The facility is powered by a 60KW cen-
trifugal blower and the test section is a rectangular duct with &
cross section which is 900mm high by 370mm wide. The cas
cade consists of 13 NACA65-009 blades, as depicted in Fig. 1
The notation used in describing this subsonic compressor ca
cade is shown in Fig. 2. The cascade parameters are sur
marized in Table 1. In our experiment, inflow velocity was
U, = 40.0£ 0.3m/s, corresponding to a chord Reynolds num-
ber Rg = U,,C/v = 3.82x 10° 42866 ( = 1.57x 10°n¥/s).
The difference in the inlet flow velocity was less than 0.5% in
the pitchwise direction at the middle of the wind tunnel, i.e. the
region where the flow was investigated.
In order to ensure and fix the location of the boundary layel
transition which has large consequences on the corner zone se

aration, 3.0mm widthwise sand paper strips have been stuck
6.0mm from the leading edge of both suction side and pressul
side of all the blades. The transition simulation is particularly
omplex to be carried out with CFD, thus the authors wanted
emove this difficulty and focus the study only in the corner stall
region.

Downstream traverse plane
Inlet flow

Upstream tfaverse plane
- Pressuer port3an endwall =
Gravity

FIGURE 1. Plan-viev of the wind tunnel test section

Temperature and Pressure Measurement System

A thermocouple type K was used to measure temperature
connected with the National Instruments thermocouple inpu
module (NI-9211), then output voltage was recorded by the Na
tional Instruments data acquisition card (NI-cDAQ-9172). The
uncertainty of the temperature wag°.

Forty pressure taps have been positioned at 34.2% span ¢
a blade (the blade 5 in Fig. 1) located in the middle of the tes
section. The span of this instrumented blade was 1.58h, where

acquired and recorded and all the device were controlled using ais the blade span of the cascade. Twenty five taps were locate

PC with routines of NI LabVIEVWM.,

on the suction side while the other fifteen taps were located o
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Axial direction

FIGURE 2. Notation for casc

TABLE 1. Geometric parameters of

ade

the cascade

Symbol Parameter Magnitude
c chord 150.0 mm
¢ camber angle 23.22
y stagger angle 42.70
S pitch/spacing 134.0 mm
g solidity 1.12
h blade span 370.0 mm
AR aspect ratio 2.47

i incidence angle 5o~ T
i optimum incidence 0.18

B, design upstream flow angle| ~ 54.3T
B1 actual upstream flow angle | = Bi +i4i*
Bé design downstream flow angle  31.09
B2 actual downstream flow angle = Bé +6°
o0 flow deviation angle

6 flow turning angle =B—-B

be measured at any arbitrary section in the spanwise direction.

In order to measure the static pressure on the endwall, thirt
five pressure taps have also been set up on the endwall. Tt
pressure taps on the blade were made Bydndiameter alloy
steel tubing embedded into the endwall surface, with a port o
0.8mmopening to the flow.

A five-hole pressure probe was used to measure the outl
flow.

The pressure taps on the blade and the endwall were co
nected to a scanivalve. Using plastic tubes, both the Pitot-stati
probe and the scanivalve were attached to electronic pressu
transducers (VALIDYNEMModel DP45-XX the numberX X
indicating the pressure range). Then the pressures were mo
itored using Carrier Demodulators, which have an output volt-
age range oft10vV. Transducer output voltage was recorded
by National Instruments data acquisition card (NI-cDAQ-9172)
through a National Instruments C Series module (NI-9205).

The relative uncertainty of the pressure measurements bo
on the blade and the endwall was about 1% in static pressul
coefficient values. The relative uncertainty of the downstrean
pressure measurements was about 2% in total pressure coe
cient values.

