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ABSTRACT

Previous studies have shown that axial casing grooves
(ACGs) are effective in delaying the onset of stall, but degrade
the performance of axial turbomachines around the best
efficiency point (BEP). Our recent experimental study [1] in the
JHU refractive index-matched liquid facility have examined the
effects of ACGs on delaying stall of a one and half stage
compressor. The semicircular ACGs based on Miiller et al. [2]
reduce the stall flow rate by 40% with a slight decrease in
pressure rise at higher flow rates. Stereo-PIV (SPIV)
measurements at a flow rate corresponding to the pre-stall
condition of the untreated machine have identified three flow
features that contribute to the delay in stall. Efficiency
measurements conducted as part of the present study show that
the ACGs cause a 2.4% peak efficiency loss. They are followed
by detailed characterizations of the impact of the ACGs on the
flow structure and turbulence in the tip region at high flow rates
away from stall. Comparisons with the flow structure without
casing grooves and at low flow rate are aimed at exploring
relevant flow features that might be associated with the reduced
efficiency. The SPIV measurements in several meridional and
radial planes show that the periodic inflow into the groove
peaks when the rotor blade pressure side (PS) overlaps with the
downstream end of the groove, but diminishes when this end
faces the blade suction side (SS). The inflow velocity
magnitude is substantially lower than that occurring at a flow
rate corresponding to the pre-stall conditions of the untreated
machine. Yet, entrainment of the PS boundary layer and its
vorticity during the inflow phase generates counter-rotating
radial vortices at the entrance to the groove, and a
“discontinuity” in the appearance of the tip leakage vortex
(TLV). While being exposed to the blade SS, the backward tip
leakage flow causes flow separation and formation of a
counter-rotating vortex at the downstream corner of the groove,
which migrates towards the passage with increasing flow rate.
Interactions of this corner vortex with the TLV cause
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fragmentation of the latter, creating a broad area with
secondary flows and elevated turbulence level. Consequently,
the vorticity shed from the blade tip remains scattered from the
groove corner to the blade tip long after the blade clears this
groove. The turbulence peaks around the corner vortex, the
TLV, and the shear layer connecting it to the SS corner. During
periods of inflow, there is a weak outflow from the upstream
end of the groove. At other phases, most of the high secondary
flows are confined to the downstream corner, leaving only
weak internal circulation in the rest of the groove, but with a
growing shear layer with elevated (but weak) turbulence
originating from the upstream corner. Compared to a smooth
endwall, the groove also increases the flow angle near the blade
tip leading edge (LE) and varies it periodically. Accordingly,
the magnitude of circulation shed from the blade tip and
leakage flow increase near the leading edge. The insight from
these observations might guide the development of ACGs that
take advantage of the effective stall suppression by the ACGs
but alleviate the adverse effects at high flowrates.

INTRODUCTION

Many studies, e.g. [3-8], have shown that casing
treatments, especially axial casing grooves, are effective in
delaying the onset of stall. However, they tend to cause
efficiency loss at higher flow rate, near the best efficiency point
(BEP) of the machine. Measurements by Fujita and Takata [9]
show a positive linear relationship of the stall margin
improvement with the efficiency penalty. Experimental studies
by Miiller et al. [2] have shown that ACGs similar to those used
in the present paper cause a 0.5% efficiency penalty in a
transonic compressor rotor. Reynolds-averaged Naiver-Stokes
simulations by Wilke and Kau [10] show that when the ACGs
are located around a transonic rotor blade LE, there is a 0.2%
efficiency loss, but the loss increases to 4% when the groove is
centered above the rotor. They associate the efficiency loss
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with the distortion of shock system in the blade passage.
Similar trends have been reported in [4,11], suggesting that
positioning the grooves around the LE minimizes the efficiency
loss while maintaining similar stall margin improvements
compared with the grooves located at the mid-chord. In
contrast, results reported by Beheshti et al. [12] based on Favre-
averaged Naiver-Stokes simulations have shown an increase in
the peak efficiency by ACGs. Efforts have also been invested in
modifying groove geometry to minimize the efficiency loss.
For example, Weichert et al. [13] propose a self-regulating
casing treatment that maintains the circulation in the groove at
low flow rate to delay stall, but minimizes flow into the groove
at high flow rate to improve the efficiency. They achieve a 6%
increase in stall margin and 0.8% efficiency loss.

In spite of their significance, there are very few
experimental studies that resolve the interactions of tip flow
with ACGs, in great part due to the challenging task of
measuring the flow in the confined rotor tip region. To address
this access problem, in the JHU facility the refractive index of
the acrylic blades and casing are matched with that of the fluid,
an aqueous sodium iodide solution. This approach provides
unobstructed optical access to the blade tip region, but is
limited to incompressible flows. Relevant previous work
performed in this facility has resolved the flow structure in the
rotor blade tip region, including in the tip gap [14-18].
Velocity, vorticity and turbulence data for the present machine
without grooves have been included in previous publications
[19-22], including detailed characterization of the mechanisms
leading to the onset of stall. A recent study using ACGs skewed
by 45° and partially overlapping with the blade LE, following
Miiller et al. [2], has focused on the stall delaying mechanism at
low flow rate [1]. Three contributing flow features have been
identified, including suction of the TLV into the groove, as well
as periodic modification to the flow angle and the
circumferential velocity near the rotor blade leading edge.

