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NUMERICAL SIMULATION OF AN AXIAL
COMPRESSOR WITH NONAXISYMMETRIC

CASING TREATMENT

N. Gourdain, M. Montagnac, and J. F. Boussuge

This study deals with unsteady numerical simulation of casing treatment
in a stage of an axial compressor. The stall inception process is first
investigated in the compressor with smooth wall. At low mass flow, the
simulation shows the development of large reversed flow regions near the
casing that leads to rotating stall. Then, a simulation is performed for
a compressor stage with casing treatment. Despite a strong impact on
the rotor casing flow, the operating range extension is low, meaning that
other processes like rotor/stator interactions may play a role in the loss

of stability.
NOMENCLATURE
Py ambient pressure (101325 Pa)
P, downstream total pressure
P, upstream total pressure
Pspc static pressure for the boundary condition
Q mass flow
Qn nominal mass flow
Qsch mass flow from the numerical scheme
r radius
Ry total pressure ratio (P;/P;,)
T rotation period of the rotor (27/Qg)
Ur skin friction velocity
Veo.r components of relative velocity
T axial position
y distance from the wall
yT nondimensional distance from the wall (pyu,/p)
AQ mass flow range (Qmax — Qstall)
A throttle parameter
p density
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0 azimuth
D flow coefficient (Q/Q)
Qr rotor rotation speed

1 INTRODUCTION

Aerodynamic instabilities are among the key phenomena for the design of a
compressor. These flow phenomena have been studied for 50 years but the basic
mechanisms linked to these unstable flows are not yet fully understood. Two
kinds of instabilities can be observed: rotating stall and surge. These instabili-
ties are responsible for strong vibrations that can damage the blades or lead to
a complete failure of the machine in the case of surge. Today, motorists design
compressors with a large surge margin. An increase in the performances of the
compression system (pressure ratio or operability range) is necessary to reduce
the weight of the system. A step to improve the design of compressors is to
provide reliable tools to predict the stability limit in order to reduce the surge
margin. Analytical models can give valuable information about the pressure
rise and mass flow rate evolution during rotating stall or surge [1]. The model
of Spakovszky [2] provides precious data concerning the stability of particular
modes in the compressor and allows testing strategies for the control of unsta-
ble flows. Unfortunately, these analytical models are not capable of predicting
accurately the position of the surge line. Today, due to the development of the
computational power and the numerical methods, Computational Fluid Dynam-
ics becomes a suitable tool to predict very complex flows. Many studies have
recently shown that the numerical simulation is an efficient tool to compute ro-
tating stall [3, 4] or surge [5, 6]. During the past few years, many studies were
carried out and showed that different elements play a role in the rotating stall
(or surge) inception such as the tip leakage flow [7] and also the rotor/stator
interaction [8, 9].

Today, it is well established that the tip leakage flow is responsible for the
loss of stability in most cases. In order to control the flow in the tip leakage
region, passive methods are a promising way to explore. For example, passive
methods can be axisymmetric [10] or nonaxisymmetric [11, 12] casing treatments.
Hathaway [13] proposed a new method based on casing bleed and injection.
This self-recirculating casing treatment leads to an important extension of the
stable operating range without penalty for the efficiency, in the case of a modern
transonic rotor [14]. As a general rule, casing treatments allow a higher range of
operability, a higher pressure rise but often a decrease of the efficiency. Moreover,
all compressors do not have the same behavior with casing slots and some of
them exhibit no increase in the stability [15]. Most of the studies about casing
treatments consider only one rotor passage and a finite number of slots for each
passage. It could be interesting to assess the capacity of casing treatment to
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extend operating range in the case of a compressor stage. The aim of the present
work is thus to provide numerical data and discussion for one configuration of
casing slots tested with an axial stage of a subsonic compressor.