2.3 Hot-Wire Anemometry

The inlet boundary layer was measured by a one-
dimensional hot-wire system. Boundary layer probes Dante
55P05 were used. The sensors were operated by a Dant
90C10 constant temperature anemometer unit in Dantec Streat
line. Square wave test was used to optimize the bandwidtl
of the combined sensor/anemometer circuit. The bandwidtl
of the probe/anemometer system (or cut-off frequency) of one
dimension hotwire in our experiment was about 60 kHz. Ac-
cording to the Nyquist sampling criteria, a sampling rate of at
least 120 kHz was needed. The acquisition frequency was set .
200 kHz. The number of samples obtained was one million.

The probe stem was roughly aligned with the flow and
placed at about 140 mm upstream of the 6.0-mm-diam hori
zontal rod used for support. The rod was held by a computel
controlled traverse gear located outside of the test section ar
passed through a 10.0-mm-wide slot in the endwall of the cas
cade. Plastic sheet and magnet were used to minimize the amot
of air leaking through the slot. To reduce the impact of the gay
in traverse gear on the uncertainty in traverse positions, travers
gear to the measuring points were in one direction. The con
tact (zero-distance) between the hot wire probe and endwall we

the pressure side. The pressure taps on the blade were made bychieved by using an electric circuit [12]. The uncertainty in tra-

1.6mmdiameteralloy steel tubing embedded into the blade sur-
face, with a port of 0.8mmpening to the flow. This instrumented

verse positions was 0.05 mm. Hot-wire signals were correcte
for ambient temperature, and probes were calibrated by a fourtt

blade can slide in the spanwise direction through two slots (hav- order polynomial to correlate the wire output voltages with cool-
ing the blade profile) on each side of the endwall. Leakage was ing velocities.

prevented by o-rings around the profile. Static pressure can then

The uncertainty of mean streamwise velotityvas 1%J...
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The relative uncertainty of root-mean-square of fluctuatien v to guarantee the uniformity of the inlet flow condition because of

locities U, were and 3%. the geometry of the cascade. Current RANS solvers with mod

ern turbulence model are known to be able to simulate accurate

some parameters of the flow field in a compressor cascade, pe

24 2DPIV ) ] ] ) o ticularly in the mid-span of the cascade where the flow field is

By measuring the displacement of particles in a time inter-  5¢4ched and can be considered as quasi-two-dimensional with

val, the velocity of the particles was calculated and assumed 10 5k influence of the blockage induced by the corner stall. Stati
be the local velocity of the flow field. A CCD camera with res-  yresqure distribution on the blade is one of these parameters.

olution of 12801024 pixels was used. The light source was a So the experimental/numerical comparison of the static pres

dual cavity Nd:YAG laser, developed by Quontel Incorporation, - g e gistribution on the blade at mid-span can be used to valida

the maximum illumination energy was 120mJ/pulse. The com- he rejiability of the experimental set-up, especially concerning

mercial Lavision program DAVIS was used for acquisition and ¢ jncident angle which is one of the most difficult parameter tc

post processing. The frequency of image acquisition was 4 Hz, 4t At the same time, the comparison of the static pressul

and the time delay between two frames waspE0 The size gistribution on the blade near the endwall (in the separation) ca
of the imaged region was 100mn80mm. A sequence of 2000 | ofiect the necessity of the experiment,

pairs of images was acquired at each operation condition. Here
we only present the time-averaged vorticity. The relative uncer- \umerical calculation method The commercial computa-

tainty of the magnitude to the mean velocity was less than 3%. {jona) fluid dynamics software package FLUENT was used. The

The uncertainty of the flow angle was less than 2 convergence required that the scaled residuals decrease to 1.
11 for all equations.

25 2D LDA The computational grid used in the current investigation was

generated by AutoGrid 5, a commercial software package. Th

rection and speed of fluid. By measuring the Doppler frequency- Multi-block method was used to ensure the grid quality, as wel
shift of the light scattered by tracer particles, one is able to cal- @S the matching periodicity strategy. Three girds with different

culate the velocity of the tracer particle and thus the flow ve- 9"id densities were tested to check the grid independence of tt
locity of the fluid. In our experiment, equipment used include solutions. Finally the grid with 976,640 cells was chosen for

