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T    he increase of the thrust-to-weight ratio of modern gas-turbine engines results in 
higher loads and a reduced number of blades and stages for the compressor. The 

designer must ensure the acceptable performance of each compressor stage (effi-
ciency and stable operating range) and control the rising risk of blade boundary layer 
separation. This can be obtained using passive or active control devices which act 
on the behavior of the tip leakage flows or the endwall corner stall when the operating 
point gets closer to the stall or surge limit (compressor). This study focuses on casing 
treatments, with axisymmetrical and non-axisymmetrical slots, on injection or recir-
culating grooves, which are efficient approaches to extend the stable operating range, 
especially by increasing the stall margin of a compressor system while the efficiency 
penalty must remain as small as possible. The hub corner stall is controlled by aspira-
ted compressor and vortex generators.

Introduction

The current trend in gas-turbine engine design is to increase the th-
rust-to-weight ratio. This leads to a compressor design with higher 
aerodynamic loads and a reduced number of blades and stages. The 
pressure rise per stage and the efficiency must be increased. Never-
theless, the increased blade loading tends to decrease the stall margin 
and therefore the stable operating range of compressors. Many pas-
sive or active control devices are used to increase the efficiency and/
or the stable operating range of the compression system without any 
penalty on other performance parameters.

The aerodynamic stability of a compressor is limited by the behavior 
of the tip leakage flows or the hub corner stall when the operating 
point gets closer to the stall or surge limit. One approach to increase 
the compressor stability consists in the use of casing treatments, 
such as circumferential, non-axisymmetrical or axial skewed grooves 
to control the tip flow. Some authors focus on the extension of the 
operating range using casing treatments delaying stall limit ([13]
[16][43]). Nevertheless, the casing treatment can induce additional 
losses at peak efficiency condition. According to earlier research, the 
stall margin increase varies between 6 and 10% and the variation 
of efficiency is about ±0.5% compared to a smooth casing confi-
guration. The efficiency of the casing treatment depends on the slot 
location. Rabe and Hah [40] show that grooves close to the trailing 
edge seemed ineffective. The influence of the groove position was 
also studied by Perrot et al. [39]. The configuration consists of five 
circumferential grooves. They reported that for this configuration only 
the first groove has a beneficial effect at near stall operating condi-

tions and increases stall margin, while the second one improves the 
pressure ratio and efficiency. This influence of the groove position 
was also observed by Legras et al. [29].

Another approach to control the flow near the rotor blade tip is based 
on the injection of high momentum fluid and/or bleed of low momen-
tum fluid. The combination of injection and bleed leads to recircula-
ting flow: the compressor static pressure rise induces a recirculation 
of high pressure flow from the rear to the front of a rotor. This can 
be achieved by either a single bridge, which creates a natural flow 
from TE to LE, or experimentally by two separate devices: one for 
the suction and another for the blowing. Hathaway [23] investigates 
the influence of the injection, bleed and recirculation applications 
on the operating range. The latter can be increased up to 60% with 
bleed near the trailing edge, 38% with fluid injection upstream of the 
lower momentum region and 64% with recirculating flow where the 
massflow rate reaches 1.9% of the choke massflow rate. Suder et al. 
[48] found that the tip injection increases stability. The stalling flow 
coefficient can be reduced by 6% with an injected massflow which is 
equal to 2% of the annulus flow. The extension of the stable operating 
range was also investigated by Weigl and Spakovsky ([44][45][50]).

The hub or casing corner stall is also a source of important losses and 
can be the cause of stall or surge. The injection and bleed techniques 
can be used to control this kind of flow. Several authors found the 
beneficial effect of the boundary layer suction at the endwall and/or 
at the blade wall ([12][17][37][41]). Another approach is based on 
the vortex generators (VG). Their induced vortices mix high and low 
momentum flow near the wall, allowing the boundary layer to over-
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come a strong adverse pressure gradient. Chima [11], Hergt et al. 
[25], Ortmanns et al. [36] applied VG to control the secondary flows, 
especially the hub or casing corner stall. In aircraft applications, they 
are usually employed to delay stall.