This study focuses on two aspects: prediction of the stability limit with a full
three-dimensional (3D) flow solver and understanding of the flow mechanisms
that are responsible for the loss of stability with and without casing treatment.
Section 2 deals with the test case, the casing slot geometry, and the numerical
method. Descriptions of the compressor facility and the casing treatment are
provided here. The numerical code used for this study and the numerical pa-
rameters are then described (schemes, boundary conditions). In section 3, an
unsteady 3D simulation on a part of the whole geometry with smooth wall is
presented. Results from this calculation are analyzed with a particular interest
for the flow evolution from the nominal point toward the stall inception point.
This part shows some mechanisms about the role of the tip leakage flow at con-
ditions near stall. In section 4, the simulation of a casing treatment solution
is performed in order to increase the stable operating range of the compressor.
Impacts on the performances with this configuration are estimated and modifi-
cation of the tip leakage flow structure is highlighted. A spectral representation
explains some of the basic mechanisms linked to the casing treatment in the
present case. Then, the last section concludes on the validity of this method
with respect to the objectives and some ways to explore are proposed.

2 COMPRESSOR MODEL
2.1 Experimental Facility

The test case used for this study is the Cme2 compressor. This axial subsonic
compressor designed by SNECMA* is located at the LEMFI' (Orsay, France).
It is composed of a single stage with one rotor of 30 blades and one stator of 40
blades. The nominal rotation speed is 6330 rpm which corresponds to a relative
tip Mach number of 0.534; so, the flow is perfectly subsonic in the entire com-
pressor. This kind of low-power compressor is well suited to study instabilities
because the risk of mechanical failure is low. The compressor has been chosen
since previous studies have shown that the tip leakage flow plays a major role in
the development of a particular kind of rotating stall [16]. A schematic view of
this axial compressor is shown in Fig. 1 and the experimental facility is presented
in Fig. 2. Measurements with probes wire and Laser Doppler Velocimetry are
available for stable operating points and during rotating stall.

*SNECMA — Société Nationale d’Etude et de Construction de Moteurs d’Aviation.
TLEMFI — Laboratory of Energetics and Internal Fluid Mechanics.
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Figure 1 Cross section of the compressor test case

Figure 2 View of the experimental facility

Experimental studies were achieved in order to characterize the behavior of
the compressor during stall inception and during rotating stall [17]. Table 1 gives
some information about the aerodynamic performances and Table 2 gives the
main geometric characteristics. The tip clearance of this compressor is about 1%
of the rotor span. At the nominal operating point, the characteristics of the flow
are 10.5 kg/s for the mass flow and 1.152 for the pressure ratio. The nominal
mass flow @, is used to compute the flow coefficient ¢ (= Q/Q,,).
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Table 1 Aerodynamic performances Table 2 Geometrical characteristics
Nominal pressure ratio 1.152 Tip radius 0.275 m
Nominal mass flow 10.5 kg/s Number of rotor blades 30
Measured efficiency 0.92 Number of stator blades 40
Nominal rotor speed 6330 rpm Rotor blade chord 84 mm
Rotor speed at tip 182 m/s Stator blade chord 77 mm
Shaft power 180 kW Tip clearance 0.5 mm

Hub to tip ratio 0.78

2.2 Design of Casing Treatment

The geometry of the casing treatment used for this study is largely based on the
results from the studies of [11, 12]. The present treatment is composed of 110
slots that are built equally spaced around the circumference of the rotor. Thus,
the number of slots for each rotor passage is not an integer (110/30 ~ 3.67).
A view of the compressor with the casing treatment is shown in Fig. 3a and
the main geometric parameters of the slots are indicated in Fig. 3b. Each slot
consists in a semicircular bend skewed cavity of 24 mm with a depth of 6 mm
and a thickness of 4 mm. The cavity is split in two segments: the first one is
designed to align with the absolute flow angle at the entrance, and the second
one is inclined of 45° with respect to the axial direction. The second segment
is also inclined of 25° with respect to the radial direction in order to reduce the
angle when the flow enters in the slot. Each slot extends from upstream the

(b)

Figure 3 Configuration of casing treatment: (a) compressor with casing treatment;
and (b) geometrical parameters of the slots (z,0) and (z,r) planes. Dimensions are in
millimeters
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rotor to 25% of the rotor axial chord. The expected effect is to drive flow from
the second segment of the slot that follows the rotor stagger angle to the leading
edge of the rotor. The angle of the first segment leads to an injection upstream
with the same angle than the inflow and thus minimizes the flow angle on the
leading edge of the rotor.