The present study expands these efforts by emphasizing on
the interactions of the tip flow with ACGs at/near the BEP. Our
main objective is to identify mechanisms that contribute to the
loss of efficiency at high flow rates. The previously observed
40% reduction in stall flow rate, but slight pressure rise
degradations at high flow rates [1] are supported by efficiency
measurements showing that the ACGs cause a 2.4% peak
efficiency loss, but substantial improvements at lower flow
rate. The flow is characterized using qualitative flow
visualization by cavitation, and quantitative SPIV
measurements. The results are compared with those obtained at
lower flow rate and in the same machine with a smooth
endwall. Unlike the observations at low flow rate, where most
of the TLV is entrained into the groove, near the BEP,
substantial fractions of the TLV escape and develop
downstream to the groove. Yet, periodic interactions of the
blade and tip leakage flow with the grooves cause

“discontinuities” in the TLV trajectory, and formation of a
counter-rotating corner separation vortex near the downstream
corner of the groove, which fragments the TLV and is a major
generator of turbulence. The grooves also increase the inflow
angle near the blade LE and modify the blade load distribution.

NOMENCLATURE
Ar = through flow area
¢ = rotor blade tip chord
h = width of the rotor blade tip gap
H = rotor blade span
k = turbulent kinetic energy
L = nominal distance from the hub to the inner

casing endwall
Dexit = Static pressure at stator outlet

pin = static pressure at IGV inlet
Q = volumetric flow rate
r, z, 8 = radial, axial and circumferential coordinates
r* = Normalized radial coordinate
s = rotor blade chordwise coordinate
T = motor input torque
u,, u, uy = radial, axial and circumferential velocity
Ur = rotor blade tip speed

U, = tip leakage flow normal to the blade chord in
the rotor reference frame

u' = velocity fluctuation

V, = average axial velocity in the rotor passage

p = Nal solution density

¢ = flow coefficient

wss = static-to-static pressure rise coefficient
w, wy = radial and circumferential vorticity
Q = rotor angular velocity
<> ensemble-averaged quantity

Table 1 Stage relevant geometrical parameters

Casing diameter (D) (mm) 457.2
Hub radius (7)) (mm) 182.9
Rotor passage height (L) (mm) 45.7
Rotor diameter (Dg) (mm) 453.6
Rotor blade chord (¢) (mm) 102.6
Rotor blade span (H) (mm) 43.9

Rotor blade stagger angle (y) (deg) 58.6
Rotor blade axial chord (ca) (mm) 53.5
Measured tip clearance (#) (mm) 1.8 (0.0175¢ or

0.041H)
Axial casing groove diameter (mm)  34.8
Groove skew angle (deg) 45
Total number of grooves 60
Shaft speed () (rad s™) {RPM} 50.27 {480}

Rotor blade tip speed (Ur) (ms™) 11.47

Reynolds number (Urc /v) 1.07 x 106
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EXPERIMENTAL SETUP

The one-and-half stages compressor has a 20-blade inlet
guide vane (IGV), a 15-blade rotor and a 20-blade stator
(Fig.1a), with blade geometries based on the low-speed axial
compressor (LSAC) facility at NASA Glenn [16,23]. Detailed
descriptions of the compressor can be found in [21,22] for a
smooth endwall, and in [1] for the same system containing
ACGs. Table 1 shows relevant geometrical parameters of this
machine. The working fluid is a 62%-63% by weight aqueous
sodium iodide solution, whose refractive index matches that of
the acrylic casing and rotor blades. The kinematic viscosity of
the solution is around 1.1x10° m’s™ [24] and its specific
gravity is about 1.8. Following Miiller et al. [2], as shown in
Fig.1 bé&c, the semi-circular grooves have a diameter of
34.8mm (65% C,), of which 33% overlap with the rotor, and
the rest extend upstream of the rotor. The four-per-passage
grooves are evenly spaced and skewed by 45° towards the
rotation direction of the rotor (Fig.lc). The grooves are
machined in an acrylic ring and then installed around the rotor.
The directly measured tip clearance in the sample area is
1.8mm, i.e. 3.4% of the axial chord, and 4.1% of the blade
span.
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Figure 1: (a) Configuration of the one and a half stages

compressor. (b and ¢) The ACG configurations. All dimensions
are in mm.

The compressor is installed in the JHU closed-loop
refractive index-matched facility, whose detailed description is
provided in [14-16]. The rotor is driven by a precision-
controlled AC motor whose speed is fixed at 480 RPM during
current experiments. A 20 HP auxiliary pump has been added

to the other side of the loop, allowing us to operate the
compressor at higher flow rate than before. Based on the tip
speed of the rotor and chord length, the Reynolds number is
1.07x10°%. The rotor blade phase is monitored by a shaft
encoder, enabling us to perform synchronized measurements at
desired phases. A strain gauge based torque meter
(SensorData® T261-STD-A) integrated with the shaft before it
penetrates the loop is used for measuring the power input to the
machine. This sensor has been calibrated by the manufacturer
prior to the experiments, and they claim that the specified
uncertainty is in the order of 0.1% for the present conditions.
The torque required to overcome the resistance of the bearing
system and rotor hub has been measured by running the rotor
hub with flush blanks replacing the rotor blades under the same
conditions as the experiments. This torque is subtracted from
the measured values when the torque applied on the blades is
calculated. The static pressure difference across the machine is
monitored by a differential pressure transducer connected to
pressure ports upstream of the IGV and downstream of the
stator [16,21]. The volumetric flow rate is measured by
integrating the velocity profile obtained from translating a Pitot
tube in the radial direction in the return line of the loop. The
data for each point in the performance curve is recorded after
operating the machine for several minutes under the same
conditions. Accounting for all the contributors, the uncertainties
associated with measured head rise, flow rate and efficiency are
around 1.2%, 1.7% and 2.2%, respectively. The uncertainty in
efficiency includes effects of measurements of flow rate,
pressure rise, torque, and even speed (small). The uncertainty in
pressure coefficient (1.2%) accounts for the transducer’s
accuracy and standard deviation of results integrated to a single
averaged value (200,000 data points). The uncertainty in flow
coefficient (1.7%) includes effect of transducer accuracy, Pitot
tube location and standard deviation of variations in data. The
uncertainty in torque (very small) includes effects of all the
sensors, subtraction of the torque without blades, and speed.
The flowrate and pressure rise are the main contributors to the
uncertainty in efficiency.

