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Abstract configurations of casing treatments with

High pressure ratios in advanced axial
compressors lead to a decrease in height of the
flow path and, consequently, a decreased blade
height in HPC last stages. The blade tip
clearance can’t be reduced relatively to the
blade chord length or height by the same
relative value as in first stages. Moreover, HPC
operation in transient conditions can cause an
increase in tip clearances, so that clearances in
last stages can exceed normal values. This may
affect the operating range and characteristics of
the compressor as a whole. Circumferential
groove casing treatments can be used to
compensate for negative effects associated with
an increase in tip clearances.

The test unit used in this work is a D-77M stage
— the large-scale (1 m) model of the HPC last
stage designed for studies of flow specifics in
axial stages with a big hub-to-tip ratio equal to
0.925. It consists of 3 blade rows: inlet guide
vanes (IGV) with 90 vanes (ZIGV), which
provide the same flow swirling as in an actual
compressor, a rotor with 82 blades (ZR) and a
tandem stator with 134+134 vanes (ZSIl). The
D-77M stage has the following design
parameters: mass air flow 15.4 kg/s; tip speed
264 m/s; total pressure ratio 1.24.

The purpose of the circumferential grooves is
recovery the stall margin, pressure ratio and
maximum level of efficiency, which have
decreased due to an increase in the tip
clearance. Two values of the tip clearance are
studied: a) 0.4 mm — design value of the tip
clearance, and b) 0.8 mm — increased value of
the tip clearance. Dimensions and distances
between the grooves are chosen in view of their
subsequent manufacturing. Various

different number of grooves located in the area
of the leading edge or over the entire rotor
chord are numerically studied in this work. This
choice can be explained by the fact that vortex
caused by leakages in the tip clearance is
located in the area of the leading edge, and its
intensity considerably increases with an
increase in the tip clearance. Grooves located
directly in the area of the leading edge split the
main vortex into a number of small vortices and
decrease its intensity, but similar grooves
located near the trailing edge have a negligible
effect on flow. Nevertheless, the casing
treatment in the configuration with 6 grooves
located over the entire blade chord results in
max. increase in efficiency. The circumferential
grooves show a positive effect on flow at design
rotational speeds as well as decreased
rotational speeds in the D-77M stage.
Calculated and experimental characteristics of
the D-77M stage with a smooth flow path were
compared.

Nomenclature

Thermodynamic and gas-dynamic parameters:
Pt — total pressure, Pa;
Tt — absolute total temperature, K;
G — mass air flow, kg/s;
n" — total pressure ratio;
N"ad = Hag/Hz — adiabatic efficiency.

Geometrical parameters:
D, R — diameter, radius, m;
Cx — axial chord;
d — hub-to-tip ratio;
dip — tip clearance, mm;



z — number of circumferential grooves in CT;
Z —number of blades.

Kinematic parameters:
n — rotational speed, r.p.m.;
u — tip speed, m/s;
C — absolute flow velocity (in the fixed
coordinate system), m/s;
W — relative flow velocity.

Indices and Abbreviations:
IGV —inlet guide vanes;
R - rotor;
Sl — tandem stator;
CT - casing treatment;
t—tip;
h — hub;
cor — corrected.

1 Introduction

In connection with the development of a
new high-pressure HPC family with ultra-high
pressure ratio m. =27 and number of stages
z=10+11 studied by Aspi Wadia et al. in [1],
P.S. Prahst et al. in [2] and D.P. Lurie et al. in
[3] the effect of the tip clearance in HPC last
stages is of particular importance shown by
V.1. Mileshin in [4,5]. An increase in the tip
clearance in comparison with a design value
leads to a noticeable degradation of HPC
performance. The negative effect of the tip
clearance can be compensated by abradable
coatings on the HPC casing inner surface.
However, as a result of unstable transient
conditions, a casing ovalization, and an inlet
flow nonuniformity observed in the process of
HPC operation, the coating height decreases that
leads to an increase of the tip clearance and an
additional degradation of HPC performance
demonstrated by Mileshin et al in [6,7,8].

The effect of circumferential grooves on
characteristics of a typical HPC middle stage
with an increased tip clearance is studied by V.
Mileshin et al. in [9]. It is shown that an
increased tip clearance causes a decrease in stall
margin, and the use of circumferential grooves
makes possible to suppress this negative effect.
Grooves reduce mass flow in the tip clearance
and shift the leakage vortex deeper into the
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blade channel, thereby positively affecting the
stall margin.

