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Development and Application of Advanced Measurement 
Techniques for Characterizing and Controlling Flow  

Instabilities in Axial Turbomachines 
 

Joseph Katz 
Johns Hopkins University 

Baltimore, Maryland 21218 

Summary and Report Outline 
This report summarizes the recent progress in a project aimed at characterizing the flow structure, 

instabilities, and turbulence in axial compressors, and also on the utilization of casing grooves for delaying the 
onset of stall without performance degradation at high flow rates. Progress had been hindered by the COVID-
19 laboratory closures and restrictions on the number of people that could be present in the laboratory during 
Fiscal Year 2020. Once the restrictions were lifted, the tasks described in this report were completed.  

The experiments were performed in a refractive-index-matched one-and-half-stage axial compressor 
and consisted mostly of stereo particle image velocimetry (SPIV) measurements. Whereas prior research 
focused on detailed measurements of tip flows, with and without casing grooves, the recent campaign had 
been extended to the entire passage. To enhance the understanding of how the grooves modify the passage 
flows, measurements were performed in a series of axial (r,θ) planes, extending from the tip to the hub of 
the machine, covering an entire passage. The mean velocity (all three components) and turbulence 
measurements were performed upstream of the inlet guide vane (IGV), the IGV-rotor gap, the rotor-stator 
gap, and downstream of the stator, both without and with semicircular axial casing grooves located around 
the rotor leading edge. Additional measurements aimed at elucidating mechanisms were performed in axial 
planes dissecting the rotor and stator passages. Data were acquired at two flow rates, the first corresponding 
to pre-stall conditions and the second to the best efficiency point (BEP) of the untreated endwall. For each 
flow rate, the measurements were performed at several rotor orientations.  

The data demonstrate that the grooves modify the flow structure over the entire passage, not only in the 
tip region. Without grooves and under pre-stall conditions, there is a substantial axial blockage and an 
increase in circumferential velocity in the tip region along with a corresponding increase in axial velocity in 
the hub area. This blockage is directly associated with tip leakage flow structures, including the leakage 
flow, the near-circumferential alignment of the tip leakage vortex (TLV), and the intermittent backflow 
vortices (BFVs). The low-momentum region extends to nearly half of the span at the exit from the rotor. 
Specific flow mechanisms involved are elucidated. The turbulence is particularly high at the transition 
between these regions. Once added, the semicircular grooves entrain parts of the TLV, inhibit formation of 
BFV, and cause periodic variations in flow angle at the blade leading edge (LE). Also, secondary flows 
generated by the outflow from the grooves at their upstream end bring high axial momentum fluid from the 
midpassage to the tip region, making the velocity distribution more homogeneous and reducing the 
turbulence level. The flow inhomogeneity diminishes, and the turbulence level decreases rapidly in the 
stator passage. The only exception is the suction side (SS) boundary layer of the stator blade, where the flow 
separates intermittently, increases the turbulence there, and thickens the blade wake. With the grooves, the 
velocity distribution becomes further homogenized, and the blade wake signature becomes thinner. At the 
BEP, the effect of the grooves on the distribution of momentum is more subtle, but they expand the area 
with elevated turbulence in the tip region, consistent with previous observations in meridional planes. 
Within the stator passage, the ensemble-averaged flow fields with and without the grooves are quite similar. 
Further trends are examined based on analysis of the passage-averaged velocity profiles. For example, at 
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pre-stall, although the grooves affect the axial velocity over the entire blade span, the circumferential 
velocity component is only affected near the casing. In contrast, at the BEP the grooves reduce the 
circumferential velocity throughout the blade span. 

Preliminary results of the measurements described in this report have been presented in the 2021 
ASME Turbo Expo (Ref. 1), and a comprehensive pair of publications has been submitted for the 2022 
conference (Refs. 2 and 3). Two additional papers focusing on earlier data about tip flows and turbulence 
have been published in the Journal of Turbomachinery in 2021 (Refs. 4 and 5). Another paper focusing on 
the structure of turbulence in the tip region has been presented in the 2021 Turbo Expo, and accepted for 
publication in the Journal of Turbomachinery, scheduled for early 2022 (Ref. 6). The experimental setup, 
location of measurements, and a table summarizing all the data recorded under this project are presented 
in Section 2.0. The results are presented in Section 3.0. The mean flow for pre-stall flow rate is presented 
in Section 2.1, and for the BEP in Section 2.2. Passage-averaged profiles are discussed in Section 2.3. The 
structure and mechanisms affecting the evolution of turbulence in the passage at pre-stall are discussed in 
Section 2.4, and those close to the BEP, in Section 3.5. Concluding remarks are provided in Section 3.0.   

1.0 Experimental Setup and Summary of Recorded Data  
The experiments were performed in the refractive-index-matched facility at Johns Hopkins University, 

which has been described in prior publications (Refs. 1, 4, and 6 to 21). The blades (Figure 1(a)) are based 
on the Low Speed Axial Compressor (LSAC) facility at the NASA Glenn Research Center (Refs. 22 and 
23). All the measurements were performed with the machine operating at 480 rpm, resulting in a Reynolds 
number of 1.07×106, based on a tip speed and rotor chord length. The location of axial planes, where the 
measurements have been performed for a smooth endwall are illustrated in Figure 1(a) and listed in Table I. 
The measurements with the semicircular axial casing grooves (ACGs) included were only performed 
between blade rows; that is, the planes identified as pre-IGV, pre-rotor, post-rotor, and post-stator planes. 
Measurements intersecting with the blades were not able to be made at this time, as initially hoped. The 
location of the pre-rotor plane relative to the semicircular ACGs is presented in Figure 1(b). Some of the 
groove dimensions are shown on the figure; additional details can be found in Chen et al. (Refs. 7 and 21), 
and prior numerical studies are involving these grooves are described in Muller et al. (Ref. 24). As is 
evident, the pre-rotor plane dissects the outlet (upstream) end of the grooves, facilitating measurements of 
groove-passage flow interactions.  

The velocity measurements have been performed using SPIV. The optical setup is illustrated in Figure 2, 
and technical details about calibration, uncertainty, resolution, and so forth, have been described in prior 
publications and reports. The axial planes have been illuminated by a 1-mm-thick Nd:YAG laser sheet, and 
images have been recorded by a pair of 6600×4400 pixel interline transfer charge-coupled device (CCD) 
cameras. The present fields of view cover the entire span of the machine and extend circumferentially to 
more than one rotor (or stator) passage. The vector spacing is 0.54 mm for the pre-rotor plane, 0.61 mm for 
the post-rotor plane, and 0.63 mm for the post-stator plane. In the planes dissecting the rotor, the spacing is 
0.60 to 0.62 mm. Data have been acquired for four different rotor orientations, defined based on the 
circumferential angle Θ between the rotor tip leading edge and the vertical direction. These blade tip 
orientations are Θ = 0°, 12°, 24°, and 36°, enabling the observation of how the relative angle between the 
rotor and IGV affect the flow structure and turbulence. In the following discussions, the instantaneous radial, 
circumferential, and axial velocity components are denoted as ur, uθ, and uz, respectively. The corresponding 
ensemble-averaged velocity components for a specific blade orientation are Ur, Uθ, and Uz.; the velocity 
fluctuations are ′ = −i i iu u U ; and ensemble-averaged Reynolds stress components are i ju u′ ′ . The turbulent 

kinetic energy (TKE) is k = ( )0.5 θ θ′ ′ ′ ′ ′ ′+ +r r z zu u u u u u . The instantaneous and ensemble-averaged 
vorticity components are ωi and <ωi>, respectively.  
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Figure 1.—The locations of (a) axial SPIV planes over the entire machine and (b) the pre-rotor SPIV 

plane relative to that of the semicircular axial casing grooves.  
 