The facility is equipped with a half-filled tank located
above the loop to control the mean pressure. Cavitation induced
at low-pressure conditions is used to visualize vortical
structures in the rotor passage. During these visualization tests,
the flow field is illuminated by halogen lamps and images are
recorded by high speed cameras. During SPIV measurements,
the pressure is increased and kept high to suppress all kinds of
cavitation.

The SPIV setups for measurements in meridional and
nearly radial (z, ) planes are shown in Fig. 2. To satisfy the
imaging conditions, the lenses are tilted by the Scheimpflug
angles relative to the imaging arrays, with their axes are aligned
perpendicularly to the acrylic prism surfaces. The beam of a
dual head, 200mJ/pulse Nd:YAG laser is expanded to a 1mm
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thick laser sheet to illuminate the flow field, which is seeded
with 13um, silver coated hollow glass particles. As discussed in
[25], these particles have a specific gravity of 1.6, i.e. slightly
less than the fluid, but they are expected to follow the flow for
the present conditions. The delay between exposures is fixed at
20ps. As shown in Fig. 2a, in most the present meridional plane
measurements, the laser sheet is cutting through the center of
the groove marked as GO at the inner surface of the casing
endwall. In sample data aimed at elucidating certain trends, we
also provide results for the meridional plane aligned with
6 =1.5°, which nearly intersects with the forward end of the
groove. In Fig. 1b, grooves located in the positive
circumferential direction are named G1, G2, etc., while those
located to the other direction are named G-1, G-2, etc. The
particle images are recorded by a pair of Imperx B6640 CCD
cameras (6600x4400 pixels) using a field of view of 46.3x42.6
mm®. Data have been acquired at two different axial locations,
covering most part of the blade passage. In Fig. 2b, a pair of
2048x%2048 pixels PCO 2000 cameras is used to record data in
two planes that are aligned perpendicularly to the radial
direction in the middle of the GO groove. Since these planes are
flat, their distance from the endwall decreases with increasing
6. When the blade span is vertical, plane R1 intersects with the
blade tip at »* = 0.96, and plane R2 cross the radius in the tip
gap at r* = (0.98. Here, r* is the normalized radial coordinate,
defined as r*=(r-ru.)/L, where L is the distance between the
hub and the casing endwall. The field of view is 47.9%52.43
mmz, covering both GO and G1, as shown in Fig. 1b. Note that
due to the casing curvature, planes R1 and R2 are located close
to the entrance to groove G1, where they are no longer aligned
in the radial direction. SPIV data have been recorded at two
flowrates, »=0.35 and 0.38, with the latter, as shown later,
corresponding to BEP of the untreated machine. Here,
p=V7/Ur, where is V7 is the spatially averaged axial velocity in
the rotor passage and Ur is the tip speed. We also have
previously obtained data for ¢=0.25 [1,22], which corresponds
to pre-stall conditions of the untreated machine. Calibration of
the SPIV system consists of a two-step process, following
Wieneke [26]. The first step is performed by lifting the entire
imaging system vertically to record images of a dotted target
translated in a box filled with the same working fluid. In the
second, fine self-calibration phase, the system is lowered back
to record and correlate images of particles located in the actual
sample area [26]. Further details can be found in [20-22].
Image preprocessing includes background removal and
application of a modified histogram equalization algorithm
described in [27]. The vector maps are calculated by a multi-
pass FFT-based cross-correlation commercial software LaVison
DaVis®. Post-processing consists of application of a universal
outlier detection algorithm [28] to reject spurious vectors. With
50% overlap, the final interrogation window size is 32x32
pixels for the meridional planes, and 24x24 pixels for the (z, 6)
planes, resulting vector spacing of 0.142mm and 0.251mm,
respectively. Our previous studies [15] have shown that the
uncertainties in  instantaneous velocities are around
0.4~0.8%U7, as long as there are at least 5 particles in each

interrogation window. The ensemble-averaged results are
expected to have an order of magnitude lower uncertainty.

In this paper, data will be presented in the cylindrical
coordinate system (7, 6, z) centered at the compressor center.
The corresponding instantaneous velocity components are (u,,
ug, u,). Unless specified, the velocity components are all
presented in the lab reference frame. Ensemble-averaged
components (U,, Uy, U,) are obtained by averaging at least
1000 realizations recorded under the same blade orientation and
flow conditions. More than 1500 realizations of the velocity
fluctuations, defined as u;/- u;-U,, are used for calculating the
statistics of turbulence parameters. The blade orientation/phase
is represented by the blade chord fraction (s/c), which indicates
the point where the meridional plane laser sheet (at GO center)
cuts the blade chord. Data have been recorded at 14 blade
phases covering an entire blade passage for each setup and each

flow rate.
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Figure 2: Experimental setups for (a) SPIV in meridional
planes, and (b) SPIV in (z, 0) planes.
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RESULTS AND DISCUSSIONS
Performance and efficiency

Figure 3 compares the performances of the machine with
and without ACGs. The static-to-static head rise coefficient is
defined as yss=(Pexic-Pin)/0.5p UTQ, where Pei-Pi, represents the
pressure rise across the entire machine. The efficiency of the
machine is calculated from #=(Pexi-Pin)Q/T2, where Q is the
volumetric flow rate and 7 is the torque measured after
subtracting the effects of bearings. They are both plotted
against the flow coefficient, p=V,/Ur, where Vz- Q/Ar and Ar
being the through-flow area. Figure 3a shows that the stall
onset flow coefficient decreases from ¢=0.25 without grooves
to ¢<0.15 when ACGs are installed. The most prominent
mechanism causing the onset of stall in untreated endwall
involves formation of backflow vortices (BFVs) that propagate
from the SS of one blade to the leading edge of the next blade.
The origin of the BFVs is described in [21]. Installation of the
grooves, as discussed in [1], has three primary effects, namely
suction of the TLV into the groove, periodic modifications to
the flow angle (leading edge loading), and reduction in the
circumferential velocity near the leading edge of the blade,
which suppresses the formation of the BFVs.