This paper does not deal with the technology involved in the control 
device but focuses only on the methodology to simulate the aero-
dynamic effect of the control device. It is also important to keep in 
mind that the purpose of this paper is not to give a deep and exhaus-
tive physical analysis of turbomachinery flows subjected to control 
methods, nor to give advice concerning the best way to perform an 
efficient flow control. That would be a difficult challenge far beyond 
the scope of this paper. Our goal here is more to give a synthetic 
overview of handy numerical methods developed at Onera, which can 
be used by aero-engine designers in an industrial context in order to 
investigate control techniques and optimize control devices. Ongoing 
numerical activities carried out at the Applied Aerodynamics Depart-
ment of Onera for passive or active flow control devices applied in 
turbomachinery are presented below. The methodology developed for 
flow control within a CFD analysis is described first. Investigations on 
flow control, especially on the compressor side, are reviewed: (i) tip 
leakage flow control considering axisymmetrical and non-axisymme-
trical casing treatments, (ii) tip flow control with the help of suction, 
blowing or recirculating grooves, (iii) secondary flow and boundary 
layer flow control by using vortex generators or aspiration devices.

Methodology

The elsA solver, developed at Onera since 1997, is a multi-applica-
tion aerodynamic code based on a cell-centered finite-volume dis-
cretization in structured meshes. From the solution of the compres-
sible, three-dimensional Reynolds-averaged Navier-Stokes equations 
(RANS), the elsA solver has been developed to handle a wide range 
of aerospace configurations such as aircrafts, space launchers, mis-
siles, helicopters and turbomachines ([7][8]). A large variety of tur-
bulence models, ranging from algebraic to non-Boussinesq modeling, 
have been implemented.

The centered space-discretization scheme of Jameson or the upwind 
Roe-MUSCL solver are some of the classical second-order space-
discretization schemes used for turbomachinery applications. A 
second-order accurate Roe scheme is used for the transport equa-
tions of turbulence models. Several time-integration schemes can be 
considered to perform steady and unsteady computations. Explicit 
or implicit schemes, such as a pseudo-time approach (Dual Time 
Stepping) or the Gear Method, are available. Time integration can be 
solved either by an implicit residual smoothing phase with a 4-step 
Runge-Kutta technique, or by an implicit LU scalar relaxation phase 
associated with a backward Euler scheme. In steady flow assump-
tion, standard convergence acceleration techniques, such as local 
time stepping and multi-grid methods improve the convergence rate, 
thus reducing the global CPU time.

Suitable boundary conditions for turbomachinery configurations have 
also been implemented, in order to compute steady flows: coincident 
and non-coincident matching conditions have been developed for the 
treatment of the periodicity condition and a steady multi-stage condi-
tion using pitch-averaging for the treatment of the rotor-stator inter-
face. Physical boundary conditions include different types of inlet, 
outlet and wall conditions.

For structured-grid flow solvers, a major issue is the difficulty in gene-
rating meshes around complex configurations. One way to alleviate 
this problem is to use the Chimera technique ([3][4]), which has been 
widely developed in the elsA software ([5][26]) and applied to turbo-
machinery configurations [9]. This overset grid approach operates as 
a matching condition between blocks that overlap and can be gene-
rated independently around each body. Any grid can overlap with an 
arbitrary number of other grids, which may overlap themselves. The 
RANS equations are solved on each grid system and transfers are then 
performed between overlapping grids by interpolation of the conser-
vative and turbulent variables, first at overlapping boundaries and then 
around blanked mesh-cells lying inside solid bodies. A cell search pro-
cedure is performed using an alternating digital tree research algorithm 
(ADT) [6] which determines the donor cell and the interpolation coef-
ficient for a given target cell. Multiply-defined walls are treated using 
the Schwarz algorithm [42] for interpolation coefficient calculations. 
Several hole-cutting techniques have been developed, including the 
Object X-Ray technique, originally developed by Meakin [31].

A major advantage of the Chimera method is that it significantly sim-
plifies the process of mesh generation by using overlapping grids. 
Different parts of the grid can therefore be generated independently: 
for example, the blade channel can be constructed on one side with 
a family of coincident structured blocks, while and a second family 
of structured coincident domains can be generated on another side 
(eventually with a different grid generator) to mesh a technological 
component or a control device. This approach is also very well suited 
for parametric studies on the characteristics of the technological 
components or the control actuator, since there is no need the re-
mesh the entire configuration.  For example, while investigating the 
impact of the size or of the position of a technological effect on the 
flow field, it is only necessary to modify the grids associated with this 
geometrical component.

Tip Blade Flow Control

Axisymmetric Casing Treatment

The casing treatment consists of slots or grooves within the rotor ca-
sing and is used to extend the surge margin of the compressor ([22]
[24]). Two sets of casing treatment are studied. The first one, called 
“HCT”, is based on the work of Müller et al. [34] and the second one 
“SCT” is based on the work of Legras et al. [27]. The location of the 
first slot, the height, width and spacing of the slots are normalized 
by the axial chord Cax at the blade tip. The HCT and SCT normalized 
values are summed up in table 1. The main discrepancy between the 
two casing treatments concerns the slot height h and the location of 
the leading edge of the first slot XLE. The height, width and spacing 
of the slots, the leading edge of the first slot and the slot number are 
schematized in figure 1.

