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ABSTRACT

The current paper first reviews experimental and
numerical investigations to understand flow physics &nd
develop optimum configurations of circumferential grooves
in compressor rotors. Circumferential grooves aredus
mainly to increase stall margin in axial compressor#h wi
small decrease in aerodynamic efficiency. Although
circumferential groove casing treatment has been used
widely, flow mechanisms of the circumferential grooets
near stall conditions are not well understood yet. ita
time-dependent flow measurement inside tip gap in a high
speed compressor is still a big challenge even though
significant advance has been made in non-intrusive flow
measurement technique. Therefore numerical approaches
have been used to study relevant flow physics. However,
optimum design of circumferential grooves to a given
compressor with the computational tools is not prattet.
In the present paper, various investigations to study flow
physics of circumferential groove casing treatment inlaxia
compressor are reviewed first. Possible missing fibmsics
are identified and future research efforts for the optim
design are discussed.

INTRODUCTION

A variety of casing treatments have been applied to
extend the operating range of various compressors (Smith
and Cumpsty [1985], Lee and Greitzer [1990], Moore et al.
[1971], Prince et al. [1974], Fujita and Takata [1985],
Paulon and Dehoudt [1982], Van de Wyer et al. [2010],
Chen et al. [2010], and Mueller et al. [2011]). Most
previous experimental studies indicate that casing
treatments, which are more effective in delaying stefd
to induce additional aerodynamic loss at peak efficiency
conditions.

Circumferential groove casing treatment has been
applied both for subsonic and transonic compressors.
Although it is generally believed that the circumferential
grooves on the compressor casing do suppress stall
inception, the fundamental flow mechanisms are not well
understood. Furthermore, the design criteria of the
circumferential grooves are mainly based on loosely
connected experimental data from subsonic compressors and

their validity on transonic compressor is not clédost of

the previous studies were aimed at obtaining change®in th
overall compressor performance data. Mueller et al. [2011]
applied Particle Imaging Velocimetry (PIV) to measure
detailed steady flow field near and inside circumferential
grooves in an axial transonic compressor stage.

With the advance of CFD technology, several attempts
have been made to investigate the effects of casing
treatments on compressor performance (Crook et al. [1993],
Hall et al. [1996], Rabe and Hah [2002]). Paulon and
Dehoudt [1982] conducted a theoretical investigation of the
effects of circumferential grooves. Rabe and Hah [2002]
investigated circumferential grooves applied to the fitage
rotor in a modern highly loaded two-stage transonic axial
compressor. They found that the local flow incidence nea
the pressure side of the leading edge is reduced due to the
circumferential grooves. Mueller et al. [2007] investigate
various circumferential grooves applied to the rotor in a
single stage transonic compressor.

Circumferential grooves extend flow range for most
compressors although cases with no benefits havebalso
reported. The primary purpose of the circumferential
grooves is to alter flow structure near the compresasing
as the compressor operates toward stall limit. Theig@ec
steady and/or unsteady flow physics at stall onsettisvalb
understood even for the compressor without any casing
treatment. Therefore, the underlying flow physics of the
circumferential grooves at near stall operation atectearly
understood either. Experimental and numerical studies to
investigate aerodynamics of circumferential grooves and
design optimization are first reviewed. Most previous
numerical studies are based on the steady Renolds-aglerage
Navier-Stokes(RANS) approach. Although the steady RANS
approach calculates some effects of the circumferential
grooves on the stall margin, measured increase in stall
margin is not well calculated. The flow field in a cowgsor
becomes significantly unsteady at near stall operation.
Therefore unsteady flow effects should be considerethéor
circumferential grooves. Unsteady flow effects on the
circumferential groove casing treatment are examinetthdy
Large Eddy Simulation.



PREVIOUS EXPERIMENTAL AND NUMERICAL
INVESTIGATIONS ON CIRCUMFERENTIAL
GROOVE CASING TREATMENT

Circumferential grooves have been studied since early
1970 as a part of passive flow control devices in
compression system. Experimental methods were mainly
applied in early days as reliable analytical tools were n
available yet. Based on test data with limited vanmtd
configuration, rough design guidance was establishedt Mos
experimental data have shown that the circumferential
grooves extends compressor stall margin with relatively
minor aerodynamic penalty. In the following section, three
recent studies that combine both experimental and ncaher
methods are reviewed.