However, at ¢>0.36, the grooves cause a slight decrease in
wss. Figure 3b shows that the BEP for the untreated machine is
»=0.38, where #=0.84. Adding the grooves causes a 2.4%
decrease in efficiency at ¢=0.38, and shifts the BEP to ¢~0.36.
The lower efficiency at ¢p=0.38 is associated with both a lower
head rise and a higher torque. The efficiency of the two cases is
almost the same at ¢=0.35. At lower flow rates, the grooves
cause a slight increase in efficiency, indicating that the
dramatic improvements in pressure rise co-occur with a similar
increase in torque.

The flow visualizations and velocity measurements have
been performed at three different flow rates: ¢=0.25 which
corresponds to the pre-stall condition of the machine without
casing groove; ¢=0.35 when the two cases have similar
efficiency but the head rise coefficient is higher for the grooved
case; and ¢=0.38 which is the BEP for the untreated rotor. The
reason for focusing on ¢=0.35 is the previously obtained vast
database on the flow structure and turbulence without grooves
under the same condition.

Flow visualization of vortical structures by cavitation

Figures. 4a and b present two sample cavitation images at
two blade phases at 9=0.35, which are aimed at highlighting the
interactions of the tip region vortical structures with ACGs. In
both cases, the TLV has multiple kinks. In Fig. 4a, which
corresponds to s/c=0.33, the blade mid chord overlaps with the
GO0 groove corner, and the LE passes above the G1 groove. The
TLV initially rolls up between GO and G1, as indicated by the
tip leakage cavitation, which indicates strong tip leakage flow
[16], and the thin vortical filament aligned the blade SS. The
insert in Fig. 4a shows that part of a vortical structure
originating from the PS is entrained into the GO groove corner.
As shown later, this entrainment is caused by an intermittent
radial jet that peaks when the downstream end of the groove is

exposed to the pressure side of the blade. Similar entrainment
of vorticity originating from the PS have been observed at
»=0.25 [1]. Further along the SS, the TLV appears to be
aligned with the downstream end of the GO groove, even
beyond the this groove, but then starts meandering as it begins
to interact with the G-1 groove. Fig. 4b shows a different phase,
corresponding to s/c=0.55. The presence of multiple structures
and a discontinuity in the TLV trajectory appear to develop
near the GO groove corner. In particular, a pair of vortical
structures appears to be aligned with the downstream end of
this groove. The SPIV data presented later in this paper indicate
that these structures correspond to a pair of counter-rotating
vortices, the downstream one being part of the TLV, and the
upstream one being a separation vortex at the groove corner. As
a comparison, Fig. 4c shows the TLV at ¢=0.38, where the
noticeable leakage flow and TLV rollup occur at higher s/c
compared to the images at ¢=0.35, and substantial fractions of
the TLV develops downstream of the grooves. Yet, the TLV is
still parallel initially to the edge of the GO groove, but then has
a kink before it reaches the G-1 groove.

SPIV measurements in meridional planes

Ensemble-averaged circumferential vorticity distributions
and vectors of in-plane velocity components (U, U,) in the
center meridional plane of GO, at four different phases, and at
»=0.35, with and without casing grooves, are shown in Fig. 5.
The fields of view in Fig. 5a-d are expanded by patching results
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Figure 3: Performance curves with and without the axial casing
grooves. (a) Static head rise and (b) efficiency.
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Figure 4: Sample cavitation images showing Vortlcal structures in the rotor passage with ACG (a and b) at 9=0.35 for two different
blade phases, and (c) at p=0.38. Entrances to the grooves are indicated by solid white lines, and their outlines are marked by dashed

lines.

obtained at two different axial locations. In Fig. 5a, the blade
PS is aligned slightly ahead of the downstream corner of the
groove, resulting in generation of a rapid radial jet straight from
the PS into the groove. This jet presumably carries with it part
of the PS boundary layer vorticity, which appears to be
distributed along the blade tip and to a lower extent in the SS.
A distinct TLV has not formed yet, similar to the corresponding
smooth endwall trend shown in Fig. Se. The velocity magnitude
of the outflow from the groove at -0.4<z/cx<-0.15 is much
lower than that in the inflow jet. Upstream of the blade, a broad
shear layer containing relatively low positive vorticity is
aligned parallel to the endwall and extends from the groove
upstream corner to the vicinity of the blade SS. Another region
with elevated vorticity and a circulating flow pattern appears
downstream of the PS, starting from z/cy=0.4. This region
contains vorticity associated with the tip vortex of the previous
blade passage. The broad region is caused by TLV breakup, as
discussed in several of our previous papers [16,20,21].