The considered test-case is the first rotor of the 3.5-stage research 
compressor CREATE. This compressor is representative of median or 
rear stages of a modern, highly loaded multi-stage compressor. For 
the CREATE facility, the number of blades of each rotor and stator is 
a multiple of 16. The rotational speed is 11500 rpm and the design 
massflow is 12.7 kg/s. Experimental data have been obtained through 
detailed instrumentation of the compressor, using both pneumatic 
measurements and laser Doppler anemometry techniques on several 
measurement planes. The measurements are performed in the circu-
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mferential direction at different constant radius locations downstream 
of each row. Since the spatial periodicity of the compressor is 22.5°, 
the azimuth measurements allow aerodynamic phenomena interac-
ting over a complete spatial period to be represented. A detailed des-
cription of the compressor is provided by Touyeras and Villain [49] 
and by Arnaud et al. ([1][2]).

Figure 1 - Schematic view of casing treatment

Since the casing treatment is axisymmetric and the numerical do-
main is an isolated row, steady simulations are performed using the 
Chimera approach. A fully turbulent flow assumption is made and 
the Spalart-Allmaras turbulence model has been considered [46]. The 
computational domain consists of one rotor blade channel and six 
casing treatment slots. The mesh is composed of 5.5.106 points. The 
values of y+ at the blade wall are lower than 1 in the entire domain.

The radial velocity field is depicted in figure 2 at three given azimuths 
and one selected radius. The operating point is the nominal point for 
the three simulations. The tip leakage vortex can be identified by the 
alternation of negative (blue) and positive (red) radial velocity on the 
constant radius plane. The casing treatments strongly modify the 
flow and vortex development in the vicinity of the blade tip. Due to the 
grooves, the expansion of the tip leakage vortex is limited in the direc-
tion perpendicular to the blade chord. For both simulations with slots, 
the impingement point of the tip leakage vortex on the adjacent blade 
is located downstream of the reference point. This modification of the 
tip leakage vortex trajectory is one reason for the stall margin increase. 
It should be noticed that all casing treatments induce a slight reduction 
of the isentropic efficiency. The main discrepancy between the two 
slot configurations concerns the flow topology within the casing treat-
ments. A large part of the HCT is useless as the radial velocity is close 
to zero and the two downstream grooves have a small influence as the 

casing treatment acts significantly in the vicinity of the tip leakage vor-
tex appearance. Thus, the position and height of the casing treatments 
are important parameters for the slot design. As a general rule, the 
design of the casing treatment depends strongly on the configuration 
and should be designed simultaneously with the rotor blade tip.

    (a) Without casing treatment

    (b) With casing treatment (HCT)

    (c) With casing treatment (SCT)
Figure 2 - Radial velocity field. Negative and positive values are respectively 
in blue and red

Normalized values Location of the slot leading edge Width Height Spacing Slot number

HCT LE+15.25%Cax 0.0976Cax 0.2927Cax 0.04878Cax 6

SCT LE-5%Cax 0.109Cax 0.0763Cax 0.0545Cax 6
 

Table 1: Casing treatment characteristics, extracted from [34] and [27]. LE and Cax mean respectively rotor leading edge and rotor axial chord length
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Non-axisymmetric Casing Treatment

Many experimental and numerical works achieved in the past have 
shown the interest of using casing treatments on compressor configu-
rations, in order to extend stall margins. Investigations on the impact of 
non-circumferential casing treatments have been performed at Onera 
([10][28]). An unsteady Chimera approach combined with a phase-
lag technique has been developed in the elsA code to simulate non-cir-
cumferential casing treatments and the unsteady interactions between 
rotors and slots. The configuration is the experimental transonic rotor 
tested at the School of Jet Propulsion, Beijing University of Aeronautics 
and Astronautics (BUAA), composed of 17 rotor blades with 9 slots 
per blade passage ([30][35]) as represented in figure 3. A view of the 
grid is presented in figure 4 (left), the two families of blocks (channel 
and casing treatment) overlap in the meridian plane in order to ensure 
continuity of the flow field at their interface. The computational domain, 
composed of one rotor blade channel and one casing treatment slot, 
is meshed with a 13 block structured grid including 3.106 points. The 
values of y+ at the blade wall range from 1 to 2. 