Spectra-Physics Stabilite 2017 Laser beam, Dantec FiberFlow this numerical work. The first cell width from the surface of the
60x41 transmitter, Dantec FiberFlow 624 manipulator, Dan-  Plade and endwall was set to = nur/v ~ 1, wheren is the
tec FiberFlow 60561 2D probe, and Dantec BAS-F80 signal pro- distance from the cell to the surface of blade and endwalis
cessor. The commercial Dantec Dynamics BSA Flow Software the local friction velocity. The maximum expansion ratio and the
for LDA version 4.11.00 was used for acquisition and post pro- Minimum skewness angle were set to 2.4 and #dspectively.
cessing. The response of the photo detector was used to find the!© P able to compare these results with the experimental result
point where the distance from wall was zero. The measurement (€ inlet and the exit of the computation domain were placec
volume was on the wall when the anode current of the photo de- 2t 2-16 axial chords upstream from leading edge and 1.36 axi:
tector was maximum. The shortest distance between measuringt10rds downstream from trailing edge of the blade, respectively
point and blade surface was about 0.2mm. Bragg shifting was ' the computation the flow was assumed to be steady an
employed, so the flow direction and measure 0 velocity can be fully turbulent. The inlet velocity profile was obtained from the
distinguished by the LDA system. The sample number of the hotwire in the experiment and the incidence angle were specifie
measuring points near the endwall <n0.6mm) was 200,000,  for the inlet boundary, whereas the static pressure was used f
and the corresponding relative uncertainty of the magnitude of the outlet boundary. The turbulent viscosity of 0.8% was speci
mean velocity was less than 2%, the uncertainty of the flow an- fied for inlet boundary while the turbulent viscosity ratio 10 was
gle was less thar’2 The sample number of the measuring points specified for outlet boundary. Furthermore, nonslip and adiabati
far from the endwall (n> 0.6mm) was 1,000,000, and the corre- conditions were adopted for all of the solid walls. Periodic con-
sponding relative uncertainty of the magnitude of mean velocity ditions were imposed along the pitchwise boundaries.

was less than 0.5%, the uncertainty of the flow angle was less A Second-order upwind scheme and the central-differencin
than 0.5. scheme were used for the convection terms and the viscous terr

of each governing equation, respectively, to minimize the nu.
merical diffusion. The pressure-velocity coupling was handlec
2.6 Experiment and CFD Compatibilities by the SIMPLE algorithm. Two turbulence models, the Spalart-
Cascade is a simplified model of the flow field in compres- Allmaras model and the standarccknodel, were employed in
sor. Itis very difficult to evaluate the reliability of the experimen-  the computational study and compared with the results of the ex
tal set-up and its inlet conditions. For example, it is very difficult periment.

LDA is a single point optical technique for measuring the di-
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Compared with experiment Comparisonf static pressure

3 EXPERIMENTAL RESULTS AND DISCUSSIONS

coefficients on the blade between experimental and CFD results 3.1

are shown in Fig. 3. At mid-span, the CFD results reproduce ac-
curately the pressure distribution on the both sides of the blade.
It obviously means that this experimental set-up and its generat-
ing conditions are reliable. In the vicinity of the endwall this
CFD fails to reproduce the pressure distribution of the three-
dimensional separations. This is the primary motivation for such
experiments to be carried out in order to provide a calibration
database for advanced CFD.

k-g model

0.8 — — — = Spalart-Allmaras model
1 ° Exp.

0.6

0.4

,0.2

o |
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(a) z/h = 185mm/370mm: 50.0%, mid-span
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0.8 — — — - Spalart-Allmaras model
1 ° Exp.
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0.4

.0.2

o |

"04 ' T "o " Tos ' 71
x/c

a

(b) z/h = 20mm/370mna= 5.4%, near endwall

FIGURE 3. Comparison of pressure coefficient between experimental
and numerical results,= 4°, the uncertainty was 1% in experimental
Cp values

Inflow Conditions

TABLE 2. Positions of 1D hotwire measuring lines

NO. L1 L2 L3 L4 L5
X —2.16G | —2.16g, | —2.16G | —2.16Gg, | —2.16G
y* —0.5s Os 0.5s 1.0s 1.5s
z | 0~h/2| 0~h/2 | 0~h/2 | O~h/2 | O~h/2