At s/c=0.33 shown in Fig. 5b, the blade tip is located under
the downstream corner of the groove, at nearly the same
orientation relative to the GO groove in Fig. 4a. Vorticity
originated from the blade PS is carried in part into the groove
by the still strong jet, and the rest is entrained into the SS as the
TLYV starts rolling up. A negative vortex containing the endwall
boundary layer vorticity begins to develop as the tip leakage
flow separates at the downstream corner of the groove. We
refer to this structure as a corner vortex in subsequent
discussions. In contrast, Fig. 5f shows that a distinct TLV is
already formed near the blade tip SS corner for the smooth
endwall.

In Fig. 5c, at s/c=0.55, when the blade SS is located
downstream of the groove. This phase is similar to that of the
flow relative to GO groove in Fig. 4b. Here, the negative corner

vortex grows into a large structure, which is centered radially
inward from the endwall, i.e. it occupies part of the main flow
passage. It forms a counter-rotating vortex pair with the TLV,
which presumably corresponds to the parallel structures located
on both sides of the corner evident in the cavitation image
shown in Fig. 4b. Interactions of the corner vortex with the
TLV appear to have several effects. First, flow induced by the
TLV is likely to be the cause for the radial inward migration of
the corner vortex. Second, flow induced by the corner vortex
broadens the area occupied by the ensemble-averaged TLV.
Accordingly, the associated peak vorticity is substantially lower
than that measured near the smooth endwall (Fig. 5g) in spite of
the higher overall circulation near the grooved endwall (data
will follow). To elucidate some of the processes involved, Fig.
6 provides an instantaneous sample at the same phase, showing
that the TLV is fragmented with some of its parts forced to
remain near the groove corner by flow induced by the corner
vortex. Third, at this phase, the rapid jet into the groove is
diminished, and the flow around the downstream corner of the
groove is driven mainly by corner vortex. Consequently, there
is radial inflow into the groove at 0.1<z/c5<0.15, and a negative
radial velocity (outflow) near the corner. The velocity in the
rest of the groove is much lower implying that most of the tip-
groove interactions are concentrated at the downstream corner.
In addition, Figs. 5c and d display additional notable trends.
First, there is a low-speed radial flow into the groove near its
upstream end, at z/ca~-0.43, which exits from the groove well
upstream of the blade, around z/C,=-0.3. Hence, the associated
shear layer becomes wavy. Second, downstream of the blade, a
circular flow with elevated vorticity, which is associated with
the TLV of the previous blade, has already reached the PS of
the blade.
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Figure 5: Ensemble-averaged vorticity (<wy>/Q) distributions superimposed on vectors of (U,, U,) in meridional planes with casing
grooves (left column) and a smooth endwall (right column) at p=0.35. The chord wise locations are indicated above each plot along
with a reference vector showing Ur. Arrows in (d) highlight the counter-rotating vortex pair. Vectors are diluted by 3:1 in both

directions for clarity.

At 5/c=0.66, Fig. 5d shows that the blade section aligned
with the sample meridional plane is already located “far”
downstream of the groove. Yet, the counter-rotating vortex pair
persists, but with a lower peak vorticity. The area containing
positive vorticity associated with the TLV is larger than that
observed in at lower s/c, and much larger than the size of the
TLV of the smooth endwall (Fig. 5h), where the TLV is still

compact and has a higher peak vorticity. The axial extent of the
huge area covered by positive vorticity associated with the TLV
still starts near the groove corner, while the center of swirl
moves downstream. The radial extent of this region also
expands to r*<0.8. Yet, the inflow and outflow around the
downstream corner of the groove is still dominated by the
corner vortex.
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To demonstrate the influence of flow rate on the flow
around the groove corner, Fig. 7 compares the flow fields at
»=0.25, 0.35 and 0.38, all at s/c=0.44. At ¢=0.25 (Fig. 7a),
there is still a strong inflow into the groove in the downstream
end, and an outflow at the upstream end, which extends deeper
into the passage. Accordingly, the entire corner vortex is
located inside the groove, and there is no radial outflow at the
downstream end. This fast inflow entrains part of the blade
circulation into the groove, preventing it from being rolled up
into the TLV. Consequently, the TLV circulation starts to
decrease starting at mid-chord [1]. Additional data for this flow
rate at other phases can be found in [21]. The distributions of
<wg> at p=0.35 and 0.38 (Figs. 7b and c, respectively) contain
a corner vortex and a radial outflow at the downstream corner,
but the size and strength of this structure decrease with
increasing flow rate. Furthermore, consistent with the delayed
TLYV rollup and leakage flow observed in the cavitation images,
the TLV strength and area also decrease with increasing flow
rate, at least up to s/c=0.44. In the upstream end of the groove,
the direction flow changes from a strong outflow in the
upstream at p=0.25 to a weak inflow into the groove at ¢p=0.35,
which increases slightly at ¢=0.38 (discussion follows). Finally,
the shift in the location of the corner vortex with increasing
flow rate impacts the flow at higher chord fractions as well. In
particular, Fig. 8 shows that for »=0.38 and at s/c=0.66, the
negative corner vortex is already located within the passage. In
contrast, at »=0.35 and the same location, Fig. 5d shows that
only the bottom half of this structure is inside the main passage.
At even higher s/c (not shown), the clear elevated negative
vorticity region upstream of the TLV persists at ¢=0.38 all the
way to the trailing edge of the blade. Conversely, a diminishing
signature of this corner vortex remains latched to the groove

corner at p=0.35. It is worth noting that for the smooth endwall
and present tip gap, the negative vorticity originating from the
endwall boundary layer remains near the casing, and is not
entrained away from the wall by the TLV (Figs. 5g &h, [22]).