TABLE I.—LOCATION OF STEREO PARTICLE IMAGE  
VELOCIMETRY (SPIV) PLANES ILLUSTRATED IN FIGURE 1 

SPIV axial plane Locationa 

Pre-IGV 61 mm upstream IGV LE 

Pre-rotor 13 mm upstream rotor tip LE 

Through rotor near LE 28 percent rotor axial chord 

Through rotor near TE 89 percent rotor axial chord 

Post-rotor 17.5 mm downstream rotor tip LE 

Through stator near LE 10 percent stator axial chord 

Through stator near TE 71 percent stator axial chord 

Post-stator 16.5 mm downstream stator TE 
aIGV is inlet guide vane, LE is leading edge, and TE is trailing edge. 

 

 
Figure 2.—SPIV setup for the axial plane measurements: (a) Side view. (b) Top view. 

(a) (b) 

(a) (b) 
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2.0 Results: Evolution of the Flow and Reynolds Stresses Across Blade 
Rows 

Preliminary data for the flow in axial planes have been presented at the 2021 Turbo Expo (Ref. 1), 
and two comprehensive papers have been submitted for inclusion in Turbo Expo 2022 (Refs. 2 and 3). A 
summary of the findings is presented in Section 2.0 of this report. The mean flow for pre-stall flow rate is 
presented in Section 2.1, and for the BEP in Section 2.2. Passage-averaged profiles are discussed in 
Section 2.3. The structure and mechanisms affecting the evolution of turbulence in the passage at pre-stall 
are discussed in Section 2.4, and close to the BEP in Section 2.5.  

2.1 Evolution of the Flow at φ = 0.28: Pre-stall Conditions for Rotor Casings With 
Untreated Endwalls 

2.1.1 Overview 
As an overview of the evolution of the flow, Figure 3 compares the axial velocity distributions in the pre-

rotor, post-rotor, and post-stator planes under pre-stall conditions (flow rate ϕ = 0.28) for a smooth, untreated 
wall (upper row) to those with the ACGs installed (bottom row). The corresponding distributions of 
circumferential velocity are compared, this time side by side in Figure 4, with the smooth-wall data on the left 
column, and the semicircular-groove results on the right. At pre-stall condition and without casing grooves, the 
flow upstream of the rotor shows increased blockage in the tip region distributed over the entire passage. This 
blockage is associated with the leakage flow, near-circumferential alignment of the TLV, and intermittent 
rollup of BFVs (Ref. 8) (details follow). As previously discussed, the grooves entrain the TLV, inhibit the 
BFV formation, and cause periodic variations in flow angle at the leading edge of the blade (Refs. 7 and 21). 
Furthermore, they homogenize the flow in the passage by generating a series of axially aligned vortices, which 
entrain high momentum flow from the interior of the passage into the tip region. These vortices form on both 
sides of the flow jetting out from the upstream end of the grooves (Figure 3(a), and Figure 4(b)). Note that with 
the grooves, the axial velocity in the passage (Uz) is higher than that without grooves (left column of Figure 3) 
because of the negative velocity in the grooves, matching the overall flow rate.  
 

 
Figure 3.—Evolution of the axial velocity component (normalized by the overall-averaged axial velocity Vz across 

blade rows). Distribution of axial velocity in the (a) pre-rotor plane, (b) post-rotor plane, and (c) post-stator plane  
for (top row) without casing grooves, and (bottom row) with the semi-circular grooves installed. Pre-stall flow rate  
ϕ = 0.28. Dashed lines in (b) show the location of Uz/Vz = 1. 
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Figure 4.—Distribution of circumferential velocity normalized by the tip speed (UT) for (a) smooth endwall and  

(b) semi-circular ACG. Top row: pre-rotor plane, middle row: post-rotor plane, and bottom row: post-stator plane. 
Pre-stall flow rate. Dashed line shows the location of Uz/Vz = 1. 

2.1.2 Flow Through the Rotor 
Next, the flow structure in each plane is examined in greater detail. Starting with the flow upstream of 

the rotor, Figure 5 compares the distributions of ensemble-averaged axial velocity, circumferential velocity, 
and the axial vorticity for the untreated casing to those with the ACGs installed for rotor blade orientation 
Θ = 0°. The circumferential position of the rotor leading edge (LE), which is located downstream of this 
plane, is marked on the figure. The axial velocity contours show that the wake of the IGVs, the entire tip 
region near the casing, and the entire span in front of the blade has low axial momentum. Because of its 
proximity, the blockage in front of the blade is caused by the presence of the blade LE effect, and it moves 
circumferentially with the blade as it rotates. The circumferential velocity is relatively higher on the pressure 
side (PS) of the rotor blade than on the SS, peaking near the PS of the hub. This latter region is observed for 
each of the four orientations, and it moves with the rotor LE, becoming distorted when the rotor blade is in 

Smooth endwall Semi-circular axial groove endwall 

Post-rotor 

Pre-rotor 

Post-stator 
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the vicinity of the IGV wake, such as for the shown orientation. The distribution of axial vorticity has the in-
plane velocity vectors diluted by 2:1 in the radial direction (for clarity) superimposed on it. The most 
notable feature in the vorticity distribution is the clear signature of the IGV wake with a high negative peak 
in the middle of the passage.  

The second row of Figure 5 shows the same distributions with the ACGs installed. The SPIV plane cuts 
the grooves close to their upstream end. Here, the axial velocity inside the grooves is mostly negative 
(Figure 5(d)), as expected. Near the endwall, in the region where the outflow from the grooves jets out into 
the passage, the axial velocity is low, but it is high in the space between grooves. The negative axial flow 
inside the grooves is accompanied by an elevated axial velocity deep in the passage compared to that of the 
untreated casing. Because of the groove orientation, the outflow from the grooves has a negative 
circumferential direction, creating a layer of Uθ < 0 along the tip region. Since the main passage flow below 
this layer has a circumferential momentum in the direction of blade rotation, there are significant radial 
gradients of circumferential velocity in this region, hence the layer with elevated negative vorticity. In 
addition, the flow jetting out of the grooves generates pairs of axially aligned vortices on the corners of the 
grooves (Figure 5(f)). Although the vortex pairs always appear irrespective of the rotor blade orientation, 
the strengths of these vortices vary. The positive radial velocity induced by these vortices in the space 
between grooves entrains high axial momentum fluid from inner parts of the passage to the tip region, 
reducing the blockage there. This effect of semicircular ACGs had not been recognized in our earlier studies 
based on observations in meridional planes. 

Whereas the mean axial velocity for the untreated casing is positive over the entire plane upstream of 
the rotor, the instantaneous realizations in Figure 6(a) show frequent appearances of regions with negative 
axial velocity. They are almost always surrounded by regions of fast outward flow away from their center 
(like a source), giving an impression of a flow circumventing a region with high adverse pressure 
gradients. Figure 6(b) and (c) provide statistics on the circumferential and radial locations of these reverse 
axial flow events, respectively, for four different rotor blade orientations based on analysis of 2,000 
instantaneous realizations. The radial distribution (Figure 6(c)) shows that such events are restricted to the 
top 30 percent of the passage, with about 50 percent of them occurring in the tip gap region. While these 
events occur at all circumferential locations, they are preferentially located in front of the blade and 
biased towards the PS, irrespective of blade orientation. The preferential alignment with the LE is 
presumably affected by the blade-induced pressure gradients. The preferred presence on the PS is 
consistent with the region where backflow vortices (BFVs), which extend diagonally upstream from the 
midchord SS of one blade to the PS near the LE of the next blade (see cavitation visualization image in 
Figure 7(d). The impact of the IGV wake on the occurrence of reverse flow events can be seen by 
comparing the area fraction of these events—that is, their area over the entire investigated area over all 
realizations—for the four blade orientations (Figure 6(d)). As is evident, the area fraction is 75 percent 
larger when the rotor blade PS is located in the vicinity of the IGV wake, for Θ = 0° and 4.8°.  