FIGURE 4.

lllustrationof 1D hotwire measuring lines

3.1.1 Boundary Layer Profile and Thickness
One-dimensional hot wires were used to measure the inlet floy
velocity profile along five lines in spanwise direction (Fig. 4).
The measuring lines were located at 5.fom the leading edge
of blade. Their coordinates are listed in Table 2, whers
andh are chord, pitch and blade span, respectively, @End
the fraction of the cascade pitojf,= 0 corresponds to the posi-
tion aligned with the leading edge of the blade 5. Three hotwire
probes were used (PO, P1, P2), while the active length of the ho
wire | was 1.25mm, 0.82m@and 1.00mm, respectively, and the
diameterd of the probe was 5/0m, 4.Qum, and 4.Q«m, respec-
tively. To avoid the conduction errorg/d of a hot wire were
greater than 200.

Established turbulent boundary layer can be divided intc
three zones: the viscous sublayer & 5) whereut = z+, the
buffer layer (5< z" < 50) and the logarithmic layer (50 z" <
600) with the logarithmic law of the wall, or ’log law’, given by
ut =1/k(Inz") +B. We derived the wall shear streggfrom
a best fit to the log law betweert = 50 andz" = 600, using
the Coles log law constantg:= 0.41 andB = 5.21, the friction
velocity is thenu; = /Tw/p.

Experimental results of the inlet flow velocity profiles are
shown in Fig. 5(a,b), in which the red curve is from the Van Dri-
est formula [13]. According to Fig. 5(b), the inlet flow boundary
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Uy,
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TABLE 3. Parameters of inlet boundary layer used hot-wire anemometry

NO. J99 o* 6 x H Reg Ur Tw |+
(mm) | (mm) | (mm) | (mm) | =6*/8 | =0ug/v | (M/s) | (kg/ms?) | =lu;/v
L1-PO| 30.1 3.7 2.9 5.2 1.29 7323 1.46 2.494 116
L2-PO| 29.1 3.8 2.9 5.3 1.28 7495 1.46 2.494 116
L3-PO| 30.1 4.0 3.1 5.6 1.29 7918 1.46 2.494 116
L3-P2 | 30.1 4.0 3.1 5.8 1.29 7918 1.44 2.426 92
L4-PO | 32.1 4.5 35 6.3 1.28 8888 1.46 2.494 116
L4-P1| 31.1 4.8 3.7 6.7 1.30 9489 1.43 2.393 75
L5-P1| 30.1 4.1 3.2 5.7 1.28 8051 1.45 2.494 76
' ' 0 : '
| 5]
# &8-858 B8 & £ ::%'Eg
BMEp s
L4-PO0
£ 20 Hispr ©
0.6 o 15 M'EL041InZ" +5.21
‘ ut=z" g
: 5
04 g LI-P0 © 1o N
tggg . Visc. \ Buffer Log.
0.2 L3-p2  » 5 p
L4-PO e WVan Driest profile
L4-P1 oL
0 SEsss 10° 10 102 10° 10*
0 0.1 0.2 0.3 0.4 0.5 St
z/h
(a) (b)
3 0.3
25 0.25
o
2 0.2
15 2_: 0.15
_E
N [a] %O > -
: RS % o1 %S
52 42 e
0.5 Hiupo Sy 0.05 H 2P0
L4-P1 L4-P1
o LLEPL_© . . e o LLEPL_©
10° 10t 102 10° 10* 10°
Z+
(c) (d)
FIGURE 5. Experimental results of inlet boundary layer using hot-wire anemometry
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layer is fully turbulent and the first measuring points are in the for line 5.
buffer layer. The closest distance of the wire to the endwall is
Z" = 14, outside ofz" < 4 where exists a considerable effect of
the wall confirmed by Durst et al [14]. Note that the inlet flow
is not totally uniform: the velocity at mid-span increases a bit in
the z direction, because of the influence of the test rig skewness.
The difference (<1.5%) however remains very small.