2.3 Meshing Strategy

The 3D mesh of the compressor is designed with a multiblock strategy. A wall
function approach is used to avoid mesh refinement problem near walls and to
obtain a better convergence with larger time steps. The distance between the wall
and the first mesh point is set to 40 pm. The node distribution for the different
parts of the mesh is presented in Table 3. A view of the compressor mesh is shown
in Fig. 4 and a radial plane of the mesh with the casing treatment is shown in
Fig. 5. The mesh takes into account the tip leakage with 11 points in the radial
direction. A standard nonmatching boundary condition is used between the tip
mesh and the rotor passage mesh. For the simulation with a casing treatment,
an unsteady boundary condition with nonmatching point has been developed.
The nonrotating grids of the casing slots are linked to a very thin base (10% of
the tip clearance) that is connected to the rotor passages with a sliding interface.
The advantage of this method is that the CPU requirement is not too important
since the interpolation coefficients are computed only for two-dimensional (2D)
windows. Moreover, this boundary condition is conservative in the case of a
plane interface between blocks, which is roughly the case here. In order to
avoid numerical instabilities from the boundary conditions, the model extends up
to 0.6 radius of the compressor upstream and 0.5 radius downstream. Unsteady

Table 3 Computational grid dimensions

Rotor (one channel) Stator (one channel)

O-blade 297 x 19 x 67 171 x 19 x 57
H-upstream 33 x 57 x 67 9 x 47 x 57
H-channel 59 x 21 x 67 67 X 25 x 57
H-downstream 15 x 51 x 67 39 x 41 x 57
H-tip clearance 131 x 7x 11 —
Total 648 463 395922
Casing treatment
H-ring 121 x 353 x 3
O-slot 57 x 17 x 13 (x11 slots)
H-slot 33 x 17 x 13 (x11 slots)
Total 346 929
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Figure 4 View of the 3D mesh with smooth Figure 5 Blade-to-blade view of the
wall (1 point over 2) mesh with casing treatment

simulations consider one tenth of the whole compressor geometry (3 rotor and
4 stator passages). Thus, the total number of mesh points for the smooth wall
case is 3.57 millions of nodes and 3.92 millions with the eleven slots of the casing
treatment.

2.4 Numerical Method

The governing equations are the Reynolds Averaged Navier Stokes (RANS)
equations describing the conservation of mass, momentum, and energy of the
fluid. For the RANS system, the turbulent fluxes are modeled with classical
eddy viscosity assumptions. The code used to solve this system of equations is
the elsA software developed by ONERA and CERFACS [18]. The governing
equations are integrated with a compressible finite volume formulation method
and in the reference frame of each row. The time marching algorithm is a
backward Euler scheme based on a Lower Upper (LU) decomposition and the
Symmetric Successive Overrelaxation (SSOR) resolution. For unsteady compu-
tations, a second-order Dual Time Stepping (DTS) method is used in order to
define greater time steps than with a full explicit integration. For this study,
all unsteady computations are done with 51 physical time steps for one rotor
blade passage. This number of time steps is assumed to be sufficient to capture
correctly physical structures near the tip with a reasonable number of subit-
erations [19]. The convective fluxes are discretized with a 2nd order centered
Jameson scheme [20]. The 2nd and 4th order viscosity coefficients are applied
to stabilize the numerical scheme. Boundary conditions, which are a key pa-
rameter for the simulation of instabilities in compressor, have been validated in
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a previous study [16]. A condition of spatial periodicity is applied for the lat-
eral boundaries and a sliding interface condition is used between the rotor and
the stator. A condition of purely axial injection at the inlet (Py = 101325 Pa,
To = 288 K)

Pipc = Py 4+ AQ2,

and a throttle condition with a radial equilibrium at the outlet

aPSBC o V_92

dr r

are both applied. To describe the characteristic of a compressor, the throttle
parameter A is set to different values, generally from the choked point toward the
stall inception point. One advantage of this boundary condition is the possibility
to simulate the peak of pressure ratio and operating points with lower mass flow.
The turbulence model to close