AFRL TWO STAGE TRANSONIC COMPRESSOR

Rabe and Hah [2002] studied effects of circumferential
grooves on a two-stage transonic axial compressor. |Betai
numerical study was conducted to investigate flow
mechanism of circumferential grooves. A steady RANS
method was applied for the study. The numerical results
showed increased stall margin with the circumferential
grooves as the measurement shows. The agreement betwee
the numerical simulation and the measurement was
reasonable in qualitative sense.

Various casing treatments were installed and tested
the first rotor. Table 1 shows aerodynamic perforneasfche
rotor 1. This study investigated three different groove
configurations, shown in Fig. 1, in comparison with a smooth
wall. Since the largest variation in the stall margaturred

two-dimensional effects alter the flow structures madste
blade boundary layers near the tip can move into anafout
the grooves. Flow into the grooves acts as boundary layer
bleeding, and flow out of the grooves acts like impingeme
on the boundary layer, which might have a beneficif@cef

on the endwall flow field.

Figure 2 shows contours of the radial velocity
component at the blade tip section. The bleeding of the
pressure side boundary layer into the grooves is sedé® to
roughly proportional to the depth of the grooves. However
the impingement of flow from thgroove intothe suction
surface boundary layer is not strongly dependent on the
groove depth. Both measurement and numerical simulation
showed that the shallow grooves extend the operating range
as much as the deep grooves for this compressor. The
impingement of flow into the suction surface boundargtay
might play dominant role for this configuration.
Aerodynamic loading at the blade tip is shown in Figré
is interesting to see that the loading is reduced \tia
grooves, which indicates less tip clearance flow actioss
blade tip. Figure 4 compares tip clearance vortex tsire@t
the mass flow rate where the rotor with smooth casing
operates just before stall. Circumferential grooves
configuration reduces the tangential penetration of tip
clearance vortex and the vortex core strength, which itedica
further stable operation beyond the current mass flow. rat
Changes in tip vortex structure in this compressor areedaus
by the impingement of flow from the grooves and reduced
loading at the blade tip section.

near 83% speed, this speed was chosen to present the DARMSTADT SINGLE STAGE TRANSONIC

comparison of the casing configurations. The grooves li
between 15% and 55% of the blade axial chord. All of the
grooves in a given configuration have the same shape. The
first configuration is relatively conventional, with vé
grooves at a depth of 20.32 mm. A second configuration, with
shallow grooves of 1.25 mm, is used to examine the influence
of groove depth, commonly believed to be the most
significant paramete(Paulon and Dehondt [1982]). A third
configuration uses only the two most upstream grooves of the
second configuration.

The measurements indicate that the first set of
circumferential grooves extend the flow range by roughly
10% from the original smooth wall case. The numerical
simulation also indicated the increase of stall nmargior
high speed compressor with this level of pressure riseris
difficult to operate through stall point and the measurement
of stalling flow rate is not always precise. As a steady
Reynolds-averaged Navier-Stokes(RANS) approach was
applied for the numerical simulation, any possible unsteady
flow effects at near stall operation was not considiénethe
numerical simulation.

Following possible effects due to circumferential
grooves were examined.

1. Two-dimensional boundary layer effects.
2. Tangential velocity effects.
3. Endwall boundary layer effects.
4. Segmentation of the tip-clearance vortex.
Based on the numerical simulation, the authors found
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COMPRESSOR

Since 1994, a series of axial single stage transonic
compressors have been designed and tested for various
research programs at the Technical University of Daxdist
(see Figure 5).

The design parameters of the high-speed test rig
represent a front stage of typical commercial HPQ@e fig
has been built for validation of design tools and CFD sode
It also functions as an experimental test bed for new
materials and manufacturing methods such as blisks and
CRP. Many different rotors have been tested. The test
facility operates in an open circuit; ambient air is sdakeéo
a settling chamber and through a calibrated bell mouth into
the stage. Due to the length of the inlet duct and rthedl s
volume established at the stage outlet, stall can occur but
surge cannot.

The rotor used for the circumferential casing treatimne
is the Darmstadt Rotor-1 titanium blisk with 16 radiall
stacked CDA-profiles. Table 2 shows the Rotor-1 geaesetr
and the compressor characteristics at design conslition