Based on the velocity profile, various boundary-layer param-
eters are calculated and listed in Table 3, wherg RéU., /v,
v =1.57x 107°nm?/s. In this table, “L1-P2” is a label for the
results of line “L1” defined in Table 2 using the number “2” hot-
wire probe. The boundary-layer thickness,is defined here as
the distance from the wall to the point wheéféz) =0.9U.,. 5*,
6 and &3 are displacement thickness, momentum thickness an
energy thickness, respectively. In our experiment, 7300y <
9500, and the shape factoris= 6*/6 ~ 1.3, smaller than the
value in Ref. [15] with the same RBe This is because of the 3.2.1 Surface Static Pressure on Blade The span-
existence of a favorable pressure gradient in our cascade in thewise distribution and the contours of surface static pressure o
upstream region [15, 16]. the blade ait= 4° are shown in Fig. 6. Pressure is nearly constan
on the blade pressure side in the spanwise direction except in tl
region near the endwall at leading edge, because of the bounda
layer of endwall. The contours on the suction side clearly indi-
cate the low-pressure regions from endwalk fv= 20% due to
corner stall from the leading edge to the trailing edge.

The comparisons of surface static pressure on the blade
X different incidences at two sections are shown in Fig. 7(a,b)
experimental results, they suggested that the pealf ur where the first one is at mid-span (z460%), the other one is
has a slightly rising trend with fallind™ and with rising near the endwall and in the region of corner stall (z/8.4%).
Reg (I" = lur/v being a dimensionless characteristic of the Fig. 7(c,d) shows the pressure force in x and y directions, define
hot-wire length scale). Since a hot wire measures the averageasf, — fcpﬁ.TdUCa, Fy = §Cphi- jdl /ca, wheren, i andj are
heat transfer rate over its length, it will weaken the measured ynit normal vector of blade surface and x and y axes, respectivel
velocity fluctuation if that fluctuation occurs over a length-scale The pressure on the pressure side increases with incidenc
smaller than the length of the hot wire. If it is assumed that the The pressure distribution on suction side can be divided into tw
characteristic eddy size is taken by the distance to the wall, and parts. In the front part (& x/c, < 20%) near the leading edge,
that a non-negligible fraction of the turbulent kinetic energy is  the static pressure at first accelerates and then decelerates ow
carried by eddies with this characteristic Size, then a hot wire to the ﬂOW turning around the |eading edge_ Th|s indicates tha
will significantly weaken the measured turbulence intensity the velocity at first decelerates and then accelerates. In this pa
when it is positioned closed to the walll. the static pressure decreases with increasing incidence. In tl

The experimental profiles af,y,/u; and local turbulence  |atter part (20%< x/ca < 100%), the static pressure at first de-
intensity TUocal = u'rmS/U|oca| are shown in Fig. 5(c-d). Inside  celerates and then reaches a constant values. This indicates t
the turbulent boundary layer, there are obvious differences be- flow at first decelerates and then separates. In this part the sta
tween the experimental results obtained with the different hot- pressure increases and the extent of separation increases with
wire probes. According to the analysis above, ¢dﬁ1s/ Uz ) max creasing incidence.

3.2 Effect of Incidence

Incidence is one of the most important influencing factors of
corner stall. To assess the effects of the incidence on the flo
behavior and the overall performance of the cascade, pressu
measurements have been carried out for incidences f2hto
6°.

Conventional dimensionless form of local static pressure co
efficientCp, and local total pressure loss coefficiemare given as
Cp=(P—Pw)/(Pte = Peo), @ = (Pteo — Pt)/ (Pt — Po), Where
Pt., @andpo are the reference inlet total and static pressure, while
d p: and p are the total and static pressure at the desired poin

respectively.