1 - Inlet plane: one total pressure comb

2 - Outlet plane I: one fast response pressure probe, 

     monitoring the onset of rotating stall

3 - Outlet plane II: two total pressure combs

Figure 3 - Cross-section view of the test section (top) and sketch of the slot 
type casing treatment (Lin et al. [30])

The Chimera method developed enables the capturing of the unsteady 
flow migrations between the slots and the rotor channel, as can be 
seen in figure 4 (right), which represents a snapshot of the radial 
velocity distribution near the casing. Two zones can be distinguished: 
the zones of positive radial velocity in the downstream part of the slot, 

corresponding to the flow entering into the casing treatment, and the 
zones of negative radial velocity, where the flow is reinjected into the 
rotor channel. 

Figure 4 - Left: BUAA overset grids. Right: snapshot of the radial velocity 
distribution near the casing

Figure 5 - Experimental and computed compressor maps

The experimental and computed compressor maps are presented in 
figure 5; the pressure ratio and the isentropic efficiency are plotted as 
a function of the massflow. Smooth wall calculations (SW), perfor-
med by removing the computational grid of the slots are compared to 
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casing treatment (CT) configurations, for two rotation speeds (60% 
and 100% of the rotor design wheel speed). Both experiments and 
CFD analysis show that the slots enable to increase the stall margin 
of the rotor, even if the extension improvement is underestimated in 
CFD. At nominal rotation speed, the casing treatment also induces a 
slight penalty on the peak efficiency and on the chocking massflow 
rate.  The underestimation of the stall margin increase can be explai-
ned by the fact that the method is based on a phase-lag assumption, 
which assumes that the flow is periodic, this hypothesis being far 
from true near stall. Nevertheless, the key point is that a significant 
impact of the casing treatment is observed in the calculation. Results 
obtained with the experimental BUAA configuration show that the 
method correctly reproduces the effect of the stall margin increase 
induced by the casing treatments, even if the stall margin increase is 
underestimated in the CFD analysis.

Tip Blade Suction and Blowing, Recirculating flow

Casing treatments are passive control devices, since no external 
energy source is required. Active control devices have been also 
investigated, as supplying momentum in the main flow path using 
an axisymmetric groove. The injected massflow can be provided by 
an aspiration slot located downstream. In this case, a recirculating 
flow occurs (figure 6). The current study focuses on three configura-
tions. The main characteristics of these configurations are reported in 
table 2. The configuration RF1 is based on the work of Hathaway [23].

The experimental facility is again the first rotor of the research 
compressor CREATE, which has been described in the previous 
section. The blowing and suction grooves are included in the 
simulation using the Chimera method. The computational do-
main consists of one rotor blade channel and the active control 
grooves. The mesh density is 4.5.106 points for the CB configu-
ration and 4.7.106 points for both recirculating flow configura-
tions. The values of y+ at the blade wall are lower than 1 in the 
entire domain.

Figure 6 - Schematic set up of the recirculation device (RF1 configuration)

Figure 7 shows the entropy distribution at several axial planes in the 
main flow path at the nominal operating point. The modification of the 
topology of the tip leakage vortex is observed. As for the casing treat-
ments, these devices limit the expansion of the tip leakage vortex in 
the direction perpendicular to the blade chord. Moreover, the entropy 
is a rational measure of loss in an adiabatic machine [15]. The entro-
py field shows the significant reduction of the high loss levels with the 
active control device CB. The losses induced by the tip leakage vor-
tex are lower and the radial and azimuthal extension of the high loss 
area is smaller. This reduction is increased with the RF2 case. The 
casing boundary layer thickness and the losses are smaller than the 
CB ones. The RF2 seems to be the best active control device of this 
study. The configuration RF1 decreases the casing boundary-layer 
thickness significantly, but the loss extension is still large, especially 
in the radial direction.

Configuration CB (Casing Blowing)
RF1(Recirculating flow

configuration 1)

RF2(Recirculating flow

configuration 2)

LE of the blowing groove LE – 9.5%Cax LE + 30 %Cax LE – 9.5%Cax

Width of the blowing groove 3.8%Cax 10 %Cax 3.8%Cax

Blowing massflow 1% nominal massflow 1.9% choke massflow 1% nominal massflow

Angle between the blowing groove axis 

and the rotation axis ‘x’, in (x,R) plane
14° 30° 15°

LE of the suction groove - TE + 5 %Cax TE + 5 %Cax

Width of the suction groove - 10 %Cax 10 %Cax

Suction massflow - 1.9% choke massflow 1% nominal massflow

Angle between the suction groove axis 

and the rotation axis ‘x’, in (x,R) plane
- -30° -30°

Table 2 - Characteristics of active flow control devices. LE and Cax mean respectively rotor leading edge and rotor axial chord length

w: width
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BG: Blowing Groove
SG: Suction Groove