To further highlight the role of BFVs in inducing intermittent reverse flow upstream of the rotor, 
Figure 7(a) and (b) show sample contour plots of the instantaneous realization of axial velocity and 
circumferential vorticity, respectively, in a meridional plane located close to the rotor blade tip LE  
(z/ca = 0, indicated by dotted lines; ca is the axial chord length), shortly before the blade reaches the 
sample plane (see Figure 7(c)). The sample area contains a large vortex whose center is marked with a 
black arrow in Figure 7(b), extending upstream of the LE plane and inducing a negative axial velocity 
above its center up to z/ca = –0.13. The location, orientation, and negative velocity induced by this vortex 
on the PS of the blade are consistent with that of BFV, as demonstrated by the cavitation flow 
visualization image in Figure 7(d). Multiple such structures form in the untreated passage, and they can 
induce reverse flow at multiple locations in the passage, preferentially on the PS (Figure 6(b)).   
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Figure 5.—Ensemble-averaged distributions upstream of the rotor at ϕ = 0.28. First row: Untreated casing, second 

row: ACGs. (a,d) Axial velocity (Uz/Vz). (b,e) circumferential velocity (Uq/UT), and (c,f) axial vorticity (<ωz>/Ω). Solid 
white lines are contours of Uz/Vz = 1; solid red lines are contours of Uz/Vz = 0. 

 
 

 
Figure 6.—(a) Sample of instantaneous velocity field showing a reverse axial flow blockage event upstream of the 

rotor, (b) circumferential distribution of the location of Uz < 0 (blockage) events with the corresponding rotor blade 
location shown in the same color, (c) radial distribution of blockage events, and (d, inset) area fraction of blockage 
events for the four rotor blade orientations overlayed on color contours of axial vorticity.   

 
 

 
Figure 7.—Instantaneous realization showing a reverse flow event in a meridional plane at s/c = –0.11 for an 

untreated endwall casing. (a) Axial velocity contours superimposed on the in-plane velocity vectors, (b) 
corresponding circumferential vorticity, (c) location of meridional plane relative to the rotor blade, and (d) sample 
cavitation visualization showing the orientation of a BFV and a TLV.  
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The evolution of the ensemble-averaged flow inside the untreated rotor passage is summarized in Figure 8. 
At z/ca = 0.28, the blockage region with low Uz and high Uθ (peaking as high as 80 percent of the tip speed) 
extends to the upper 30 percent of the passage. Here, the axial velocity is negative near the endwall casing 
along the entire circumference, presumably under the influence of the TLV, BFV, and reverse leakage flow 
(details follow). At z/ca = 0.89, the blockage region expands to about 40 percent of the passage, but the 
negative velocity region is restricted mostly to the blade tip and the SS of the rotor. Downstream of the blade, 
the low Uz and elevated Uθ region covers about 50 percent of the blade span.  

The axial vorticity(<ωz>) is negative in thin layers along the outer casing and positive over a broad 
area in the middle of the span. Both layers are predominantly associated with radial gradients in Uθ. To 
explain how these layers are related the to tip region flow structure, refer to results of prior measurements 
in a meridional plane of the same machine and flow conditions as studied in Reference 8. Figure 9(a) 
shows the axial vorticity distribution, and Figure 9(b) illustrates the multilayer vortical structure around 
the TLV center overlaid on the circumferential velocity distribution. They show that the tip leakage flow, 
the TLV, and the flow surrounding it appear like a swirling jet that rotates in the same direction as the 
blade, but at a lower velocity than the tip speed. As the entrained leakage flow with elevated Uθ swirls 
around the TLV center, the negative axial vorticity layer (where ∂Uθ/∂r < 0) flowing across the tip gap 
from the pressure side (Layer 1) changes first to a radial vorticity layer, and then to a broad positive axial 
vorticity layer (∂Uθ/∂r >0) below the TLV center (Layer 4). The signatures of these two layers are evident 
in the axial planes depicted in Figure 8. Layer 2 cannot be seen in the axial planes data (Figure 8(c)), 
presumably since this layer is too thin at z/ca = 0.28 for the resolution of the axial plane measurements, 
which cover the entire passage (vector spacing of 0.64 mm, requiring 1.9 mm for measuring spatial 
derivatives). Hence, Layers 1 and 3 (Figure 9(a)) appear as one negative <ωz> layer. Deep in the passage 
(z/ca =0.89, third row of Figure 8), entrainment and generation of secondary vortical structures, most 
prominently the BFVs, persist. They cause TLV breakdown (Ref. 8) and expand radially inward to a 
substantial fraction of the passage span. Consequently, the positive axial vorticity layer becomes broad 
while the negative layer remains confined to the tip region. The broad positive layer persists, albeit at a 
lower magnitude, downstream of the rotor (third row of Figure 8).  

Finally, it would be worthwhile to demonstrate the striking level of flow instability in the rotor 
passage under pre-stall conditions. Sample instantaneous velocity and vorticity distributions z/ca = 0.28 
are presented in Figure 10. The region with Uz < 0 extends to the midspan, the peaks in Uθ exceed the 
blade tip speed, and the axial vorticity with distinct peaks associated with the backflow vortices is 
distributed across the entire width of the passage. Further downstream (not shown), as the positive 
vorticity layer expands, some of these vortices intermittently reach the rotor hub. The associated 
turbulence level is extremely high, as discussed later in this report (and in Koley et al. (Ref. 3)). The 
negative vorticity peak near the casing is presumably associated with the TLV.  

The flow structure downstream of the rotor changes drastically when the axial casing grooves are 
installed, as demonstrated by direct comparisons in Figure 3 and Figure 4 for one of the rotor orientations, 
and in Figure 11 for another orientation. The latter matches the phase of the rotor in the bottom row of 
Figure 8, so distributions can be compared directly. Measurements were planned to be taken in planes 
intersecting with the rotor passage as well, similar to those recorded for the untreated machine, but there 
was no time. It is hoped these measurements will be made in the future. As is evident, with the grooves 
installed, the size of the region with low axial momentum and elevated circumferential velocity in the tip 
region decreases significantly. Here, apart from the blade wake, the low-momentum region is mostly 
centered near the PS of the blade wake. This pattern rotates with the rotor, as can be readily observed by a 
comparison to Figure 3 and Figure 4. It appears to be affiliated by the TLV and BFVs generated by the 
previous blade (to the left side of the field of view), which migrate to the PS of the next blade.  
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Figure 8.—Evolution of the flow in the rotor with untreated endwall at ϕ = 0.28 and Θ = 0o. Distribution of ensemble-

averaged (left column, a,d,g) axial velocity, (middle column, b,e,h) circumferential velocity, and (right column, c,f,i) 
circumferential vorticity. Top row: z/ca = 0.28, middle row: z/ca = 0.89, and bottom row: downstream of the rotor. 
White lines: Uz/Vz = 1; red lines: Uz/Vz = 0.  

 
 

 
Figure 9.—(a) Axial vorticity distribution and (b) illustration of the multilayer vorticity 

structure superimposed on the circumferential velocity distribution in a meridional plane 
of the same compressor and flow conditions as Huang et al. (Ref. 8). 
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Figure 10.—Sample instantaneous distributions of (a) axial velocity, (b) circumferential velocity, and (c) axial vorticity, 

demonstrating the flow instability in the rotor passage at z/ca = 0.28 and ϕ = 0.28 with untreated casing. 
 