1.18 ; the system is chosen after a com-
- . . . .

parison between numerical simula-

< 1.6 3%! -v- . .
s 6 A _;_é tions and experimental data. No
"é 1141 ‘\;o\'\_ model for transition has been used;
o 1121 e so, the flow is assumed to be fully

N

2 1.10F \'\ Iy turbulent. Figure 6 shows a com-
;_3 Lok pNW parison of the performance map for
: 07 68 019 1b 111 112 T3 the nominal rotation speed com-

puted with two different models
(one-equation model of Spalart
Allmaras [21] and two-equation

Flow coefficient, 0/Q,

Figure 6 Influence of the turbulence model

; model of Wilcox based on k w for-
(averaged steady calculations): 1 — measure- mulation [22]). Simulations pre-
ments; 2 — elsA — Spalart Allmares [21]; ) P

and 3 — elsA — k w [22] sented ip this .paragrfzp.h are steady

calculations with a mixing plane ap-

proach between the rotor and the
stator rows. The computed y*, which is an important parameter for the wall
function approach, is found to be around 20. A better description of the adi-
abatic wall law used here can be found in [23]. The slope of the characteristic
is well predicted by both calculations. However, the position of the pressure
peak is not well estimated by the simulations. One explanation is the use of
the mixing plane that does not capture correctly potential effects. For this
application, the & w turbulence model gives more precise results for the de-
scription of the compressor characteristic. The main reason is that the calcu-
lation with the Spalart Allmaras model exhibits an overestimated stall in the
stator blade row, which is responsible for strong losses and thus for worse per-
formance prediction. Finally, the k£ w turbulence model of Wilcox is chosen for
this study.
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3 SIMULATION OF SMOOTH WALL CASE

Unsteady calculations are achieved with a numerical method presented in the
previous section. The rotation speed is set at the nominal speed (6330 rpm). The
aim is to describe the compressor characteristic with smooth wall at nominal ro-
tation speed and to obtain the data on the flow near stall. The configuration
simulated represents a tenth of the compressor circumference, i.e., 3 rotor pas-
sages and 4 stator passages. Ten subiterations for the DTS scheme are enough
to loose 2 orders of magnitude for the normalized residuals. Computations are
performed using a Cray xd1 server with 8 AMD Opteron processors. The total
CPU time for one operating point (i.e., one value of the throttle parameter) is
140 h for a memory cost of 6.7 Go. Mass flow evolution at the compressor outlet
is shown in Fig. 7 for a near-stall point. The corresponding flow coefficient is
® = 0.827. For a signal registered at the stator exit, a periodic state is reached
after 2 rotor revolutions, i.e., 60 rotor blade passages. Figure 8 shows a com-
parison between the computed characteristic and the experimental data. The
pressure ratio is slightly underestimated, probably due to the numerical dissipa-
tion used with the Jameson scheme. However, the position of the total pressure
ratio peak is well estimated.

The experimental stall inception point is found at & = 0.816. Experimental-
ly, rotating stall is the first instability which develops at low mass flow rate.
After a short transient, a large cell of rotating blocked flow appears in the ro-
tor blade row, near the casing. This cell evolves towards a full span stall cell
which extends on a third of the whole circumference and moves at a constant
speed of 40% of the rotor rotation speed [17]. The numerical model is not able
to reproduce this behavior. The main reason is that spatial wavelengths lower
than 27 /10 are filtered by the periodic boundary conditions; so, the simulation is

i 0.87 - Hi
Q L
o 086 S 114
2 0.85 g 112
5 0.84 g 110
ot 2 1.08
z 0.83 £ 1.06
2 R
= 0.82 l 1.04
00 05 10 15 20 25 05060.70.809101.11.21.3
Time, #/T Flow coefficient, 0/0,
Figure 7 Mass flow evolution at outlet Figure 8  Computed characteristic
(® =0.827) and experimental data (unsteady calcula-
tions): 1 — measurements; and 2 — 3D

elsA calculation
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Axial Mach number

(@) | D)