Circumferential grooves can exert a
considerable  influence on  compressor
performance; moreover, they are not difficult
for manufacturing. Recently, a numerous
number of works have been completed to study
their associated flow mechanism. It is well
known that grooves exert an effect on leakage
flow in the tip clearance by suppressing its
rolling up, as shown by M. Govardhan et al. in
[10]. Benefits of circumferential grooves for
increasing the stall margin are verified in the
numerical study by Juan Du et al. in [11]. It is
emphasized by Wilke 1. et al. and by Hah C et
al. in [12-14] that the physical effect of grooves
consists in a considerable reduction of blockage
at the tip and a decrease of leakage vortex
rolling up in the tip region of the blade passage.

The influence of a shape and a position of
one groove on efficiency and stall margin were
studied by Rabe D.C. and Hah C. in [15]. Two
types of grooves were studied: a triangular
groove with upstream bevel angle, which is
located in the area of the blade leading edge — it
has a positive effect on stall margin and slightly
decreases the efficiency; and a trapezoidal
groove, which is located in the area of the
trailing edge — it increases efficiency and has a
negative effect on stall margin. It is also shown
that effects of each of the grooves are
independent, and their combination makes
possible to compensate for losses if used
individually.

The study is completed with an increased
rotor tip clearance. It is shown by Shabbir A.
and Adamzyk J.J in [16] that due to changes in
the flow field caused by an increased tip
clearance, the positive effect of casing
treatments is not the same as found for the
nominal clearance. It is reported that an axial
position of grooves is an important parameter.

G. Goinis et al. in [17] looked at the effect
of the position of a casing treatment consisting
of six rectangular grooves. Three CT positions
are analyzed: 1) all grooves are above the rotor;
2) all grooves are shifted downstream; 3) all
grooves are shifted upstream. The maximum
increase in stall margin is found in the first case
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- all grooves are located in the area above the
rotor (10.3%).

The effect of circumferential grooves and
bending of rotor blade tips on stall margin is
studied by M. Rolfes et al. in [18]. It is shown
that stall margin can be additionally improved
by blade bending.

A slot-groove hybrid casing treatment is
studied by Hao Guang Zhang et al. in [19]. The
slots are located at the leading edge, and
circumferential grooves — at the trailing edge.
As a result of calculations and tests, it is found
that effects of both casing treatments can be
identified. It is shown that changes in stall
margin are caused by an influence of the casing
treatment on a trajectory of the leakage vortex.
The more powerful the vortex, the more visible
its trajectory tends to the blade suction side. A
decrease in efficiency is caused by an increase
in entropy production in slots and grooves as
well as losses caused by flow induced by these
slots.

This work was carried out in an effort to
develop methods and technologies aiming at an
improvement the last compressor stage
performance (including an increase in stall
margins), as well as a reduction of sensitivity of
last compressor stage performance to changes in
rotor tip clearances. Similar problems were
studied earlier by Cevik, M. et al. in [20] This
paper presented the development of a novel
casing treatment to reduce compressor
performance and stall margin sensitivities to tip
clearance increase. The casing treatment design
consists of sawtoothshaped circumferential
indentations placed on the shroud over the rotor
with a depth on the order of the tip clearance
size. Further simulations showed that this casing
treatment can be combined with desensitizing
blade design strategies developed by Erler, E. et
al. in [21] to further reduce tip sensitivity and
reduce/eliminate/reverse nominal performance
penalty.

2 Test unit

The D-77M stage (see Fig. 1) is a large-
scale model of a HPC last stage designed for
studies of flow in axial stages with a big hub-to-
tip ratio ( d=0.925); it consists of three blade

rows: IGV with 90 vanes (Zcv), a rotor with 82
blades (Zg) and a tandem stator with 134+134
vanes (Zs);). The stage has the following design
parameters: G=15.4 kg/s; u=264 m/s; © =1.24.

b) Oulet casing

iy

¢) Tandem stator
Fig. 1. D-77M stage

The D-77M stage configuration is
mainly designed to study the effect of different
types of casing treatments on performance of a
typical HPC last stage with an option to change
rotor tip clearances.

Two values of tip clearances over the
rotor were studied in this work: dip = 0.4 mm
(0.9% of tip chord) - normal clearance and dp =
0.8 mm (1.8% of tip chord) - increased
clearance. Changes of the tip clearance in the D-
77TM stage were provided by changing the
diameter of the outer casing above the rotor.