 
Figure 11.—Ensemble-averaged distributions of (a) axial velocity, (b) circumferential velocity, and (c) axial vorticity 

downstream of the rotor for ϕ = 0.28 with the casing grooves installed. 
  
 

Although part of the TLV is entrained into the groove, and generation of BFVs is prevented near the 
leading edge, both vortices continue to form downstream of the groove, but to a limited extent. Hence, 
their scales and impact on the flow structure are significantly weaker than those occurring near the 
untreated endwall. Near the endwall, there are two separate circumferentially aligned layers of positive 
vorticity on either side of the wake. On the PS, the layer is located under the TLV and appears to 
correspond to Layer 4 in Figure 9 (meridional view) for the untreated endwall. On the SS, the layer that 
appears to merge with the blade corresponds to Layer 2 in Figure 9. Next, near the hub on the SS, there is 
a region of high positive vorticity (marked “A” in Figure 11(c)) that has a mild negative region above it 
(marked “B”). Although the origin of these regions cannot be pinpointed, it is possible that the <ω> > 0 
peak is associated with the hub/horseshoe vortex leg propagating along the SS of the blade, and the broad 
negative region is the hub vortex leg that originated from the pressure side of the neighboring blade. Both 
can be seen also in the results for the untreated endwall (Figure 8(i)), but with lower magnitudes. The 
blade wake signature is more distinct with the grooves. Its positive vorticity is mostly associated with 
circumferential gradients of radial velocity (not shown). Finally, the two nearly circular blobs of negative 
vorticity in the middle of the passage are the signatures of the IGV wake (see Figure 5(f)), implying the 
IGV-induced flow non-uniformities persist downstream of the rotor. For the untreated endwall and at pre-
stall conditions, these signatures can be seen at z/ca = 0.28, but not further downstream, presumably since 
they are scrambled by the high turbulence in the rotor passage. 

2.1.3 Flow In and Downstream of the Stator 
The evolution of flow in the stator passage for the entreated endwall is presented in Figure 12. Note 

that the color scales here are different from those in the rotor passage and in some cases vary across 
planes. The broad layer with low axial momentum downstream of the rotor extends into the beginning of 
the stator (z/ca = 0.1 in Figure 12(a)). In this region, Uθ is still elevated in the outer parts of the stator 
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passage (Figure 12(b)), but not to the same extent as in the rotor. Deeper into the stator (Figure 12(d), 
second row, z/ca = 0.71) the axial velocity distribution becomes more homogenized, and the elevated 
circumferential velocity region shrinks (Figure 12(e)). The elevated vorticity layer also fades. 
Downstream of the stator, Uz (bottom row, Figure 12) shows limited signs of the earlier momentum 
deficit in the outer layer, but there is a broad area with low axial momentum and nearly zero 
circumferential velocity in the stator blade wake. While the mean boundary layer on the stator blades 
remains attached in the aft part of the stator passage (Uz remains positive in Figure 12(d)), instantaneous 
realizations (not shown) indicate that boundary layer separation occurs intermittently in lower sections of 
the aft part of the stator SS, generating a negative flow there and, inherently, an increase in the turbulence 
level. This process is presumably caused by the adverse pressure gradients on the stator, as evidenced by 
the rapid decrease in Uz from Uz/Vz of >1.7 at z/ca = 0.1 to 0.4 at z/ca = 0.71 along the inner part of the 
SS boundary layer. Consequently, the stator blade wake is broad and is characterized by low axial and 
circumferential velocity throughout the span. Finally, the stator in this machine has a rotating hub, and the 
blades are cantilevered with a measured tip gap of about 0.6 mm; that is, it is much narrower than the 
rotor tip gap. Hence, the details of the hub leakage flow are not resolved at the present magnification. 
However, the flow structure near the hub, consisting of low axial velocity and elevated circumferential 
velocity, is consistent with the trends observed for the rotor tip leakage. 
 
 

 
Figure 12.—Evolution of the flow in the stator for the untreated endwall at ϕ = 0.28 and Θ = 0o. Distribution of 

ensemble-averaged (left column, a,d,g) axial velocity, (middle column, b,e,h) circumferential velocity, and (right 
column, c,f,i) circumferential vorticity. (Top row, a,b,c) z/ca = 0.10, (middle row, d,e,f) z/ca = 0.71, and (bottom row, 
g,h,i) downstream of the stator. White lines: Uz/Vz = 1. 
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Figure 13.—Ensemble-averaged distributions of (a) axial velocity, (b) circumferential velocity, and (c) axial vorticity 

downstream of the stator for ϕ = 0.28, with the casing grooves installed. 
 
 
 

The velocity distributions downstream of the stator with the axial casing groove installed is shown  
in Figure 13. Compared to the results for the untreated endwall casing, the axial velocity distribution  
here (Figure 13(a)) is more homogenous, and the stator wake is distinctly thinner. The latter is also 
evident from the distribution of Uθ (Figure 13(b)). The thinner wake should be an expected outcome of 
the reduced Uz at the entrance to the stator in the inner part of the passage (compare Figure 8(a) and 
Figure 11(a)). Consequently, the flow deceleration, hence the adverse pressure gradients in the inner part 
of the passage, are expected to be milder. In the vorticity distributions (Figure 13(c)), the signatures of 
stator blade wakes are more distinct along with the hub flow structures. The negative vorticity on the SS 
and positive peak on the PS could be related to hub vortices, but the flow there is also affected by leakage 
flow, which is not resolved at the present spatial resolution. Measurements should also be performed in 
planes intersecting with the stator blade and a higher magnification to resolve the flow in and around the 
hub gap.   

2.2 Mean Flow Structure Near the Best Efficiency Point (φ = 0.37) 

The axial and circumferential velocity distributions upstream of the rotor close to the BEP are  
shown in Figure 14. For a smooth endwall, the axial momentum (Figure 14(a)) is low near the casing,  
in the hub, in front of the blade LE, and at the intersection of the IGV wakes and rotor blade with the hub. 
However, the velocity deficits, especially in the tip region, are considerably milder than those occurring 
under pre-stall conditions (Figure 5(a)). Consequently, the axial velocity in the middle of the passage is 
lower. In contrast, the circumferential velocity at the BEP (Figure 14(b)) is higher than at that at pre-stall 
over the entire passage although their spatial distributions appear to be similar. Unlike the pre-stall flows, 
there are no regions or events of negative axial velocity in the instantaneous realizations since a 
significant fraction of the TLV rollup occurs further downstream, the leakage flow is considerably weaker 
(Ref. 13), and the BFVs are less frequent and do not extend to the PS of the next blade. With the ACGs 
installed (Figure 14(c) and (d)), the axial and circumferential velocity components in the grooves are 
negative, as expected, but their magnitudes are lower than those at pre-stall. The flow still jets out of the 
grooves and generates the pair of axial vortices along the sides of each groove (not shown), but the 
velocities involved are lower; hence, their influence on the flow structure in the tip region is reduced.  

 

(a) (b) (c)
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Figure 14.—Ensemble-averaged flow structure upstream of the rotor near BEP at ϕ = 0.37; 

(First row, a,b) for the untreated endwall and (second row, c,d) axial casing installed. (Left 
column, a,c) Uz/Vz and (right column, b,d) Uq/UT. 