3.1.2 Streamwise Normal Stress  Profiles of
Urms/Ur Which resolve the near-wall behavior, show a peak
very near the wall, but the magnitude and location are still
in doubt [17]. Fernholz [16] considered the maximum value
of Ue/Ur ~ 2.7, and its positionz" ~ 15, and according to

reaches 2.3 with the PO and 2.7 with the P1 mainly because of the

difference inl™ of the used hot-wire probes. The little discrep-

Similar trends have been observed for the pressurgrat
5.4% compared with mid-span. Some specific phenomena re

ancies between the boundary layer characteristics using the sameated to flow separation are observed. The pressure evolutior

probe is because that Rehanges by a little bit at the locations
that were investigated .

reach constant values after a specific axial position, even at nel
ative incidence, indicating the areas of flow separation. The pos

Outside of the boundary layer, the differences between the tion of separation moves upstream when the incidence increase

boundary layer profiles are mainly due to the non-uniformity of
the inlet flow. The local turbulence intensitygca ~ 0.8% for
most of the inlet flow, from line 1 to line4, exceptigca ~ 1.3%

From Fig. 7(b), the separation occurs arowyid;, = 0.6 for in-
stance at = 4°. Considering again Fig. 6(b), a strong inclination
of theCpisolines forz/h< 0.3 is also observed; this is the direct
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_ Jow(y.2)u(y,z)dy
Joux(y,z)dy
o I 1" wly.2)udy.2)dydz
I3 Jo? ux(y, 2)dyce
whereuy is the axial velocity of outlet flow.w* is the function

of spanwise distance from the given plane, thfq'ust depends
on the given plane.

At a certain incidence, the losses increase in the spanwis
direction from mid-span to endwall. As mentioned before, the
losses at mid-span due to quasi-two-dimensional separation i
crease with incidence, which is also observed clearly by the ex
tent of loss region at different incidences in Fig. 9. From the
contours in Fig. 9, we can come to the conclusion that the maxi
mum losses as well as the extent of losses in the corner increa
with incidence, and this is also confirmed by the valuevbfand
w at different incidences.

consequence of the blockage effect induced by the corner sepa-
rationwhich induces curvature in the flow up to the leading edge
(see [18]).

The blade pressure fordg and F, increases along span-
wise direction for all incidence are observed, and its increase
also when incidence grows, except whien6° orz/h< 0.2. We
can infer that there are stronger separations-a6° than at other
incidences, and this will be confirmed by the experimental total
pressure losses in the exit plane as discussed in section 3.2.3.

W (2)

[ 1 I I B |
Cp: -06-05-04-03-02-01 0 01 02 03 04 05 0.6

TE

LE
-0.5Midspan

3.3 Detailed Experiment at i =4°

Oil visualization results (Fig. 11) were used to qualitatively
indicate the global view of corner stall on both suction side anc
endwall. There were two obvious vortices, one was on suctiol
side and the other one was on the endwall. Then the flow fiel
details were measured at an incidence angle®ofBecause in
this configuration the corner stall region was large enough to b
investigated, and without 2D separation at mid-span on suctio
side near the trailing edge. In cross-sections parallel to the enc
wall, the velocity field was then measured by 2D PIV and the
velocity field in the vicinity of the blade suction side was mea-
sured by 2D LDA.

=40 Endwal

FIGURE 6. Contoursof Cp on blade surface,= 4°, markers indicate
the positions of measuring points

3.2.2 Surface Static Pressure on Endwall The
pressure coefficients on the endwall at different incidences are
shown in Fig. 8. The extent of the region where the flow ac- 3.3.1 Ensemble Averaged Vorticity ~ The measuring
celerates from the leading edge narrows with incidence, which is pjane was normal to the spanwise direction. According to the
consistent with the experimental results of surface static pressurepgsition of the laser and the camera shot size which guarar
on blade discussed in section 3.2.1. With increasing incidence, tees enough spatial resolution, 14 sections along spanwise we

the location of separation point moves forward to leading edge measured and each section was divided into 6 zones (100mm
and the extent of the corner separation expands. In this range ofgomm).

incidence with increasing incidence, the ratio of outlet pressure
to inlet pressure increases in the passage near suction side on th
endwall.