Z

w

(>0)

(<0)
X LE

BG
X LE

SG

wRotor BladeMain flow

Rotor
Leadign Edge

Blowing

Suction

Recirculation

X



Issue 6 - June 2013 - Numerical and Experimental Investigations of Flow Control in Axial Compressors
 AL06-09 6

S
-0.4
-0.41
-0.42
-0.43
-0.44
-0.45
-0.46
-0.47
-0.48
-0.49
-0.5
-0.51
-0.52
-0.53
-0.54
-0.55
-0.56
-0.57
-0.58
-0.59
-0.6

 (a) Without control device (b) With active control device (CB)

         
 (c) With active control device (RF1) (d) With active control device (RF2)

Figure 7 - Entropy field in the main flow path. The blowing and suction grooves are hidden
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Corner and Boundary Layer Flow Control

Aspirated compressor

Experimental investigation

Among flow control techniques investigated to overcome boundary 
layer separation in highly loaded compressors, Merchant et al. ([32]
[33]) and Dang et al. [14] showed that aspiration by boundary layer 
suction is very promising. In particular, their work has shown that to 
fully take advantage of aspiration, this flow control technique must 
be incorporated into the compressor blade design process as early 
as possible.

Consequently, a 2D direct design method for subsonic aspirated com-
pressor blades was developed at Onera [18]. It provides a simple, fast 
and reliable means to include aspiration in compressor blade design. 
It combines a passive separation control with curvature and diffusion, 
with an active flow control by aspiration ([18][19][20]). One advan-
tage of this approach is to set the aspiration massflow rate necessary 
to re-attach the flow, quasi-insensitive to inlet Mach number. Conti-
nuing the previous developments of this method carried out on a 2D 
curved diffuser [19] and a 2D subsonic aspirated compressor profile 
[20], its validation on a test cascade is presented in the following 
sections [21]. It is intended to show the viability of the aspiration stra-
tegy and design criteria as well as the numerical tools and methods 
employed during the development of this method. 

The aspirated cascade blade shown in figure 8-b is built by extrusion 
of the aspirated blade profile in figure 8-a. The cascade is composed 
of twelve aspirated blades (marked 1 in figure 8) airtight cantilevered 
in glass endwalls. With the aid of an auxiliary fan (marked 5 in figure 
8), the boundary layer is aspirated by the slot and driven through 
the blade cavity, then extracted outside of the cascade at each end 
of the blade (small blue arrows in figure 8-b). All of the blades are 
connected to aspiration plenums (marked 2 in figure 8) on each side 
of the cascade. These plenums collect the aspirated air and ensure 
the same level of aspiration for each blade. Finally, the aspirated air 
is evacuated from the plenums with pipes towards the aspiration fan. 
A CAD model of the experiment is presented in figure 8, as well as 
an enlarged picture of the cascade test section in the Laboratoire de 
Mécanique des Fluides et d’Acoustique at Ecole Centrale de Lyon 
(LMFA).

During the experimental phase of the validation process, the main 
objective is to determine the performance of the aspirated cascade 
at mid-span, where the flow surrounding this location approaches 2D 
conditions. The other objective is to assess the potential of the design 
method in severe off-design conditions. Thus, the measurements are 
performed for an inlet flow angle equal to 65°, i.e., at the off-design 
condition corresponding to +5° of incidence compared to design 
inlet flow angle of 60°. Particle Image Velocimetry (PIV) is used to 
measure the velocity in the central blade passage. The PIV set-up is 
shown in figure 8-d. 
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The velocity fields, without and with aspiration, measured by PIV 
in the central blade passage at mid-span are presented in figure 
9. They validate capabilities of flow control by aspiration and the 
relevance of the design method. These results are also remarkable 
in the sense that they constitute, to the knowledge of the authors, 
the first PIV measurements of the complete velocity field inside an 
aspirated cascade. The separated flow without aspiration in figure 
9-a, which is induced by a strong variation in blade curvature and 
diffusion, is reattached with aspiration in figure 9-b. An acceleration 
of the flow due to aspiration is clearly visible just upstream of the 
slot in figure 9-b. With the help of the velocity fields in figure 9 in 
addition to upstream and downstream measurements, the charac-
teristics of the aspirated cascade are calculated. They are summa-
rized in table 3. 
     