A set of removable casing rings were
manufactured to change the tip clearance and
the number of grooves in the casing treatment,
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including casings with a smooth flow path and
with circumferential grooves when the number
of grooves (z) was equal to 4 or 6.

Due to machining limitations, tests were
performed only for the CT with four grooves
without the tandem stator in the D-77M stage.
Tests with the tandem stator will be performed
at the next stage of the work.

The D-77M stage was tested at the
CIAM’s UK-3 test facility equipped with a
torsion torque meter falling into Class 0.2
(ET60, «Torquemeters» company) with 500-Nm
Sensor.

Work expended for an increase in total
pressure in the D-77M stage is calculated as
work expended in rotation (estimated on the
basis of measured torque) minus work in
friction of bearings and disks. Friction work in
the disk and bearings was pre-determined in
“blades off” tests of the stage.

Lubricating oil temperature was supported
in tests within 30 + 10°C.

To make total pressure measurements,
three 7-point total pressure rakes with flow
deflectors providing nonresponsiveness of
measurements to changes in the velocity
direction (up to = 30°) were installed at the rotor
outlet (phase 1) and at the stator outlet (phase
2). The IKD-27Df sensors were used as pressure
transducers; their measurement accuracy was
max.£ 0.3% of a full scale. Before testing a new
stage assembly, the sensors were calibrated
using DPI-620 instruments to provide the
required measurement accuracy. A device
providing slow stator rotation was switched ON
during measurements for more accurate
estimations of an average total pressure value.

Two 7-point total temperature rakes were
installed for temperature measurements. Air
flow was measured by a flow metering orifice
after metrological certification in accordance
with OST 1 02555-85. Air flow measurement
accuracy was max. + 0.5% of a measurable
value.

The configuration of the measurement
system and the test procedure provided max. +
0.5% error in estimations of D-77M stage
efficiency.
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2 Numerical model

Numerical flow simulation was provided
by the software package for solving the
Reynolds averaged steady and unsteady 3D
Navier-Stokes equations (RANS, URANYS)
[22,23].

The simulation process was completed in
two phases. At first, two rows (IGV and Rotor)
were used for a more detailed analysis of the
effect of circumferential grooves on the rotor.
After that the tandem stator was taken into
account in calculations, and similar studies were
performed for the full D-77M stage.

Through-flow calculations of three-
dimensional viscous flow in blade rows in the
«Mixing plane» approximation were completed
at the first phase. Flow was steady in the
coordinate system rotating with each blade row.
Unsteady flow fields for the incomplete stage
were found by a nonlinear harmonic method
(NLH) allowing simulation of one blade
passage per row without using “mixing plane”
interface [24]. The basic idea of this method lies
in the fact that disturbances making flow
unsteady are recorded as time-averaged values
and then expanded into Fourier series. By
presenting the  unsteady  Navier-Stokes
equations in the frequency form, we derive
transfer equations for each frequency. The
condition of solution equality on both sides
should be observed at the stator-rotor interface.
The main goal is to get continuous unsteady
flow through the interface. The number of
harmonics is limited, and, consequently,
continuity can’t be strictly reproduced, but the
difference in numerical results decreases with an
increase in the number of harmonics. In this
study, the number of harmonics was taken equal
to 3.

A two-parameter model of turbulent
viscosity (SST) with wall functions was used
without boundary layer transition model.
Solutions were found by the Jameson’s finite-
difference scheme in the second-order
approximation in space and time.

Unfortunately, the SST model was unable
to make calculations for IGV+R+SlII
configuration because it was sensitive to
artificial separation areas in the tandem stator
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which were generated at the interim steps of
convergence process. In this case, k-¢ model
proved itself as more stable, which pre-
determined its choice for 3D viscous flow
calculations for the stage in IGV+R+Sll
configuration. For the full compressor stage the
study was limited only by the «Mixing plane»
approach.

A Dblock-structured grid was used in
calculations. Only one blade passage per row
was simulated. The grid was constructed by the
automatic grid generator (Fig. 2-4) [23]. At the
first phase, the computational domain consisted
of 16 grid blocks in blade channels (1,627,508
cells) and 4 or 6 blocks in the casing treatment
(121,841 cells per a groove with a quadrangular
cross-section, 104,673 cells per a groove with a
triangular cross-section). Investigation of final
mesh size was performed, the results of which
are presented in the Table below. At the second
phase of the study the mesh density was
increased twice; the total computational domain
was divided between 28 grid blocks (4,959,728
cells) in blade channels and 4 or 6 blocks in the
casing treatment (121,841 cells per a groove
with a quadrangular cross-section, 104,673 cells
per a groove with a triangular cross-section)
y'=0.879. General view of the computational
domain is shown in Fig. 2-Fig. 4. The mesh of
O-H type with 17 radial cells was used in the tip
clearance which satisfies with best practice
recommendations by Van Zante at al. [25].