SPIV measurement results — (z, 0) planes

Figure. 9 provides color contours of U, and <w,> and
vectors of (U, U,) in the (z, 6) planes located at »*=0.96 and
0.98 (see Fig. 2b), all for s/c=0.33 and ¢=0.35. This phase
corresponds to those in Figs. 4a&5b. The »*=0.96 plane in Fig.
9a nearly coincides with the blade tip. The positive U, along
most of the blade PS indicates radial flow into the tip gap. The
elevated U, in the PS area coinciding with the G1 groove
represents inflow into the groove. The *=0.98 plane coinciding
with the tip gap shown in Fig. 9b displays a strong radial inflow
jetting into the GO groove in the high & (high y/L) edge of the
downstream corner, where the blade PS is located just beyond
the groove. It also shows radial inflow into the G1. The outflow
from both grooves, with negative U,, is concentrated near the
high 6 region of the upstream corners. The sharp transition in
the sign of U, along the blade SS in Fig. 9a is induced by the
TLV, and can be used to identify its trajectory. Similar to the
cavitation image in Fig. 4a, the TLV has a kink at the high
0 corner of the GO groove, at the same location as the strong
radial inflow into the groove (Fig. 9b). The negative U,
upstream of the radial jet is induced by the TLV, which at this
phase is located above the blade tip, consistent with the <wy>
distributions presented in Fig. 5b. The radial vorticity
distributions in the tip gap (»*=0.98, Fig. 9d) show that the jet
is bounded by a pair of counter-rotating vortices, but there is no
sign for this vortices at #*=0.96 (Fig. 9¢). This phenomenon is
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the vortex-groove interactions. (a) U, contours in a radial plane
at 7*=0.96. (b and c¢) <wy>/Q distributions at two meridional
planes.

caused by entrainment into the groove of the PS vorticity by the
radial jet. Fig. 9e is a qualitative visual aid aimed at illustrating
this process. The PS boundary layer vorticity has positive
<wg>. When this vorticity is pulled into the groove at the
corner, it creates counter-rotating vortex filaments that cross the
radial plane coinciding with the tip gap (Fig. 9d), but has
limited signature in the »*=0.96 plane (Fig. 9c) except for a
mild change in the sign of <w,> on the PS. The fast
entrainment of flow originating from the PS is also consistent
with the cavitation image in Fig.4a. In fact, there are two
possible origins for the positive circumferential vorticity
appearing near the PS corner of the blade tip. The first is the PS
boundary layer, and the second involved entrainment of
upstream parts of the endwall boundary layer by the blade PS,
which prior publications refer to as a scraping vortex [29].
Given the present relatively large gap as well as the fact that the
elevated PS positive vorticity appears well below the (e.g. Fig.
5), we believe (but cannot verify) that the PS boundary layer is
the primary origin of the positive vorticity near the PS corner.
To further understand the impact of entrainment of vortex
filaments into the groove caused by the rapid jetting, Fig. 10
provides sample results for ¢=0.25 and s/c=0.33. The U,
distributions at »*=0.96 and ¢=0.25 (Fig. 10a) shows similar
kinks in the TLV trajectory along the blade SS and radial
jetting into the grove when the blade PS is aligned with the
downstream end of the groove. However, the radial velocity
magnitudes are much higher than those measured at ¢p=0.35,
consistent with the increased blade loading with decreasing
flow rate and the results presented in Fig. 7. Figure 10b shows
the distributions <w,> and (U, U,) in the 0; meridional plane,
which intersects with the entrance to the groove close to its
high 6 corner, as illustrated in the insert. This plane is located in

the same area as the high speed radial jet discussed before,
enabling us to observe the flow structure in this region. Several
phenomena are evident from Fig. 10b. First, a high-speed jet
originating from the blade PS penetrates into the groove.
Second, apart from the distinct TLV near the blade SS, another
vortex with <wg> >0 originating from the blade PS is located
inside the groove, at the upstream edge of the jet. There is no
sign of the positive vortex in the 0, plane cutting through the
groove center, and the corner is dominated by the corner
vortex. These observations along with those seen in Figs. 9a-d
are consistent with the illustration presented in Fig. 9e. As part
of the PS vorticity is entrained into the groove by the jet,
instead of rolling up into the TLV, it alters TLV trajectory,
keeping the vortex concentrated near the downstream corner of
the groove. Note that the variations in the magnitude of U,
along the blade SS might also be affected by radial variations in
the location of the TLV center evident by comparing the radial
location of the TLV in Figs. 10b and c. In Figs. 10b the TLV
center is located above the »*=0.96 plane, but at the center of
the groove (Fig. 10c) the TLV center nearly coincides with this
plane.

The tip flow-groove interactions at s/c=0.55 and ¢=0.35
are shown in Fig. 11. Here, the blade SS is located downstream
of the GO groove, as shown also in Figs. 4b and 5c. At r*=0.96
(Fig. 11a), the TLV signature still has a discontinuity near the
high 6 corner of the GO groove. However, in this case, the same
area has a strong flow aligned almost perpendicularly to the
blade chord. This flow is much weaker in the »*=0.98 plane
(Fig.11b), where TLV signature essentially disappears. Instead,
the radial velocity in the downstream corner of the GO groove
shows transition from positive to negative U,, consistent with
the flow induced by the corner separation vortex, as shown in
Fig. 5c. Figure 11b also shows the rapid change in the direction
of U, as the tip leakage flow meets the incoming main passage
flow, also consistent with the meridional plane data (Fig. 5c). In
this phase, both the inflow and outflow from GO groove are
weak. However, consistent with the blade location, there is still
strong jetting into the Gl groove in the region where it is
exposed to the blade PS, and accordingly, a higher outflow
from the upstream end.