The multi-pass interrogation was used. The particle-image
(aisplacement was at first estimated by using a &4 pixels in-
terrogation window, and then by a 332 pixels interrogation
window with 50% overlap. As a result, the final velocity vector

3.2.3 Total Pressure Losses of Outlet Flow  The grid spatial resolution was about 1.25mm.
contours of the exit total pressure loss coefficient at the cascade  The spanwise vorticitydy, = dUy/dy— dUy/dx) only in one
exit plane at 36.3% axial chord downstream from trailing edge at zone which contains the main feature of the corner stall as well a
different incidences are shown in Fig. 9. To quantify the global streamlines at sectiaryh=20mm/370mra- 5.4% are shown in
effects of the total pressure loss at the cascade outlet, two param-Fig. 12. It's observed clearly that low speed flow accumulates a
eters are used (Fig. 10), which are the pitchwise-mass-averagedhe corner from endwall ta/h= 50mm/370mma- 13.5%. The

total pressure loss coefficiemt* and the mass-averaged total
.. / .
pressure loss coefficient defined as

flow separates in this section gtc, = 0.45 from suction side,
then mixes with the mainstream flow in the downstream region.

Copyright © 2011 by ASME
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FIGURE 7. Comparisons of surface static pressure parameters on blade at different incidences

3.3.2 Velocity Profile in the Vicinity of Blade Suc-
tion Side In our experiment, the velocity profiles on the suc-
tion side of the blade were measured by LDA, because LDA can

In order to show the actual fluid displacemeists= s/L is used
to demarcate the positions along measuring line, whésehe
arc length from the leading edge to the beginning point of mea

measure the flow field much nearer to the blade surface than thesuring lineA, andL is the arc length from the leading edge to the

PIV does, also LDA can measure reverse flow contrary to hot-
wire anemometer.

The measuring section was perpendicular to the spanwise
direction, so the velocity in axial directiasx and the velocity in
pitchwise directioru, were measured. At every section, the mea-
suring line was along the normal direction of the point located on
blade suction side, as shown in Fig. Bands are the unit vec-
tors in the normal direction and the tangential direction of the
point A. The measured velocify can be decomposed into the
velocity along the normal directioi, and the velocity along the
tangential directiords. The velocity formula can be expressed
as,

Il
kS
S

I
£l

@)

trailing edge.

The experimental results of LDA in the sectionzat 5mm
are shown in Fig. 14, and the vector of mean velocity is showr
in Fig. 15a. There is an obvious vortex in the passage of th
cascade. According to the 2D separation criteria, in this sectio
from the experimental results of mean velocity, the separatiol
point is located at the position betwegn= 0.35 ands* = 0.40.
From the results of the standard deviation (in Fig. 14 (c,d)), we
know that the turbulence intensity increases near the region c
s* =0.35~ 0.4 andn = Omm~ 10mm, because of three- dimen-
sional unsteady separation in this region.

The velocity flow fields obtained in plaree= 5Smmwith the
numerical simulation discussed above are also presented here,
cluding the standark— € (15b) and the Spalart-Alimaras model
(15¢). The separation point is locatedsat= 0.30~ 0.35 for
thek — € model, whiles* = 0.20~ 0.25 for the Spalart-Alimaras
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FIGURE 11. Result of oil visualizationi, = 4°

Midspan

/(\0‘N

et
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(b) z/h=20mm/370mm=5.4%

FIGURE 12. \Vorticity in spanwise direction and streamlines of two-
dimensional PIV results ait= 4°

model. The core of the passage vortex is locatesi at0.70~
0.80 fork — € model, whiles* = 0.70 for the Spalart-Alimaras

FIGURE 13. Diagramof velocity decomposition of 2D LDA results

the section near endwak,— € model works better than Spalart-
Allmaras model. The areas of separation zone of these two tul
bulence models are similar but smaller than the LDA result.