 
The evolution of velocity and axial vorticity distributions across the rotor passage are presented in 

Figure 15. Clearly, the axial velocity deficits are significantly smaller than those at pre-stall and are 
mostly confined to the tip region. The elevated Uθ region is also narrower and does not extend 
circumferentially to the entire passage (Figure 15(b), (e), and (h)). The signature of the leakage flow near 
the SS of the blade tip with negative axial and circumferential velocity components is also evident. The 
vorticity map at z/ca = 0.28 (Figure 15(c)) shows multiple negative peaks, with the most prominent being 
the signatures of the TLV of the shown blade near the SS tip and that of a previous blade on the left side. 
Other regions include the PS corner of the blade tip, which is associated with the leakage flow entering 
the tip gap, two midpassage peaks originating from the IGV wakes, and two structures near the hub. One 
of these is presumably associated with the rotor blade hub vortex on the pressure side, and the other is 
likely to originate from the IGV. Positive axial vorticity peaks are present in two distinct regions. The 
first extends from the blade tip to the TLV and is presumably associated with the Layer 2 illustrated in the 
meridional view (Figure 9(b)). The second region is located to the right of the TLV of the previous blade 
and is associated with the region of radial Uθ gradients on the outer side of the TLV (upstream of the 
TLV in the meridional view). 

Deeper in the passage, the TLV, the leakage flow, and the region with elevated Uθ extend away  
from the SS of its originating blade towards the PS of the next blade (Ref. 13). At z/ca = 0.89, the TLV  
is located at x/L of ~0.7, near the leftmost point of the layer with negative axial vorticity (Layer 3 in 
Figure 9(b)). It is bounded by two layers of positive vorticity, a narrow layer close to the tip, and a 
broader layer, where Uθ is high, deeper in the passage (where BFVs roll up). These layers are mostly 
affected by radial gradients in Uθ, and are identified as Layers 2, 3, and 4 in the meridional plane shown 
in Figure 9. The negative vorticity layer extends diagonally to the outer casing, where it persists all the 
way to the PS of the next blade, as seen on the left side for a previous blade. This latter layer corresponds 
to Layer 1 in Figure 9(b). Downstream of the rotor (3rd row of Figure 15), the remnants of positive 
vorticity Layer 2 merge with the rotor wake, and those of positive Layer 4 associated with the previous 

PS SS

(a) (b)

(c) (d)
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blade are visible on the PS of the wake. A thin region with negative <ωz> along the casing appears to be 
the remnants of Layer 1. A faint peak appears to be the leftover of Layer 3 and the TLV. The broad 
negative vorticity region on the SS of the wake and close to the hub appears to originate from the hub 
vortex of the next blade to the right, as discussed earlier for the cases with ACGs at φ = 0.28 (Figure 11).  

With the ACGs installed (Figure 16), for the most part, the axial and circumferential velocity 
distributions downstream of the rotor appear to be very similar to those of the untreated endwall (compare 
to Figure 15(g), (h), and (i)). However, the region with reduced axial velocity and elevated Uθ appears to 
be more circumferentially distributed. The vorticity distributions are also quite similar, although the TLV 
signature at the left end of the negative vorticity layer is less distinct. As discussed in Reference 7, at high 
flow rates a fraction of the TLV is entrained into the groove, and the rest, along with the part that rolls up 
downstream of the grooves, becomes distributed over a broader area due to interaction with secondary 
structures entrained from the grooves.  

Finally, with similar flow structures at the exit from the rotor, the velocity and vorticity distributions 
downstream of the stator with the casing grooves are very similar to those of the untreated endwall. The 
axial velocity distribution for the smooth endwall is presented in Figure 17. Except for deficits near the 
hub, the narrow stator blade wake, and very close to the endwall, the streamwise momentum distribution 
is uniform. The circumferential velocity distribution (not shown) is also quite uniform, with magnitudes 
ranging from 0.15UT to 0.30UT. 

 

 
Figure 15.—Evolution of the flow in the rotor with untreated endwall near BEP (at ϕ = 0.37) for rotor blade orientation 

of Θ = 0o. Distribution of ensemble-averaged (left column, a,d,g) axial velocity, (middle column, b,e,h) 
circumferential velocity, and (right column, c,f,i) circumferential vorticity. (Top row, a,b,c) z/ca = 0.28, (middle row, 
d,e,f) z/ca = 0.89, and (bottom row, g,h,i) downstream of the rotor. White lines: Uz/Vz = 1; red lines: Uz/Vz = 0. 
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Figure 16.—Flow downstream of the rotor at ϕ = 0.37 with the casing groove installed. Ensemble-averaged 

distributions of (a) axial velocity, (b) circumferential velocity, and (c) axial vorticity.  
 
 

 
Figure 17.—Ensemble-averaged axial velocity 

Uz/Vz downstream of the stator with untreated 
casing at ϕ = 0.37. 

2.3 Passage-Averaged Velocity Profiles 

To further evaluate the impact of operating condition and ACGs on the flow structure, the data have 
been integrated circumferentially to obtain the passage-averaged velocity profiles for all four rotor blade 
orientations in the IGV-rotor gap, rotor-stator gap, and downstream of the stator. The results are presented 
in Figure 18. Here, the axial velocity profiles are normalized by the passage-averaged axial velocity Vzp in 
the passage area being averaged. It differs from the annual area mean velocity Vz by 2 to 3 percent, 5 to 6 
percent, and 2 to 3 percent in the pre-rotor, post-rotor, and post-stator planes, respectively, presumably 
due to circumferential variations in fluxes. The left column shows Uz/Vzp, and the right column, Uθ /UT. 
For all cases and most locations, the blade orientation has very little impact on the passage-averaged 
velocity profiles. The only exceptions are the reverse flow profiles within the grooves upstream of the 
rotor at ϕ = 0.28 (Figure 18(a)). In this case, the orientation of the blade relative to the IGV blades seems 
to affect the reverse flow from the grooves. 

Upstream of the rotor (Figure 18(a) and (b)) and at pre-stall, the axial velocity with ACGs is higher 
than that of the untreated endwall over the entire span due to the reverse flow in the grooves (the overall 
mean is the same). In contrast, differences in the circumferential velocity are confined to the top 20 
percent of the passage. At the BEP, the negative axial velocity in the groove has a lower magnitude 
compared to that at pre-stall; hence, the elevated axial velocity in the passage is also lower and differs 
from that of the untreated endwall only in the outer part of the passage. Conversely, the grooves reduce 
the circumferential velocity throughout the entire span (Figure 18(b)), demonstrating that the impact of 
groove is not confined to the tip region.  

 

(a) (b) (c)

PS SS

PS SS
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Figure 18.—Passage-averaged velocity profiles for the four rotor blade 

orientations, with and without axial casing grooves. (Left column, a,c,e) Uz/Vzp 
and (right column, b,d,f) Uq /UT. (a,b) Upstream of the rotor, (c,d) rotor-stator 
gap, and (e,f) downstream of the stator. 

 
In the rotor-stator gap Figure 18(c) and (d) show that most of the axial velocity profiles nearly 

collapse except for the untreated endwall low flow rate case. The latter has a nearly 50 percent velocity 
deficit near the tip, and a substantially higher velocity in the inner part of the passage. The corresponding 
circumferential velocity is high in the tip and hub regions, consistent with the trends discussed earlier. 
With the grooves and at ϕ = 0.28, the axial velocity in the upper part of the span is slightly higher than 
that at high flow rate, possibly due to greater ingestion of the TLV into the grooves. The grooves also 
significantly reduce the circumferential velocity over the entire outer part of the passage, but increase it 
near the hub, again affecting the entire span. At the BEP, all of the Uz and Uθ profiles collapse.   