Figure 9 Time-averaged solution for the axial velocity flow field at h/H = 98%:
(@) nominal point (® = 1.02); and (b) near-stall point (® = 0.827). (Refer Gourdain
et al., p. 602.)

not able to represent correctly the experimental rotating stall cell. Nevertheless,
the simulation can compute the aerodynamic stability limit with a reasonably
good accuracy [4]. The physical time needed to obtain instabilities can be very
important (more than hundreds rotor revolutions). For CPU time reason, it is
not possible to simulate such a time. Thus, in the present paper, the stability
of a point is estimated after a time corresponding to more than 2 rotor revolu-
tions, which corresponds to a balance between reasonable computational time
and sufficient time to observe instabilities. The operating point is considered
to be stable if there is no sign of instabilities at the end of the simulation (low
frequencies or long spatial wavelength modes). With this assumption, the nu-
merical stall inception point is found between ® = 0.813 (last converged point)
and ® = 0.80 (first unstable one). The dashed region in Fig. 8 indicates the
part of the characteristic for which the compressor operates with rotating stall
conditions.

The head of the compressor is considered to be the critical zone for the
development of instabilities. Thus, the analysis focuses on the flow evolution near
the casing. Figures 9a and 9b show the time-averaged flow of axial velocity for a
point near the nominal point (& = 1.02) and for a near-stall point (® = 0.827).
Slices are built at 98% of the rotor span and the flow comes from the left towards
the right. At the nominal point, there is no region of blocked flow for this span.
At partial mass flow, Fig. 9b shows that two phenomena develop in the rotor
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passages near the casing. A first large low-momentum zone near the leading
edge of the rotor is visible. This flow structure is probably the result of the tip
vortex transport by the mean flow. The flow blockage leads to an increase in
the flow angle on the leading edge of the rotor and thus to a strong deviation
of the flow in the rotor passage. A second zone of blocked flow exists for the
last 50% of the rotor chord. A tip leakage vortex interacts with the boundary
layer on the suction side of the rotor and induces a large deviation of the flow.
The flow angle at the leading edge of the stator is then increased and leads to a
separation of the boundary layer on the suction side of the stator blades.

This phenomenon is responsible for a strong deviation of the flow near the
casing in the rotor/stator gap. A similar flow structure has been highlighted by
Inoue et al. [9] for an axial subsonic compressor. When the mass flow dropped
down under ® = 0.813, large reversed zones grow and finally lead to a complete
blockage of a large part of the rotor span. Then, structures that move at a
fraction of the rotor speed develop in the compressor in about one revolution
and lead to rotating stall.

4 SIMULATION WITH CASING TREATMENT

In order to increase the stability of the system, the compressor is now coupled
with the casing treatment presented in subsection 2.2. Due to a higher mem-
ory cost (+30%), the computations of the casing treatment case are performed
using a NEC-SX8++ computer. Two hundred and seventy CPU hours are re-
quired to simulate one operating point. As for the smooth wall case, 72 rotor
blade passages are simulated to estimate the stability of a point (i.e., more than
2 revolutions of the rotor). The results are presented in Fig. 10 which shows a

~1.160 >, 90
v 1.155 % 88
o 1.150 é’ 86
s 1.145 T 84
% 1.140 2 82
% 1.135 £ 80
e =i
& 1.130+- o 78
1 1 1 1 1 — 1 | 1 1 1
112577580 0.85 0.90 0.95 1.00 760,80 0.85 0.90 0.95 1.00
Flow coefticient, 0/Q, Flow coefficient, 0/Q,
Figure 10 Comparison of the performances between smooth wall (1 — reference

case) and casing treatment (2)
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comparison of the performances be-

Axial Mach number tween the smooth wall case and the
0.?0.06 0.12 0.18 0.24?.30 casing treatment case. The last sta-
. ble point with casing slots is com-

puted at ® = 0.789 (instead of ®
= 0.813 for the smooth wall). The
operability range of the compressor is
defined as AQ = Qumax — Qstall- An
increase of 6% in AQ is thus achieved
with a slight decrease of the efficien-
cy. Moreover, the pressure rise is in-
creased at partial mass flow with
nearly no penalty for the nominal op-
erating point. Unfortunately, the ex-
tension of the stable range of the

compressor is less important than
Figure 11 Time-averaged solution for f,.nd in literature 12, 24].
the axial velocity flow field at h/H ’