As discussed by Liu and Pletcher [19], the skewness o
velocity fluctions represents the direction of energy transfer ir
physical space. Liu and Pletcher showed that in the streamwis
direction, the turbulent energy is transferred forward in the vis-
cous sublayer and the buffer sublayer, and backward at the r
maining part; in the normal direction, the energy is produced ir
the buffer sublayer and transferred to both the viscous sublaye
and the outer part. In our experiment, the mechanism is mor
complicated because of the effect of the corner flow. From Fig
14(c), we can analyze the transport of turbulent energy in the
streamwise direction. It is shown that whenh< 0.4, most of
the skewness values are negative, while wiexy 0.4 they are
positive in the ranga < 30mm. Note thag* = 0.4 is the bound-
ary region of the corner flow. Fig. 14(c) therefore represents th
backward energy transfer outside the corner flow and the forwar
transfer in the corner flow. From the skewness in the normal di
rection (not shown here), the negative values are located main
in the range whera < 40mmwhen 0.6< s* < 0.7, and remains
positive in most of the other regions. From these results we ca
approximately draw a sketch of the transport of turbulent energ
in the plane oz = 5.0mmas shown in Fig. 16.

We also plot the flatness of the velocity fluctuations in Fig.
14(d) to show the corresponding non-Gaussian properties. Tt

model. So the separation zone of Spalart-Allmaras model is a valueF| = 4 corresponds to a Gaussian distribution. In the regior

little ahead of the result of the— & model.

In comparison with the experimental LDA result (Fig. 15a),

wheren > 20mm, the value of flatness is around 3.0, and wher
n is smaller the value obviously depends on other parameter

shows that only the overall pattern of corner stall can be cap- These results could be compared with numerical simulations ii
tured but not the details. For the position of separation point in the future.

11
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FIGURE 15. LDA experimental results and numerical resultéh= 5mm/370mma= 5.4%, near endwall, = 4°

4 CONCLUSIONS detailed measurements of the inlet flow boundary layers, the su

A linear compressor cascade experiment dedicated to the face static pressure on the blade and the endwall, the total pre
studies on the three-dimensional comer separation has been sepUre loss coefcient in outlet section at a series of incidences, tf
up in LMFA at Ecole Centrale de Lyon. High attention has been global features of the velocity flow field using 2D PIV, and the

taken in order to have some uniform and accurate inlet condi- detqlled measurements O.f the boundary layers that develop ont
tions suction side of the blade in and out the separated zone using 2

LDA at a selected incidence. At mid-span of the blades where
A original and accurate data base has been built including

12 Copyright © 2011 by ASME
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/N )

(7]

(8]

the flow is almost two-dimensional, the comparison with numer-

ical RANS simulations shows a very good agreement of the pres- [9]
sure distributions, and proves the capability of this experimental
setup to be numerically simulated. In the vicinity of the endwall,
where the three dimensional separation occurs, the goal of this

Schulz, H. D., Gallus, H. E., and Lakshminarayana, B.,
1990. “Three-dimensional separated flow field in the
endwall region of an annular compressor cascade in th
presence of rotor-stator interaction: Part 1-quasi-stead
flow field and comparison with steady-state data; part 2-
unsteady flow and pressure field'Journal of Turboma-
chinery, 112(4), pp. 669-678, 679-688.

Gbadebo, S. A., Cumpsty, N. A., and Hynes, T. P,
2005. “Three-dimensional separations in axial compres
sors”. Journal of Turbomachinery127(2), pp. 331-339.

Lei, V.-M., Spakovszky, Z. S., and Greitzer, E. m., 2008. “A
criterion for axial compressor hub-corner stallournal of
Turbomachinery,130(3), p. 031006.

Denton, J. D., 1997. “Lessons from rotor 3Journal of
Thermal Scienceg(1), pp. 1-13.

[10] Sagaut, P., 2001arge Eddy Simulation for Incompressible

Flows: An Introduction. Springer.

experiment is to provide a data based for advanced CFD, such ag11] Garnier, E., Adams, N., and Sagaut, P., 20D8rge Eddy

the improvement of the Spallart-Allmaras model (as proposed by
Wang et al. [20]) and LES (as proposed by Boudet et al. [21]).
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