The profiles downstream of the stator (Figure 18(e) and (f)) display more uniformity and considerably 
lower differences among the different cases. The axial velocity profiles nearly collapse, although both the 
high flow rate cases have slightly lower velocity near the tip, and higher velocity midspan. The slightly 
lower axial velocity at midspan for the untreated endwall and ϕ = 0.28 corresponds to the widened 
velocity deficit in the blade wake. The corresponding Uθ is also lower than those of the other cases, 
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because of the low circumferential flow within the wake (see Figure 12(h)). Yet, despite the intermittent 
separation on the stator blade boundary layer, the stator is an effective flow homogenizer, even without 
casing grooves. The signature of this reduced stability is seen in the wide wake signature downstream of 
the stator row. As previously discussed, with the grooves, the axial velocity near the hub upstream of the 
stator is reduced significantly; hence, the deceleration in the stator passage is milder, the SS boundary 
layer stabilizes, and the blade wake are thinner. Clearly, the grooves located upstream of the rotor modify 
the flow structure downstream of the stator. Near the BEP, the flow downstream is highly homogenized 
and is very similar with and without the grooves. 

2.4 Evolution of Turbulence at φ = 0.28 
This section summarizes the evolution of turbulence in the passage and mechanisms affecting it. The 

data includes the turbulent kinetic energy (TKE) k = 0.5( r ru u′ ′  + u uθ θ′ ′  + z zu u′ ′ ), its components (i.e., 
the normal Reynolds stresses, r ru u′ ′ , u uθ θ′ ′ , and z zu u′ ′ ) as well as the dominant contributors to 
turbulence production in the compressor. The TKE production rate is P = 0.5(Prr + Pθθ + Pzz), where  

 22 2 rr r r r
rr r z r r
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z r r r
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are the production rates of the corresponding normal stress components (Ref. 25). The only terms that 
cannot be calculated from the present planar data are those involving ∂Uθ/∂z and ∂Ur/∂z. Terms containing 
∂Uz/∂z can be obtained using the continuity equation. To obtain the missing terms one can either perform 
volumetric measurements (using, e.g., tomographic PIV, planned for the next round of measurements), or 
acquire data in a series of closely spaced planes, as we have done before in meridional planes in the tip 
region of the same machine (Refs. 8, 11, and 12). In the following figures, the stresses are normalized by 

2
TU , and the production terms by Ω 2

TU , where Ω is the angular velocity of the machine (50.24 rad/s).  

2.4.1 Turbulence in the Rotor Passage 

Starting from the untreated endwall at ϕ = 0.28, Figure 19 shows the distribution of TKE, z zu u′ ′ , and 
u uθ θ′ ′  upstream of the rotor, corresponding to the flow structure depicted in Figure 5(a) to (c). The TKE 

(Figure 19(a)) is elevated in the IGV wakes and along the casing, especially near the PS of the blade tip. 
The dominant contributor is z zu u′ ′  (Figure 19(b)), and its distribution appears to be similar to that of the 
TKE. The IGV wake has comparable contributions from u uθ θ′ ′  (Figure 19(c)) and z zu u′ ′ , but the axial 
component is significantly larger along the tip, especially in the IGV-casing junction and in the PS of the 
rotor blade tip. The latter region is affected by the intermittent propagation of backflow vortices. The 
radial normal term, r ru u′ ′  (not shown), is significantly lower than the other components in this plane.  

Figure 20 shows the evolution of the TKE and the dominant Reynolds stress terms as the flow passes 
through the rotor. As a general observation, the axial velocity fluctuations are extremely high, with peak 
rms values of almost 70 percent of Vz (i.e., ( )0.5 0.2 0.71′ ′ =z z T zu u U V ), providing statistical evidence 
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for the extent of flow instability in the rotor passage. The instantaneous axial velocity (e.g., Figure 10 for  
z/ca = 0.28) fluctuates in magnitude and area from reverse flow, reaching –2Vz in almost 80 percent of the 
passage, to high axial velocity throughout the passage. Such large fluctuations would be a challenge to 
model. At z/ca = 0.28, the TKE is high in the entire outer 30 percent of the span. It peaks in the tip gap 
and in the SS of the blade tip and remains high along a large fraction of the interface between regions of 
low Uz and high Uθ in the outer span, and the inner region with high Uz and moderate Uθ underneath it. 
Both z zu u′ ′  and u uθ θ′ ′  are significant contributors, but not in the same location and not to the same 
extent, demonstrating the inhomogeneity and anisotropy of the turbulence. In this plane, u uθ θ′ ′  is the 
largest term, peaking near the SS of the blade tip and in the tip gap. It also has elevated values near the 
casing and along the interface of tip flow and passage flow. There is a peak in z zu u′ ′  in the tip gap, and 
its magnitude is also high along the interface. The magnitude of r ru u′ ′  (not shown) is not negligible, but 
it is significantly smaller than the other components.  
 

 
Figure 19.—Distribution of (a) TKE, (b) ′ ′z zu u , and (c) θ θ′ ′u u  upstream of the rotor at ϕ = 0.28. The location of the 

rotor LE is shown (Θ = 0) in (a). 
 

 
Figure 20.—Distribution of TKE and dominant normal Reynolds stresses at (top row) z/ca = 0.28, (middle row) z/ca = 

0.89, and (bottom row) downstream of the rotor at ϕ = 0.28. The corresponding mean flow is presented in Figure 8.  
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Further towards the TE, at z/ca = 0.89, the TKE is maximum along the interface between high- and 
low-momentum regions, which is now located deeper in the passage, peaking close to the blade SS. The 
turbulence is still elevated over the outer 50 percent of the passage but does not have a maximum near the 
blade tip. This trend should be expected since most of the TLV and BFVs roll up, and interactions occur 
further upstream. Whereas the distribution of ′ ′z zu u  remains broad and even higher in magnitude than its 
value further upstream, the magnitude of u uθ θ′ ′  decreases and remains concentrated near the SS of the 
blade.  Downstream of the rotor, the TKE is still high but is significantly lower than that in the passage, 
still peaking along the interface between the low-Uz, high-Uθ region in the outer part and the high-Uz, 
moderate-Uθ area in the inner part of the passage. The decrease in TKE is predominantly associated with 
a considerable reduction in the magnitude of u uθ θ′ ′ , while z zu u′ ′  remains high, with only a slight 
decline. Clearly, each normal Reynolds stress component evolves in a different manner, in addition to the 
differences in their magnitude and spatial distributions. Some of the mechanisms affecting these trends 
are discussed below. Figure 21 demonstrates the changes to the TKE distribution with blade orientation 
downstream of the rotor. As is evident, the entire pattern rotates with the blade wake, always peaking on 
the SS of the wake.  

The effects of the ACGs on the distribution of TKE before and after the rotor are demonstrated in 
Figure 22. Upstream of the rotor, the turbulence is high along the shear layer formed as the flow jetting 
out from the grooves meets the passage flow. Here, z zu u′ ′  (not shown) is the dominant component along 
the entire shear layer, and u uθ θ′ ′  (not shown) is elevated within the vortex but has a lower magnitude 
than the axial term. The flow is stabilized by ingestion of the TLV, reduction of the axial momentum 
deficit and the area with high Uθ, and elimination of the BFVs by the ACGs, which results in a substantial 
decrease in the turbulence level downstream of the rotor. The TKE remains elevated in the rotor wake and 
in the area with radial gradients in Uθ on the pressure side of the wake, but it is nowhere close in 
magnitude to that of the rotor casing with untreated endwall. 

 
 
 
 
 

 
Figure 21.—Variations in TKE distribution downstream of the rotor with blade orientation (indicated on each plot) for a 

smooth endwall at ϕ = 0.28. 
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Figure 22.—The effect of axial casing grooves on the TKE distributions upstream and 

downstream of the rotor at ϕ = 0.28 for (left column, a,c) untreated endwall and 
(right column, b,d) with semicircular ACGs installed. (Top row, a,b,c) upstream of 
the rotor and (bottom row, d,e) downstream of the rotor. (c) Zoomed-in section 
showing the axial velocity contours near the exit from the ACG overlayed on the in-
plane velocity vectors. 