Four different casing inserts were manufactured, each
representing another configuration of circumferential
grooves. The groove onset downstream of the leading edge
is at 15.25% of the projected axial chord. Compresasing
with 6 deep grooves are shown in Figure 6. Details ofthe
the grooves are given by Mueller et al. [2007]. Figure 7
shows total pressure rise with various grooves alottly thie



numerical simulation. For this compressor, 6 deep grooves
increased the stall margin most. Therefore, numerical
simulations with the 6 deep grooves were performed with
the steady Reynolds-Averaged Navier-Stokes Approach.
Figure 8 shows calculated velocity vectors inside tip
clearance and grooves with 6 deep grooves at the noass fl
rate where the compressor with smooth casing opetates |
before stall. Corresponding tip vortex structure isvafn in
figure 9 in terms of particle traces. Figure 10 shows tip
vortex structure with smooth wall at the same mass flow
rate. The vortex structures in Figures 9 and 10 indicétat

the core vortex strength is weaker than that of the #moo
wall and the tip clearance vortex does not peneinétethe
blade passage as much as that with the smooth casiray, whi
was also observed in the previous study of AFRL
Compressor. The steady RANS simulation shows that the
operating range is extended due to the circumferential
grooves as the measurement shows. The steady RANS
calculates the stalling mass flow rate very closethe
measured value for the smooth casing. However, steady
RANS calculates about 15 % increase in stall margin with
the circumferential grooves while the measuremetoivsh
almost 20 % increase.

NOTRE DAME SINGLE STAGE TRANSONIC
COMPRESSOR

Chen et al. [2010] investigated numerically
circumferential groove casing treatment in the trarcsoni
axial compressor at the Notre Dame University. Thessr
section of the compressor is shown in Figure 11. Esing
treatment with 7 circumferential grooves is given in Fégur
12. The effects of the circumferential grooves on the
compressor speed curves are shown in figure 13. Like a
previous study on the Darmstadt's compressor, the steady
RANS captures stall margin with the smooth wall reasiynab
well. However, the calculated extension of stall margitn w
the grooves is about 70 % of the measured increadeeof t
stall margin. Changes in tip vortex structure are shawn i
Figure 14. Again, similar changes in tip clearance vortex
structures due to the casing grooves are observed like th
previous two studies.

Steady RANS simulations show effects of
circumferential grooves which are similar to the nueed
values on the flow field near the rotor tip for thwee
compressor stages described in this section. As mentioned
earlier, precise measurement of stall point in highedpe
compressor is very difficult. On the other hand, nunatric
procedure to predict compressor stall point with thedstea
RANS is not validated adequately. With the steady RANS
the mass flow rate is decreased by increasing exit peessu
untill a stable numerical solution can not be obtained to
determine stall point. The numerical stall point depends o
computational grid as well as applied turbulence model.
Various studies indicate that the steady RANS calculates
some averaged flow features reasonably well at nelr sta
operation. Previous numerical studies indicate that the
steady RANS calculates the stalling mass flow rate
reasonably well. However, the steady numerical sinarati
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does not calculate the extended stall margin due togasin
groove treatment properly. In the following section, flow
structure at near stall condition is further examined a
possible effects of flow unsteadiness is examined.

UNSTEADY FLOW EFFECTS ON THE
PERFORMANCE OF CIRCUMFERENTIAL
GROOVES

Most numerical simulations on the effects of
circumferential grooves have been based on the steady
RANS approach(Rabe and Hah [1992], Mueller et al.[2007],
Shabbir and Adamczyk [2005], Van De Wyer et al. [2010],
and Chen et al. [2010]). These numerical simulationedas
on the steady RANS show overall trend of measured
aerodynamic benefits of the grooves. However, thedgtea
simulation does not seem to calculate all the measured
increase in stall margin as shown in Figures 7 and 13 Thi
might be due to the fact that steady RANS does not @ptur
all the effects of the circumferential grooves on tham
passage flow. Flow structures at near stall are briefly
examined first. Then, possible effects of flow unsteasdine
on the performance of the circumferential grooves are
examined in this section. Figure 15 shows changes in
instantaneous pressure distribution at near stall aperah
the casing from a high frequency pressure measurement in
the Darmstadt's transonic compressor stage (Bergnet. e
[2006]). Fig. 15 shows significant changes in pressure
distribution and tip vortex trajectory. This unsteadnés
mainly due to interaction between the tip clearanceexor
and the passage shock. The measurements indicatén¢hat t
tip vortex is highly intermittent as the pressure ddfese
across the blade tip section changes.