M0 M1 0 1 Cq 1 DF

0.123 0.0833 64.7° 2.7° 3.3% 8.62% 0.50

Table 3 - Experimental characteristics of the aspirated cascade 

Table 3 shows that the flow deflection is approximately achieved by 
the cascade (=62°), but the aerodynamic loading represented 
by the Lieblin diffusion factor DF is approximately 60% lower than 
expected for this flow deflection. This originates from a reduction of 
the flow diffusion, mainly caused by the presence of massive cor-
ner separation invading approximately two thirds of the blade span 
in total, at the trailing edge. With aspiration, the total pressure loss 
coefficient 1 related to the blade passage reaches 8.62%. This high 
value comes from the velocity gradient in the pitchwise direction of 
cascade (visible in figure 9), passed on the total pressure profile 
downstream of the cascade. Without aspiration, the total pressure 

loss coefficient reaches 12.58%, which underlines the capacity of 
aspiration to reduce total pressure losses occurring in the cascade. 
The velocity field in figure 9-b is obtained with an aspirated mass-
flow rate of 3.3%. This value may not be suitable for practical turbo-
machinery applications since the necessary pressure difference to 
naturally aspirate this mass flow rate may not be available. Howe-
ver, the aspirated blade profile presented in this paper has not been 
optimized regarding the aspirated mass flow rate at high incidence 
angles. Therefore, this value could be improved with blade profile 
geometry modifications.

   
(a) Aspiration off                             (b) Aspiration On
Figure 9 - Experimental Mach number contours at mid-span 

Numerical investigation

The numerical phase of the validation process aims at reproducing 
the off-design operation of the experimental aspirated cascade. Due 
to the significant 3D phenomena observed in the experiment, 3D nu-
merical computations are performed. The numerical simulations of 
the experimental aspirated cascade used structured grids as shown 
in figure 10. For an improved aspiration management, the Chimera 
technique is used to model the technological effect of the shape of 
the slot and its influence on the main flow. 

Figure 8 - Aspirated cascade (a) Blade profile (b) Cascade blade (c) Experimental setup (d) PIV setup

Incident flow
Aspirated flow

Aspirated cascade
(12 blades)

Flow conditioner
(Zanker plate)

Office plate
(flow meter)

Aspiration fan

(a)

M M0.12

0.08

0.04

0

0.12

0.08

0.04

0

(b)

(c) (d)

Aspiration plenum

Laser sheet opticsLaser sheet optics

CDD camera

Lower wall window



Issue 6 - June 2013 - Numerical and Experimental Investigations of Flow Control in Axial Compressors
 AL06-09 8

The structured meshes contain approximately 3.25.106 nodes in total 
with an average y+ value at the walls equal to 1. Fully-turbulent com-
putations are performed with a Differential Reynolds-Stress Model of 
turbulence (DRSM). This kind of model is adapted to this case since 
it takes explicitly into account, without additional modeling, the strong 
curvature that the streamlines will undergo due to the geometry of 
the wall, the aspiration and the massive corner separations which are 
likely to appear. The model used here is the low-Reynolds formulation 
developed by Speziale et al. [47].

 
(a) General view                              (b) Close-up view near an endwall 
                   (truncated)
Figure 10 - Computational grids for the simulation of the aspirated cascade 
experiment.

The comparison between the experimental and numerical results 
allows assessing the capabilities of CFD in the presence of aspi-
ration and will give further insight on factors influencing the flow 
behavior with aspiration like the aspiration distribution along the 
blade span. Due to technical reasons, this feature was not measured 
during the experiment. Thus, two different aspiration distributions, 
one uniform (named “3DU”) and one non-uniform (named “3DNU”) 
along the spanwise direction are applied and tested in the numerical 
simulations. They both correspond to an aspiration massflow rate 
of 3.3%. The non-uniform aspiration distribution profile stems from 
experimental results obtained on a simplified version of the aspirated 
blade [18].

The velocity field in the mid-span plane, obtained without aspira-
tion, is presented in figure 11-a. Given the limitations of the RANS 
approach in simulating separated flow, the general shape and axial 
extent of the separation is well rendered. However, differences in 
shape and location of the separation indicate 3D RANS simulations 
remain qualitative in presence of massive separation.

The 3D RANS simulations perform well with aspiration, as shown in 
figure 11-b and figure 11-c. Both aspiration configurations “3DNU” 

and “3DU” are able to reproduce the characteristic features of aspi-
ration described above, namely the flow acceleration upstream of the 
aspiration slot and the sudden diffusion in the region of the slot. The 
best agreement with the experimental velocity field is clearly obtai-
ned with a uniform aspiration distribution along the blade span. The 
difference with the non-uniform aspiration distribution is particularly 
visible in the velocity level upstream of the slot. 