Table Results of final mesh size study

'\C";Is: Geor | A% | ¥ [ A% | n¥ag | A% | “0" | A%
773140 | 12.93 | -069 | 1.249 | -0.16 | 09084 | -0.88 | 6.1 | -3.4
1627508 | 13.02 | 0 | 1251 | 0 | 09165 | 0 | 96 | O
3168808 | 13.03 | 008 | 1.251 | 0 | 09182 | 019 | 135 | 39

Fig. 2. Computational domain for IGV +R

Fig. 3. Computational domain for IGV +R+SlI

Fig. 4. Finite-difference grid in the blade channel section
in the D-77M stage

Viscous flow calculations were based on
corrected parameters at the inlet: TT=288.15K,
PT=101325Pa at n=100% corresponding to
5042 r.p.m. Because of a short inlet duct, the
boundary layer at the hub and at the tip was thin
making possible to specify total pressure and
total temperature at the inlet to be constant
across the section. The inlet turbulence value
was 5.15%, i.e. was in full compliance with test
conditions. The condition of radial flow
equilibrium was used in the outlet section; static
pressure at the tip was fixed. Conditions of flow
“no slip” and zero heat transfer were specified
on solid surfaces. Two values of rotor tip
clearances were studied: di, = 0.4 mm - design
height of the tip clearance and dgp, = 0.8 mm -
increased height of the tip clearance.

Based on results found by the studies [17],
the triangular shape of the groove cross-section
was chosen; 6 grooves were located over the
entire blade chord. The width of the triangular
groove was 3 mm (10.0% of axial chord); the
other dimensions see in Fig. 5a. Later on, based
on capabilities of the manufacturing process for
this type of casing treatment, the groove was re-
designed with a truncated cross-section and the
number of grooves was reduced (Fig. 5b). Grid
blocks corresponding to circumferential grooves
had the same periodicity as the rotor blade
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channels (Z = 82 blades). Grooves were
modeled as separate rotating computational sub
domains connecting with the flow part using full
non-matching boundary connection.
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Fig. 5. Configuration of the CT with circumferential
grooves

To find speed lines, back pressure at the
outlet slowly increased until reaching non-
convergence of the solution.

4 Calculated data

As a result of numerous calculations,
integral characteristics shown in Figures 6-8
were found.

Figure 6 shows integral characteristics of
the D-77M stage without the tandem stator
found experimentally and numerically using the
"mixing plane" interface. Casing treatments of
investigated configurations had no visible effect
on integral characteristics of the stage at
nominal tip clearance. Twice as large tip
clearance resulted in a noticeable degradation of
parameters of D-77M stage in smooth wall
configuration (a decrease in efficiency by 1.5%
and a decrease in stall margin by 7%).
Application of casing treatments of investigated
configurations made possible to restore stall
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margins and increase efficiency by 0.8%.
Comparison of calculated data (see Fig. 6)
showed a good agreement for total pressure
ratio (n*) and efficiency (n*.q). For example,
maximum deviation for efficiency was 0.5%,
and maximum deviation for total pressure ratio
was 0.7%.
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Fig. 6. Integral characteristics of the stage without the
outlet guide vanes (IGV + R)

Figure 7 shows integral characteristics of
the D-77M stage without the tandem stator
found numerically using the NLH method. The
purpose of these calculations was validation of
data calculated by the "mixing plane” method.
The NLH method was more compute-intensive
and time consuming, so we restricted ourselves
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to the study of only one casing treatment

configuration.
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Fig. 7. Integral characteristics of the stage without the
outlet guide vanes (IGV+R)

Figure 8 shows integral characteristics of
the D-77M stage in IGV+ R+SII configuration
found numerically using the "mixing plane"
interface. Just as for an incomplete stage, casing
treatments of studied configurations had no
visible effect on integral characteristics of the
stage at nominal tip clearance. Twice as large tip
clearance resulted in a decrease in efficiency by
1.5%. Application of casing treatments made
possible to increase efficiency by 0.5%, but
have no influence on stall margin. Experimental
characteristics for the full stage were not found
because the initial tandem stator failed to meet
the requirements. It has been re-designed and
today is in the process of manufacturing.
Acquisition of experimental data for the

complete stage will be the next step in this
work.
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Fig. 8. Integral characteristics of the full stage
(IGV+R+SII)