To include possible effects of unsteady nature of flow
field at near stall operation, unsteady flow simulatiors wa
performed at several operation points with the deep 6egrov
configuration of the Darmstadt’s transonic rotor. LaEgkly
Simulation (LES) was applied to represent tip vortex
oscillation and vortex/passage-shock interaction more
realistically. Details of the applied LES procedure given
by Hah et al. [2010]. 40 computational nodes are used in
radial direction to describe the grooves. The total
computational was 194 nodes in the blade-to-blade direction,
168 in the spanwise direction and 480 nodes in the
streamwise direction for a single blade passage. @adch
compressor pressure rise characteristics from the LES
simulations are shown in Figure 16. The unsteady LES
simulation calculates further extension of the operating
range than the RANS steady simulation, which agrees well
with the measurement. The results shown in Figure 16
indicate that there are significant influences of urtstdw
on the performance of the circumferential groovesisTh
explains why various steady RANS numerical simulations
can not calculate stall margin increase accurately.r&igid
shows changes of static pressure at the blade tip sectio
during one rotor passage cycle. As shown in Figure ¥7, th
pressure field changes significantly during one passage
cycle. Therefore, flow impingement from the circumfdiain
grooves also changes and the circumferential grooves



provide unsteady flow injection into the main passage. The
unsteady injection of flow with axial and radial momentum
provides additional increase in the stall margin. Whes th
unsteady injection is dominant mechanism, the steady
RANS can not calculate any improvement in stall nmargi
with the circumferential grooves while the actual
measurement shows significant increase in stall maFgg

18 shows changes in the velocity vectors near thegagi

10 % pitch from the pressure side. Changes in radiatitglo
near the casing are shown in Figure 19.

As the flow field becomes more oscillatory at ndail s
operation, the unsteady injection effects becomes romhi
factor of the circumferential grooves. Therefore, aady
effects should be properly considered when any optiipizat
strategy are pursed based on numerical simulations. Steady
RANS can not be successfully applied for such applications.

CONCLUDING REMARKS

Various previous studies on circumferential groove
casing treatment on the stall margin in a transonic
compressor rotor are reviewed. Steady RANS approach has
been applied to investigate detailed flow mechanisms due to
the circumferential grooves as the experimental
investigations do not provide detailed flow structure.
Although steady RANS seem to calculate some qualitative
trends correctly, the method does not seem to calculate
measured increase of stall margin properly. The ptesen
investigation shows that the flow field becomes urtsteses
the compressor operates toward stall. Unsteady flow
injection from the grooves with axial and radial mortuen
into the main flow near the casing is a main mechans
enhance flow stability and increased stall margin. Fdaire
design of compressors, unsteady effects might be the
dominating factor and steady RANS might not calculaie an
benefits due to the circumferential grooves. For any
optimization strategy of the casing treatment with the
numerical flow analysis tools, unsteady effects showd b
properly included.
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Table 1 Aerodynamic Performance of the Rotor

Paranger

Value

Design pressure ratio

2.5

Design air flow, kg/sec

71.€

Tip clearance at 83% spee(, cm

.08¢

Tip speed at 83% speed, m/sec

339.¢

Baseline air fl ow at 83% speed,
peak efficiency, kg/sec

59.6¢

Baseline pressure ratio at 83% speed
peak efficiency

1.8¢

Mass flow measLrement precision, %

+0.18

Presstre ratic meesurement precision, %

+0.14

Efficiency meesurement predsion, %

+0.12
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Figure 2 : radial velocity contours just below the rgsi
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Figure 3 Changes in blade tip loading.
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Figure 4 Tip clearance vortex structure.

Table 2 Darmstadt rotor design parameters

Pressure rat 1t

Corrected mass flow re 16.0 kg/.

Corrected tip spet 398 m/: N
Inlet relative Mach number at 1.3t \\\\ §I
Inlet relative Mach number at h 0.7C '"'

Shaft spee 20,000 rpn

Tip diamete 0.38n

Rotor mean aspecatic 0.94

Rotor solidity (hub/mid/ti 1.9/1.5/1..

Figure 5 Darmstadt transonic compressor stage with
circumferential casing grooves.



total pressure ratio

16

1.5

1.4

1.3

1.2

Figure 6 Casing treatment with six deep grooves.
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Figure 7: Total pressure rise at design speed.
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Figure 8 Calculated velocity vectors with 6 deep groves a
the mass flow rate of 14 Kg/sec.

Figure 9 Tip clearance vortex structure with 6 deep grqoves
mass flow rate of 14 Kg/sec.



Tip core vorte:

Figure 10 Tip clearance vortex

mass flow rate of 14Kg/sec.
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Figure 11 Notre Dame compressor stage (from Chen et
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Figure 15 Instantaneous static pressure distributitimeat
casing with smooth wall.
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Figure 17 Calculated changes in static pressure at thetigade

Figure 18 Instantaneous velocity vectors near the casiti@ % pitch from the pressure side.
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Figure 19 Changes in radial velocity compor
just below compressor casing

Flow bleeding into groowvt

Flow impingement into mai
passage from grooves