The performance of the cascade is summarized in table 4 for both 
aspirated configurations. In this case, the diffusion factor values at 
mid-span disclose the difference of the diffusion processes due to 
the aspiration distribution along the blade span, between the “3DNU” 
and “3DU” configurations. The higher level of diffusion in the “3DNU” 
configuration, results in a higher level of the loss coefficient 1. Howe-
ver, the computed values are smaller than the experimental ones. The 
different intensity of the velocity gradient along the pitchwise direc-
tion, in the trailing edge region explains such a disparity. Without aspi-
ration, the total pressure loss coefficient calculated from numerical 
total pressure outlet profiles is equal to 11.19%. The analysis of the 
previous results shows that the aspiration distribution is also a key 
aerodynamic feature to take into account for successful design of 
highly-loaded 3D subsonic aspirated blades.

M0 M1 0 1 Cq 1 DF

3DNU 0.123 0.0670 64.7° 4.0° 3.3% 7.69% 0.63

3DU 0.123 0.0785 64.7° 3.5° 3.3% 7.43% 0.54

Table 4 - Numerical characteristics of the aspirated cascade, with 3DNU and 
3DU aspiration distribution

Vortex Generators

Secondary flow effects like endwall cross-flow or corner separation 
are responsible for a large part of total pressure losses in a compres-
sor stage. An extensive numerical study of flow control by means 
of vortex generators applied to the second stage of the CREATE 
compressor was performed in order to decrease the separation and 
reduce the losses [38]. The objective of these flow control devices 
is to produce strong vortices, which enhance mixing between main 
flow and the decelerated boundary layer at side wall. Different vortex 
generator geometries and arrangements have been considered on 
several positions in the compressor flowpath, both at the surface of 
side walls and on the blades.

 (a) Aspiration off (b) Aspiration on with 3DNU aspiration distribution (c) Aspiration on with 3DU aspiration distribution
Figure 11 - Numerical Mach number contours at mid-span
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One critical issue is the way of representing the vortex generators 
in the Navier-Stokes calculations. Such thought was also made by 
Chima [11] who developed a body force model to simulate the effects 
of vortex generators without requiring complicated grids. In the pres-
ent work, CFD investigations were carried out without using an exter-
nal body force model but rather by discretizing explicitly the walls of 
the vortex generator in the CFD grid within the Chimera method.

All computations have been performed under fully turbulent flow as-
sumption, using the k- turbulence model. The generation of the VG 
grids is achieved independently of the surrounding grid for the smooth 
configuration. A dedicated grid generator has been developed for 
straight zero-thickness vortex generators with rectangular or triangu-
lar planforms. The grid generator enables the automatic discretization 
of single or several arrangements of vortex, at any position required 
on the side walls (hub/casing) or on the blade surface (rotor/stator). 
For each vortex generator, the effects of shape, size, incidence and 
position as well as mesh extension/refinement parameters are given 
as input data for the grid generator. The accuracy of the Chimera 
method then only depends on the mesh definition for the flowpath 
in which the VG grids are immersed, and its ability to ensure a pro-
per and accurate overlap. A typical representation of the composite 
mesh for a configuration with one vortex generator per stator passage 
ahead of a stator vane is shown in figure 12 left.

The vortex generators were sized according to the local boundary 
layer thickness and blade dimensions. Beside geometrical conside-
rations, the relative position between the vortex generators and the 
blade and above all the angle of attack relative to the local velocity 
field are of major importance for the flow control. figure 12 center and 
right illustrates grids generated for other possible vortex-generators 
configurations in the framework of the Chimera method. Other pos-
sible vortex-generators geometries have been considered within both 
numerical and experimental investigations ([25][36]).

Both steady and unsteady configurations have been investigated, 
basically considering fixed rows of vortex generators at the casing 
ahead of the stator (steady) or ahead the compressor stage (unstea-
dy). Rays of vortex generators distributed radially on the suction 
side of the stator according to Chima [11] have also been applied 
for the reduction of the corner stall. Different operating points have 
been considered. In the two following figures, we show a typical 
result for an arrangement with 3 VG per blade passage located at the 
casing ahead of a stator operating at design point. The streamline 
flow patterns are represented on the stator suction side in the boun-
dary-layer, for the uncontrolled baseline configuration (figure 13 left) 
and the controlled configuration (figure 13 right). For the baseline 