The <w,> distributions in Figs. 1lc&d show more
complicated vortex-groove interactions. First, in Fig. llc, a
positive radial vortex is located in the middle of the GO groove
downstream end. It is bounded on both sides with regions
containing negative <w,>. The high-speed flow perpendicular
to the blade chord is bounded by the positive vortex on one end
and a weaker negative vortex on the other. In Fig. 11d, at
r*=0.98, the previously discussed vortex pair observed at
s/c=0.33 appears to persist in this phase as well. However, the
positive vortex in the middle of the groove might also be
related to the negative vorticity layer/line appearing at y/L<-0.1.
The qualitative illustration in Fig. 11e is an attempt to provide a
plausible explanation for these observations. The red vortex
line is similar to that observed at s/c=0.33 and discussed before.
It is formed initially by the entrainment of the PS vorticity, but
due to the low flow into the groove in subsequent phases, it
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persists near the downstream corner of the groove. In addition,
the blue vortex line in Fig. 11e corresponds to the corner vortex
with <wy><0 resulting from the endwall boundary layer
separation. This structure migrates radially outward in the
middle of the groove, consistent with Fig. 5c, but has to
connect with the endwall boundary layer at a lower » on both
sides of the groove. The combined effect of these two 3D
structures appears to be consistent with the velocity and
vorticity distributions presented in Figs. 11a-d. Both structures
contribute to the positive <w,> in the middle of the groove and
the negative <w,> on both sides of the groove. However, one
should keep in mind that the proposed plausible illustration in
Fig. 1le has to be proven either by volumetric three-
dimensional velocity measurements using e.g. tomographic
PIV, or by systematic measurements in a series of closely
spaced parallel planes.

Samples characterizing the interactions of the tip flow with
the groove at ¢=0.38 and s/c=0.55 are presented in Fig. 12.
Except for differences in magnitudes and slight shift in
locations, the depicted flow structure is similar qualitatively to
that recorded at ¢p=0.35 (Figs. 11a&b). The TLV discontinuity
is evident in Fig. 12a, where the downstream shift in the
location of the TLV center is consistent with Fig. 7c. The
weaker signature of the corner vortex as well as the flow jetting
into the G1 groove can be seen in Fig. 12b. On the upstream
end, Fig. 12b shows that there is a radial outflow from the
corners/edges of the grooves, and a weak inflow in the middle
of the grooves. The magnitude of this outflow is weaker and
that of the inflow is stronger than those at ¢=0.35 (Fig. 11b).

Changes in flow angle and blade loading

Figures 13a and b compare the distributions of flow angle
in the rotor reference frame at ¢=0.35 without (Fig. 13a) and
with (Fig. 13b) ACGs in a meridional plane located upstream of
the blade LE (s/c=-0.11). For convenience, the location of the
blade LE, which is about to enter the field of view is marked by
dashed lines. As is evident, in the tip region, the grooves
increase the flow angle close to the blade LE by a maximum of
7°. This increase diminishes with decreasing radial location,
and is hardly noticed at r*<0.84, indicating that interactions
with groove only affect less than 16% of the blade span. A
radial view of the flow angle at r*=0.96 under the same
conditions is provided in Fig. 13c. As is evident, as the blade
tip LE travels across the grooves, it experiences peak to peak
periodic fluctuations in flow angle of around 5°. For
comparison purposes, Fig. 13d demonstrates the periodic
variations in flow angles at ¢=0.25, which is discussed in [1].
Here, the faster outflow from the groove increases the peak-to-
peak variations in flow angle to 10°. The radial extent of these
variations is also higher at p=0.25, consistent with Figs. 7a and
b. These observations confirm that the influence of the groove
on the flow around the blade LE increases with decreasing flow
rate.
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Figure 14 examines the effects of the ACGs on the
magnitudes of positive circulation on the blade SS (Fig. 14a),
and the tip leakage flow (Fig. 14b). The circulation is
calculated by integrating the circumferential vorticity in the
regions that it is positive over the entire SS. Unlike previous
studies, we do not attempt to separate between vorticity
entrained into the TLV and that located in the shear layer
connecting the TLV to the SS tip corner since the boundary
between them is fuzzy. The tip leakage flow strength, denoted
as U", is obtained by (radially) averaging the velocity across the
tip gap in a direction normal to the blade chord in the rotor
reference frame. Due to variations in the blade location relative
to the groove, at s/c=0.33 the leakage velocity is integrated in a
plane coinciding with the downstream corner of the groove. In
other phases, the calculation is based on integration along the
SS tip corner. As is evident from Fig. 14a, at ¢=0.25 and 0.35,
the circulation in the grooved endwall is persistently higher
than those of the smooth endwall. While the periodic
entrainment of the TLV into the groove at p=0.25 decreases the
TLYV strength at mid chord [1], at 9=0.35, the circulation keeps
on increasing, but at a slower rate at s/c>0.55. This slower
growth rate downstream of the groove suggests reduction in
blade loading in the aft part of the blade. Hence, in spite of the
entrainment of parts of the TLV into the groove, the remaining
parts are still stronger than those of the smooth wall. This trend
suggests that the groove causes an upstream shift in blade
loading. Increasing the flow rate to ¢=0.38, reduces the TLV
strength at low s/c, but the growth rate does not appear to
diminish in the aft parts. Examination of the trends of leakage
velocity is another way of evaluating the variations in blade
loading since U', s expected to increase with pressure
difference across the blade. Figure 14b shows that for ¢=0.35
and at s/c=0.33, the grooves increase the tip leakage velocity

significantly, consistent with higher circulation there, and the
previously mentioned shift in blade loading towards the leading
edge of the blade. This shift is consistent with the higher flow
angle (Fig. 13) near the LE. For the smooth endwall, the
leakage peaks at s/c=0.44, and decreases slowly further along
the blade. Conversely, for the grooved endwall, U*,, decreases
monotonically in our measurement range. This decrease is also
consistent with the change in the slope of the circulation at
9=0.35 at mid chord. The profiles of U’, at ¢=0.38, for which
we do not have data without grooves, are similar to those at
¢=0.35.