2.4.2 Production Rate of Turbulence in the Rotor Passage 
Some, but not all, of the observed changes to the turbulence in the passage can be explained by examining 

the dominant production rate terms. To obtain a complete picture, one must also account for the distributions 
of advection by mean flow, transport by turbulence, correlations between pressure and rate of strain, and 
dissipation rate. It was already shown that in the tip region, all of the terms in the Reynolds stress transport 
equations should be accounted for (Refs. 11 and 12). However, this report focuses on contributions to the 
production rate; that is, sources of turbulence resulting from interactions of the Reynolds stresses with the 
mean strain rate field. Upstream of the rotor, 22 z zu U z′− ∂ ∂  (not shown), the axial contraction associated 
with blockage at the beginning of the rotor, is the dominant contributor to the production of z zu u′ ′ . The 
dominant contributors to the increase in u uθ θ′ ′  at the beginning of the rotor passage (z/ca = 0.28, Figure 
20(a)) are presented in Figure 22. Here, shear production, namely 2 ru u U rθ θ′ ′− ∂ ∂ , and circumferential 
contraction, ( )22 u U rθ θ′− ∂ ∂θ , have comparable magnitude and play significant roles. The circumferential 
contraction term peaks near the SS of the blade tip and is negative in the region of circumferential extension 
near the PS of the blade. As expected, the shear production peaks along the interface between the outer and 
inner flow regions because of the high values of U rθ∂ ∂  there. The correspondence between these production 
terms and the distribution of u uθ θ′ ′  is evident.  

At z/ca = 0.89, none of the production rate terms that could be calculated from the present data 
explains the distribution of high u uθ θ′ ′ . As for the missing shear production term, 2 zu u U zθ θ′ ′− ∂ ∂ , the 
distribution of zu uθ′ ′  (not shown, see Ref. 3) shows a peak near the SS of the blade in the same region as 
the u uθ θ′ ′  peak (Figure 20(b)). Also, the sign of U zθ∂ ∂  is expected to be positive since Uθ increases 
axially near the blade SS (compare Figure 8(b) to (e)). Hence, it is likely that this term causes the u uθ θ′ ′  
peak in the blade SS in the aft part of the rotor passage.  
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As for the production rate of z zu u′ ′ , Figure 24 shows the evolution of the dominant contributor, 
2 r z zu u U r′ ′− ∂ ∂ , in the rotor passage. Whereas this term peaks at the interface between the tip flow and 

the passage flow, consistent with the distribution of z zu u′ ′ , its magnitude decays axially, in contrast to 
the near-constant level of the axial normal stress. Hence, in this case, streamwise advection of turbulence 
from upstream planes must play a significant role. A more complete analysis of the terms in the Reynolds 
stress transport equations, which are planned for the near future, will investigate this. 

 

 
Figure 23.—Distribution of dominant production rate terms of θ θ′ ′u u  at z/ca = 0.28 for 

ϕ = 0.28 and a smooth endwall: (a) 22 θ
θ

∂′ ′− Ω
∂r T
Uu u U
r

 and (b) ( )22 θ θ′− ∂ ∂θu U r . 

 

 
Figure 24.—Distributions of 22 ∂′ ′− Ω

∂
z

r z T
Uu u U
r

, the 

dominant contributor to ′ ′z zu u  production in the rotor 
passage at ϕ = 0.28, for smooth endwall. (a) z/ca = 0.28, 
(b) z/ca = 0.89, and (c) downstream of the rotor.  
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Figure 25.—Distribution of ′ ′z zu u  and its production rate terms near exit from the semi-circular axial casing grooves 

upstream of the rotor at ϕ = 0.28.  
 
 
 
Finally, the contributors to production of z zu u′ ′  at the exit from the casing grooves are compared to 

the distribution of this stress in Figure 25. Here, 2 r z zu u U r′ ′− ∂ ∂  is the dominant term owing to the high 
magnitude of ∂ ∂zU r  in the shear layer generated between the outflow from the groove outflow and the 
passage flow. The other terms also have peaks along this interface, but their magnitudes are lower.  

2.4.3 Evolution of Turbulence In and Downstream of Stator at φ = 0.28 
Figure 26 follows the evolution of TKE and normal Reynolds stresses as the flow passes through the 

stator. The first row shows the results for the rotor-stator gap, the same data as in Figure 20(c), but at a 
different scale. All the contours are plotted using the same color scales to demonstrate the rapid decay in 
TKE and normal stresses that occur in the stator. Although the turbulence is still high over the entire outer 
part of the rotor-stator gap, as previously discussed, as the flow reaches the z/ca = 0.10 plane, the TKE 
decreases by more than 50 percent in most of the tip region except for the vicinity of the stator blade SS. 
Upon reaching the z/ca = 0.71 plane, all remnants of high TKE in the outer part of the passage are 
dissipated. The only place with elevated TKE is located along the lower half of the SS of the blade, in the 
area where the boundary layer becomes unstable. Downstream of the stator, the TKE level is even lower, 
and regions with slightly elevated TKE are confined to the lower half of the passage in the region that 
coincides with the stator wake and the elevated turbulence in the SS boundary layer. 

The distributions of normal Reynolds stresses display both anisotropy and spatial inhomogeneity at all 
PIV planes, with components following different trends and peaking at different locations. For example, at 
z/ca = 0.10, z zu u′ ′  decays rapidly, r ru u′ ′  remains at a similar level to that observed upstream of the stator, 
and u uθ θ′ ′  decays in most areas except for the casing and the outer SS of the blade, where it becomes the 
main contributor to the high TKE. By z/ca = 0.71, r ru u′ ′  and u uθ θ′ ′  have decayed considerably, but 

z zu u′ ′  increases along the lower part of the SS boundary layer. All components decrease at the exit from 
the stator, with r ru u′ ′  becoming very small, u uθ θ′ ′  remaining slightly elevated in the blade wake, and 

z zu u′ ′  remaining high in the SS of the wake, becoming the main contributor to the TKE.  
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Figure 26.—Evolution of TKE 2

Tk U  and normal Reynolds stresses in the stator passage at ϕ = 0.28. Top row: at exit 
from rotor, second row: at z/ca = 0.10, third row: at z/ca = 0.71, and bottom row: downstream of the stator. Dashed 
lines: Uz/Vz = 1. 

 
 

To elucidate some of the observed trends of the normal Reynolds stresses, Figure 27 shows selected 
distributions of dominant production rate terms. At z/ca = 0.1, the high u uθ θ′ ′  near the casing and SS of 
the blade could not be explained from the available production terms. However, one of the missing terms, 

2 zu u U zθ θ′ ′− ∂ ∂ , is expected to be positive there, based on the negative values of zu uθ′ ′−  (not shown) 
and the negative sign of U zθ∂ ∂  evaluated from the decrease in Uθ (Figure 20) in the region of high 

u uθ θ′ ′ . Because of the axial stretching of the flow, 0zU z∂ ∂ > , and 222 z
z T

Uu U
z

∂′− Ω
∂

 over a broad 

area except for the tip corner (Figure 27(a)); hence, z zu u′ ′  decays almost everywhere except for the SS 
tip corner. At z/ca = 0.71, 22 0z zu U z′− ∂ ∂ >  and 2 0z zu u Uθ′ ′− ∂ ∂θ <  in the lower SS of the blade 

boundary layer (Figure 27(b) and (c)), in the region of high z zu u′ ′ . Since the magnitude of axial 
contraction is much higher than that of the shear production term, the observed trends are expected. As 
mentioned before, this region experiences intermittent boundary layer separation, a likely outcome of the 
adverse axial pressure gradients 0z zU U z∂ ∂ <  there. At the trailing edge and downstream of the stator, 
while all the components decay, the axial contraction persists, resulting in a slower decay of z zu u′ ′ .  
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Figure 27.—Distribution of selected dominant terms affecting production rate of turbulence in stator passage at  

ϕ = 0.28 and smooth endwall. (a) 2 22 ∂′− Ω
∂

z
z T

Uu U
z

 at z/ca = 0.1. (b)  2 22 ∂′− Ω
∂

z
z T

Uu U
z

 at z/ca = 0.71, and (c)  

22 θ
∂′ ′− Ω

∂θ
z

z T
Uu u U

r
 at z/ca = 0.71. 