configuration, secondary flows in the stator vane passage produce 
the classical S-shaped flow patterns due to the corner separation: 
the flowfield entering the blade passage on the suction side is res-
ponsible for a cross-passage secondary-flow. For the controlled 
configuration, the three vortex generators were designed to produce 
strong counter-rotating vortices relative to the flow direction of the 
cross passage flow. The dramatic improvement in the flow pattern 
indicates a large effect on the stator vane flowfield, rising up to nearly 
half of the blade span at the end of the passage. Actually the secon-
dary flow migration is blocked by the cumulated effects of counter-
rotating vortices and the losses are reduced from the mid-height of 
the blade up to near-wall region. However, in the near-wall region, 
losses are increased for the controlled case similarly to what has 
been found and described in [36]. At off-design conditions near stall, 
a strong flow overturning especially coming from the tip leakage vor-
tex of the previous rotor is responsible for a strong shear-flow in 
the casing boundary layer. The local velocity flowfield then becomes 
aligned with the straight vortex generators and vortices are no longer 
produced. It is anticipated that VG with thickness and camber may 
be more efficient near stall.

Figure 13 - Corner stall on a stator casing for the baseline stator configuration 
(left) and reduction of the corner stall for the controlled stator configuration 
(right)
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Figure 12 - Details of the overset vortex-generators mesh ahead of the rotor passage (left), mesh for a pair of counter-rotating triangular vortex-generators 
(center) and for a single rectangular vortex-generator on the blade surface (right)
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These preliminary numerical results have shown the ability of vortex 
generators to reduce secondary flows produced by corner stall in a 
stator passage at design point. In the vortex-generator design pro-
cess, it has also been shown that a compromise must be reached 
between the vortex strength considered to reduce secondary flow 
phenomena and additional losses associated with the vortex genera-
tors and their induced vortex flows. 

Conclusion

This overview of a CFD framework for flow control analysis in turbo-
machinery applications shows that a wide range of control devices can 
be modeled and used to improve the efficiency and the operating range 
of a gas-turbine. The axisymmetrical and non-axisymmetrical slots, 
injection or recirculating grooves are efficient approaches to extend the 
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stable operating range, especially by increasing the stall margin of a 
compressor system. The aspirated compressor and vortex generators 
are also efficient approaches to control the hub corner stall.

The different passive and active control devices are applied to 
many compressors (CREATE, BUAA, etc.). The integration of seve-
ral control devices into a single application will be investigated in a 
future study.

The effectiveness of the control device depends strongly on the 
smooth configuration. A control device developed on a specific confi-
guration is not directly applicable to another case. A way to over-
come this problem is to include the control device design in the global 
process or within an optimization loop, which will be a further step 
for improving the design and the effectiveness of control devices for 
internal flows 
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Nomenclature

Latin
AVDR Axial velocity density ratio, AVDR=(1− Cq)·[1Vx1  / 0Vx0 ]
Cp Static pressure coefficient Cp = (Ps0 − Ps) / (Pt0 − Ps0)
Cq Aspirated mass flow rate Cq = qf  / q0 
c Blade chord
DF Lieblein diffusion factor, 
 DF = 1− (V1 / V0 ) + (|Vy1 − Vy0 | / 2··V0 )
H Blade span
M Mach number
Pt Total pressure
Ps Static pressure
p Blade spacing
q Mass flow
Tu 2D freestream turbulent intensity
V Absolute velocity magnitude
(x,y,z) Cartesian coordinates

Greek
 Absolute flow angle
 Yaw angle (pneumatic probe)
 Density
 Solidity
(G) Measurement uncertainty of quantity G
1 Total pressure loss coefficient, regarding the blade passage :
 1 = (1− Cq)·[(Pt1 − Pt0) / (Pt0 − Ps0)]
Subscripts
0 Cascade inlet station
1 Cascade outlet station
atm Atmospheric conditions
f Slot outlet station
m Average value
x,y,z Components relative to the x-, y-, z-directions

Acronyms

3DNU (Three-Dimensional Non-Uniform distribution)
3DU (Three-Dimensional Uniform distribution)
BUAA (Beijing University of Aeronautics and Astronautics)
CB (Casing Blowing)
CREATE (Compresseur de Recherche pour l’Etude 
 des effets Aérodynamiques et TEchnologiques)
CT (Casing Treatment)
DRSM (Differential Reynolds-Stress Model)
ECL (Ecole Centrale de Lyon)
HCT (High Casing Treatment ([34]))

LE (Leading Edge)
LMFA (Laboratoire de Mécanique des Fluides et d’Acoustique)
PIV (Particle Image Velocimetry)
RANS (Reynolds-Averaged Navier-Stokes)
RF (Recirculating Flow configuration)
SCT (Small Casing Treatment ([27]))
SW (Smooth Wall)
TE (Trailing Edge)
VG (Vortex Generator)
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