A note on the distribution of turbulence

Figure 15 provides a sample comparison of turbulent
kinetic energy (TKE) distributions with (Fig. 15a) and without
(Fig. 15b) casing grooves. The TKE is defined as
k=o,5(ﬁ+lﬁ+ﬂ) and can be used in the present
discussion as a statistical measure of flow instabilities. In Fig.
15a, the TKE level is high around the centers of the TLV and
corner vortex, as well as in the shear layer connecting the TLV
to the SS corner. The area with elevated TKE in the grooved
endwall case is much broader than that of the smooth casing,
but the peak value near the TLV center and in the shear layer
are lower. The wide area with elevated TKE in the PS of the
blade in Fig. 15a is associated with remnants of the TLV
originating from the previous blade. Similar phenomena have
been observed before for the smooth endwall as well [1,22].
Using a significantly different scale, Fig. 15a also shows that
the TKE is elevated in the shear layer originating from the
upstream end of the groove and separating between the main
passage flow and slow circulating flow inside the groove. This
elevated turbulence representing loss of mean flow kinetic
energy is likely to adversely influence the efficiency of the
machine.

SUMMARY AND CONCLUSIONS

Consistent with previous studies [9-11], the axial casing
grooves effectively delay the onset of stall at low flow rates,
but degrade the performance of the machine around the best
efficiency point. SPIV measurements and flow visualizations
have been used for investigating the flow mechanisms involved
and comparing them to those observed near a smooth endwall.
The skewed semicircular, four-per-passage ACGs are based on
those described in Miiller et al. [2]. They partially overlap with
the rotor blade LE, and the rest extend upstream. The present
measurements have been performed close to and at the BEP.
The complement data obtained under the pre-stall conditions of
the untreated rotor [21], and previous measurements at low
flow rates using the same grooves [1]. Combined, the extensive
experimental database elucidates many of the complicated
interactions of the blade tip flow with the grooves.
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While it is difficult to summarize all the observed
phenomena in a few sentences, several appear to be particularly
important. The radial inflow into the groove peaks periodically
when the blade PS is aligned with downstream corner of the
groove. The resulting rapid radial jet entrains vorticity
originating from the PS boundary layer into the groove,
preventing it from rolling up into the TLV. This process forms
a three-dimensional structure that appears as a counter-rotating
pair of radial vortices at the entrance to groove, and causes a
kink in the TLV trajectory. During this period, there is a weak
outflow from the upstream end of the groove. The inflow into
the groove diminishes when its downstream end is exposed to
the blade SS. Instead, separation of the endwall boundary layer
as the backward leakage flow reaches the downstream corner of
the groove generates a large corner vortex, which rotates in the
opposite direction of the TLV. At low flow rates, this corner
vortex is forced into the groove, and has a limited influence.
Conversely, near the BEP, as the PS driven inflow into the
groove diminishes, interactions of the corner vortex with the
TLV become the dominant flow phenomenon. At ¢=0.35, this
corner vortex lingers around the downstream corner of the
groove, causing fragmentations of the TLV, and generating a
broad area with high turbulence level. At ¢=0.38, the corner
vortex remnants migrate away from the groove together with
the TLV, and can be detected even at the blade trailing edge.

During periods of increased inflow, there is also a weak
outflow from the upstream end of the groove. However, in
other phases, most of the high secondary flows are confined to
the downstream corner, and the flow in the rest of the groove is
limited to slow circulation with a growing shear layer
separating it from the main passage flow. This process persists
until the next blade arrives. The grooves also increase and
cause periodic variations in the flow angle near the blade tip
LE. Accordingly, the magnitudes of circulation shed from the
blade tip and leakage flow also increase near the leading edge.
These observations might guide potential improvements to the
geometry of the grooves that would (e.g.) prevent the lingering
effect of the corner vortex at high flow rates.

Finally, the paper concludes with a discussion about
possible mechanisms that would cause a reduction in efficiency
of the grooved machine at high flow rates. While the flow
around the grooved endwall is extremely complex and the
present measurements examine only a few sections of the flow
domain, the database enables us to identify several of the key
phenomena: First, the periodic outflow from the groove
increases the blade incidence angle, and appear to shift the
blade loading upstream, as confirmed by the increase in leakage
velocity and TLV circulation. Such an upstream shift occurs
also with decreasing flow rate, which involves also a reduction
in efficiency when the machine is operating off its optimized
load distribution. Second, the grooves cause generation of a
series of secondary flow structures, and consequently increase
the area with elevated turbulence in the tip region. In particular,
a sizable corner vortex, which remains confined to the groove
at low flow rates, is entrained by the TLV into the passage as
the inflow into the grooves diminishes with increasing flow
rate. Close to the best efficiency point, the corner vortex
migrates with the TLV and remains noticeable all the way to
the trailing edge. In contrast, the endwall boundary layer
negative vorticity remains close to the endwall in the untreated
passage. Third, interactions of the TLV with this corner vortex
result in a much larger and more broadly distributed TLV
circulation, extending it to »*=0.75 (at s/c=0.66), as opposed to
r*=0.85 for the smooth endwall at the same location (Figs.
5d&h). Clearly, tip leakage effects propagate deeper into the
passage in the grooved endwall at high flow rates. While
suction of the TLV reduces its signature in the passage at
»=0.25, the opposite effects occurs around the best efficiency
point, when the radial velocity into the groove diminishes.
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