 
 

 
Figure 28.—Distribution of turbulent kinetic energy normalized by 2

TU  downstream 
of the stator at ϕ = 0.28: (a) smooth endwall and (b) semi-circular ACG. 

 
 
Finally, Figure 28 is a comparison of the TKE distributions downstream of the stator for a smooth 

endwall to distributions measured for the stator with semicircular ACGs. As is evident, the grooves cause 
a reduction in TKE almost everywhere except for the now much narrower stator wake (compare Figure 12 
and Figure 13).  

2.5 Evolution of Turbulence at φ = 0.37 (Near BEP) 

This section discusses the evolution of turbulence for pre-stall flow rate ϕ = 0.37; that is, at the best 
efficiency point for the untreated endwall. Figure 29 compares the TKE across the entire machine for an 
untreated endwall (on the left column) to that measured with the semicircular ACGs installed (on the right 
column). Upstream of the rotor, the turbulence level for the smooth endwall is considerably lower than 
that at the pre-stall flow rate (see Figure 22(a)), with the IGV wake being the only place with elevated 
turbulence. With the ACGs installed, the TKE is high along the shear layer at the interface between the 
outflow from the groove flow and the passage flow. The magnitudes and the widths of elevated 
turbulence regions are smaller than those occurring at pre-stall (Figure 22(b)), but the mechanisms 
involved are similar.   

 

Smooth endwall Semi-circular axial groove 
 k/UT

2 
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Downstream of the rotor (Figure 29(b)) and at ϕ = 0.37, the mean flow structures with and without 
casing grooves are quite similar (Figure 15 and Figure 16). Hence, it is not surprising that the 
distributions of TKE are similar. However, the peak for the untreated endwall appears to be more 
concentrated, and that of the ACG is more broadly distributed with a lower peak value. Their magnitudes 
are significantly lower than that observed for the untreated endwall at pre-stall conditions (Figure 22(b), 
column I), providing statistical evidence for the flow stability at ϕ = 0.37. In contrast, the magnitude and 
distribution of TKE are not very different from those at pre-stall condition with the ACGs installed 
(Figure 22(b), row II; note the different scales). In both cases, the TKE downstream of the rotor at  
ϕ = 0.37 is elevated along the casing where the axial momentum is low, peaking near the TLV (see  
Figure 15 and Figure 16), as well as in the rotor wake, and in secondary hub structures. Interestingly, 
there is also a mild but distinct peak corresponding to the IGV wake in the middle of the passage 
(compare with Figure 15(c), column III), demonstrating that when the flow is stable, the IGV impact on 
the turbulence persists across the rotor. Finally, downstream of the stator, the flow structure and 
distribution of TKE for untreated endwall and ACG (Figure 29(c)) are very similar. The TKE is elevated 
along the stator wake, in the outer span of the passage, and in the secondary hub structures observed at the 
PS of the stator blade wake. 

Although the data are available, this report does not provide a complete breakdown of the evolution 
of all the normal Reynolds stress terms at the BEP. Instead, the focus is on the distribution of z zu u′ ′ ,  
the dominant contributor to the TKE at the exit from the rotor. Figure 30 compares the distributions of 

z zu u′ ′  for a smooth endwall to that with the ACGs installed. Similar to the trends of the TKE, the peak 
of z zu u′ ′  for a smooth endwall is higher and is concentrated in a small area, whereas the peak with  
ACG has a smaller magnitude but is distributed over a broader area. An explanation for the difference 
between them can be found in prior meridional plane measurements focusing on the tip region. As 
discussed and demonstrated in Chen et al. (Ref. 7), broadening of the TKE peak at the BEP flow rate is 
caused by interaction of the TLV with the flow in the groove. Figure 31 presents meridional plane 
distributions of circumferential vorticity and TKE downstream of the groove. At the BEP flow rate,  
there is intermittent in- and out-flow from the downstream end of the groove. The inflow occurs when the 
blade PS is exposed to the downstream end of the groove. In contrast, when the downstream end is 
exposed to the blade SS, the TLV entrains secondary flow structures from the groove into the passage. 
The sample distribution in Figure 31 demonstrates the latter phase; that is, when the TLV entrains 
secondary vortices from the groove into the passage. Consequently, the TLV becomes fragmented with 
multiple vortices distributed over a large area, which upon ensemble averaging, appear as a broad area 
with distributed vorticity and elevated TKE. In contrast, for a smooth endwall, the multiple vortical 
structures comprising the TLV center remain concentrated in a relatively small area, which has higher 
peak turbulence level. Eventually, this vortex breaks down as well, presumably under the influence of 
backflow vortices (Ref. 8).  
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Figure 29.—Comparison of the evolution of TKE across the entire machine 

between (left) smooth endwall and (right) semicircular ACG at ϕ = 0.37. Dashed 
lines: Uz/Vz = 1. 

 
 
 

 
Figure 30.—Distribution of 2′ ′z z Tu u U  for (left) Smooth endwall and (right) semicircular 

ACG downstream of the rotor at ϕ = 0.37.  
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Figure 31.—Distributions of (left) circumferential vorticity (color contours) overlaid on the in-plane velocity vectors 

and (right) TKE in a meridional plane focusing on the tip region downstream of the semicircular ACG at ϕ = 0.38 
(Ref. 7). Here, r* = (r – rhub)/r tip – rhub).  

3.0 Concluding Remarks 
Analysis of the data acquired under this project is still in progress, and additional information can be 

found in the two papers recently submitted to 2022 Turbo Expo. Another publication, which is presently 
under preparation, will focus on the structure of the turbulence; in particular, the properties of the 
anisotropy tensor as well as the transport of turbulence in the passage. As part of the ongoing analysis, we 
examine the relationships between the Reynolds stress and the mean strain rate tensors. The measured 
eddy viscosity can be calculated from the ratio between corresponding stress and strain components. 
Results show that owing to the extreme non-equilibrium conditions within the machine, as well as the 
anisotropy and inhomogeneity of the turbulence, the spatial distribution of eddy viscosity varies by orders 
of magnitude and even in sign among the stress/strain components. Yet, a recent analysis of tip flow data 
from several turbomachines (Refs. 11 and 12) has revealed that certain features of the eddy viscosity tend 
to repeat themselves for the same stress component, in spite of substantial differences in load distributions 
and operating conditions. These findings raise the possibility that machine-learning-based modeling tools 
could be developed for turbomachinery flows. The present measurements also demonstrate that analysis 
accounts for the complexity of the flow in turbomachines by following the evolution of production, 
transport, and dissipation of turbulence (i.e., by solving the full Reynolds stress transport equations), is 
more likely to succeed than models assuming local equilibrium. The type of data that the present project 
has generated is fundamental to any future attempts to develop more appropriate Reynolds stress models. 
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