Figure 9 shows distributions of the
averaged axial velocity component and
streamlines near stall in smooth wall
configuration received using mixing plane
interface. The points presented for groove
configurations have similar mass flow rate.
When the tip clearance is 0.4 mm, the reverse
flow area is narrow and located at the blade tip,
very close to the leading edge. An increase in
the tip clearance up to 0.8 mm results in an
extended in radial height reverse flow area. Stall
occurrence is directly dependant on dimensions
and position of the reverse-flow area caused by
leakages in the tip clearance. In this case stall
was not like a spike; it occurred when a
detached bubble got close to the leading edge
but not reaching it. The casing treatment
installation made possible to shift the detached



bubble from the leading edge, thereby delaying
the stall. The circumferential grooves
considerable reduce dimensions of this area. A
single area splits into a number of smaller spots
located under the grooves. Therefore, stall
margin can be improved by controlling an
increase of the reverse-flow area and its position
with an increase in the tip clearance.

a) IGV+R, tip clearance = 0.4 mm, w/o CT

Vz (mis)

b) IGV+R, tip clearance = 0.8 mm, w/o CT

Vz (ms)

¢) IGV+R, tip clearance = 0.8 mm, CT with 4 grooves

d) IGV+R, tip clearance = 0.8 mm, CT with 6 grooves

Fig. 9. Distribution of the axial velocity component
averaged in the circumferential direction; meridional
section; near stall; mixing plane interface
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The reverse-flow area at the design point
(see Fig. 10) is smaller and shifted towards the
blade chord center. Higher efficiency of 6
grooves can be attributed to the fact that more
clustered grooves split vortex into a number of
smaller ones. Nevertheless, the CT with 4
grooves also has a positive effect.

a) IGV+R, tip clearance = 0.4 mm, w/o CT

Vz (mis)

d) IGV+R, tip clearance = 0.8 mm, CT with 6 grooves
Fig. 10. Distribution of the axial velocity component
averaged in the circumferential direction; meridional

section; near design; mixing plane interface
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Figure 11 shows relative Mach number
distributions in the blade-to-blade section at
0.97% height of the channel found using the
"mixing plane" interface. This section is located
lower than the tip clearance and it was chosen
because the casing treatment effect in this
section was most noticeable. A stagnation area
with low relative Mach numbers was located on
the blade pressure side. Average value of the
relative Mach number in this area was 0.398 at
the nominal clearance. An increase in the tip
clearance by 2 times resulted in a decreased
average value - 0.293 (by 26% lower).
Application of 4 and 6 grooves casing
treatments made possible to increase the
average Mach number value to 0.41 (by 3%
higher), and 0.407 (by 2% higher), thereby
eliminating the negative effect of an increase in
the tip clearance.

Relative Mach Number
08

b) IGV+R, tip clearance = 0.8 mm, w/o CT

d) IGV+R, tip clearance = 0.8 mm, CT with 6 grooves

Fig. 11. Distribution of Mach numbers in relative CS;
blade-to-blade section at 0.97h height; near stall; mixing
plane interface

Figure 12 shows the leakage vortex
structure in the tip clearance. The version w/o
CT shows that vortex is coming from the
leading edge. The version with 4 grooves shows
that vortex intensity is noticeably lower and its
trajectory is located closer to the blade suction
side, i.e. in a good agreement with previous
studies [9]. Application of circumferential
groove casing treatments reduced blockage at
the tip; mass air flow increased by 1.2%, while
mass air flow through the tip clearance
decreased by 0.2%.

a) IGV+R, tip clearance= 0.8 mm, w/o CT



b) IGV+R, tip clearance= 0.8 mm, CT with 4 grooves
Fig. 12. Structure of leakage vortex in the tip clearance;
near stall; mixing plane interface

Figure 13 shows that leakage in the tip
clearance results in occurrence and changes in
the stagnation zone on the blade pressure side
(at the tip). The position of this zone coincides
with the leakage vortex trajectory. The
circumferential grooves provide a considerable
reduction of this zone by decreasing leakage
intensity in the tip clearance.