= 98% (& = 0.830). (Refer Gourdain

Figure 11 is a view of the time-
averaged axial velocity flow field

t al., p. 604.
cralsp ) at 98% of the rotor span. The corre-
sponding mass flow of the operating
Radial Mach number point in Fig. 11 is & = 0.830. As
_— — .
20.10 -0.06 -0.02 0.02 006 0.10 expected, the casing treatment has

completely removed the flow block-

age near the leading edge of the rotor

(when comparing with Fig. 9b). The

main mechanism involved is the cir-

culating flow inside the slot (Fig. 12)
Figure 12 Time-averaged solution for the which drives fluid from the rear part
(z,r) slice of radial velocity flow field in the of the slot to the leading edge of the
middle of a slot (® = 0.830). (Refer rotor. This flow leads to an increase
Gourdain et al., p.604.) in the momentum near the casing

and thus stabilizes the flow in the
casing treatment region. However, the second zone of flow blockage on the
last 50% of the rotor chord is not affected by the presence of slots (black circle
in Fig. 11).

In order to better understand the physical mechanisms linked to the
casing treatment, a Fourier transform is performed from an axial velocity signal
near the casing. Figure 13a shows a 2D representation of the existing spatial
modes in the flow and Fig. 13b is the representation of the spatial modes at the
rotor/stator interface. Using the Tyler and Sofrin relation:

m(n, b) = aNg + bNg (1)
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Figure 13 Spatial modes evolution (® = 0.830) — axial velocity signal: (a) 2D
spatial modes representation at h/H = 98%; and (b) spatial modes at the rotor/stator
interface

where a and b are the integers, it is possible to link a spatial mode m with
the corresponding flow structure. For example, the mode m = 30 is linked to
the rotor effects. Modes m = 10 and 20 are the results of the rotor/stator in-
teractions. Figure 13a highlights the fact that the casing treatment (mode m
= 110) has only a localized influence, just in front of the rotor. At the ro-
tor/stator interface, no influence from the slots is visible. This fact explains why
the second zone of flow blockage has not been removed by the casing treatment.
Moreover, Fig. 13b shows that at interface, the most important mode for the
axial velocity comes from the potential effects of the stator (mode m = 40). The
strong influence of the stator on the rotor plays probably a role on the develop-
ment of the second zone of blocked flow. A pulsation of this flow is also observed
and is linked directly to the stator frequency (in the relative frame of the rotor).
That means the stator influences the stability limit though the development of
a massive boundary layer separation on the suction side of the rotor.

5 CONCLUDING REMARKS

This study has investigated the development of flow structures in a subsonic
compressor at conditions near stall. Results show that two zones of reversed
flow develop in the rotor when the mass flow is reduced, near the casing. One
of these zones is located near the leading edge of the rotor, and the other one is
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located near the suction side on the last 50% of the rotor chord. The resulting
flow blockage leads to the development of large boundary layer separation and
to particular flow structures that move at a fraction of the rotor speed. These
structures grow when the mass flow is reduced and finally lead to rotating stall.

A 3D numerical study has been performed to assess the capacity of casing
treatment to extend the operating range of the compressor. The tested config-
uration has successfully removed a part of the flow blockage near the leading
edge of the rotor. Unfortunately, the localized action of the casing slots has no
effect on the development of the flow blockage near the trailing edge of the rotor
blades. The extension of the stable range of the compressor is thus only slightly
increased (+6%) even if the maximum of pressure rise has also been positively
impacted. It is assumed that the development of boundary layer separation is
also strongly influenced by the stator potential effects, especially near the trailing
edge of the rotor.

Further investigations are needed in order to precise the role of the ro-
tor/stator interactions on the stability of this system. A simulation of the isolated
rotor can be the first step to explore the role of the stator on the development
of the casing flow blockage. The second step will be the design of a new kind of
casing treatment to better stabilize the flow.
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