aaaaaaaaaaaaaa

b) IGV+R, tip clearance= 0.8 mm, CT with 4 grooves
Fig. 13. Distribution of Mach numbers in the relative
coordinate system; sections in the blade channel; near
stall; mixing plane interface
An increase in leakage vortex intensity leads to
entropy production (Fig. 14) and losses
generation. Application of the CT provides a
considerable decrease in entropy production,
and, as a consequence, higher efficiency.
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b) IGV+R, tip clearance = 0.8 mm, CT with 4 grooves

Fig. 14. Entropy distribution; blade-to-blade section at
0.97h height; near stall; NLH method

Figure 15 shows the relative Mach
number distribution at the tip for the full stage.
The stagnation zone in the tail part of the rotor
blade is considerably smaller than for the stage
version without the stator. However, the
circumferential grooves almost completely
remove this zone. Leakage vortex at the leading
edge is re-structured. It is worth noting that
casing treatments of this type have weak effect
on flow in the next rows.

a) IGV+R+SII, tip clearance= 0.8 mm, w/o CT
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b) IGV+R+SlI], tip clearance= 0.8 mm, CT with 6 grooves

Figure 15 — Distribution of Mach numbers in the relative
coordinate system; blade-to-blade section at 0.97h height;
full stage; near stall

A distinctive feature of the last stage in a
heavy-loaded HPC is a powerful wake coming
from previous stages. Unsteady interaction
between this wake-generated disturbance and
the rotor considerably changes the flow pattern;
therefore, effectiveness of casing treatments in
this case is questionable. In this work, the wake-
generated disturbance is numerically simulated
by decreasing the total pressure at the inlet by
10% (Fig. 16); it is shown that even in this case
the circumferential grooves have a positive
effect on performance of the last compressor
stage. Rotation of inlet non-uniformity will be
considered later.

Figure 16 — Shape of the inlet wake

Figure 17 represents comparison of integral
characteristics of the D-77M stage in the
configuration without outlet stator S1I at 0.8 mm
tip clearance, obtained by NLH method in
uniform inlet flow conditions and in conditions
of  total pressure drop, simulating
circumferential flow distortion. In conditions of
inlet flow nonuniformity casing treatment
demonstrates the same effect: the efficiency
increased  insignificantly, surge  margin
increased on 4.6%.
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Figure 17 — Integral characteristics of the stage without
the stator (IGV + R), tip clearance= 0.8 mm, NLH
method, nonuniformity

CONCLUSION

1. The algorithm and the mathematical model
are developed on the basis of 3D viscous
flow calculation procedure for numerical
simulation of 3D effects in a large-scale
model of a typical HPC last stage - the
D-77M stage with circumferential groove
casing treatments.

2. Steady and unsteady flow fields in blade
channels are found for the D-77M stage
with a smooth flow path and with
circumferential groove casing treatments.

3. The comparison of calculated and
experimental data shows their acceptable
matching for the stage version with a
smooth flow path and dij,= 0.4 mm or dgp =
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0.8 mm tip clerances as well as for the stage
with four grooves and dyp, = 0.8 mm tip
clearance. =~ Maximum  deviation  for
efficiency was 0.5% at all analyzed values
of the tip clearance; maximum deviation for
total pressure ratio (n*) was 0.7%

4. 3D viscous turbulent flows in the D-77M
stage with a smooth flow path and various
versions of circumferential grooves are
calculated for the stage with and without
outlet guide vanes. When the tip clearance
is 0.4 mm, the circumferential grooves have
no effect on performance of the stage in
both versions. When the tip clearance is 0.8
mm, the effect of circumferential grooves
becomes noticeable. The CT configuration
with 6 triangular grooves is most effective.
Stall margin of this stage without stator
increases by 7% and maximum efficiency -
by 0.8% for this groove shape. The stage in
the configuration IGV + R+SIl with 6
grooves provides an increase in efficiency
by 0.4% and no changes in stall margin.

5. It is shown that circumferential grooves
make possible to reduce the leakage vortex
intensity in the tip clearance, thereby
improving the streamlining of blades at the
tip and increasing stall margin.

6. This work was carried out in an effort to
develop methods and technologies aiming
at an improvement the last compressor
stage performance (including an increase in
stall margins), as well as a reduction of
sensitivity of last compressor stage
performance to changes in rotor tip
clearances. Next steps in this work will be a
numerical study the effect of inlet rotating
non-uniformity and an experimental study
of the full stage.
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