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Thiswork is the final step of a research project that aims at evaluating the possibility of delaying the surge of a centrifugal compressor
stage using a boundary-layer suction technique. It is based on Reynolds-AveragedNavier-Stokes numerical simulations. Boundary-
layer suction is applied within the radial vaned diffuser. Previous work has shown the necessity to take into account the unsteady
behavior of the flow when designing the active flow control technique. In this paper, a multislot strategy is designed according to
the characteristics of the unsteady pressure field. Its implementation results in a significant increase of the stable operating range
predicted by the unsteady RANS numerical model. A hub-corner separation still exists further downstream in the diffuser passage
but does not compromise the stability of the compressor stage.

1. Introduction

The stable operating range of centrifugal compressors is
limited toward low mass flow rate by the onset of flow insta-
bilities, either rotating stall or surge. This limitation is detri-
mental to the acceleration rate of the compressor that is a key
performance parameter in particular for turboshaft engines
and can also prevent operation at maximum efficiency which
may lay at or close to the surge line. It is then of primary
concern for turboshaft designers to better understand the
surge inception process in centrifugal compressors and to
develop design or control techniques in order to delay the
surge.

In this context, the radial vaned diffuser appears to be
a key component for surge inception in centrifugal com-
pressors operating at high rotational speed. This was already
pointed out by Came [1] in 1976 and has been confirmed
by several studies since, but at this time the impeller was
the most critical element of the stage from a performance
point-of-view and the improvement efforts have then mostly
focused on it.

In 1975 for a centrifugal compressor for automotive
engine, Amann et al. [2] attributed the occurrence of rotating
stall and surge to the radial vaned diffuser.

In 1994, Hunziker and Gyarmathy [3] have worked on
a single-stage centrifugal compressor equipped with a radial
vaned diffusermade of circular-arc vaneswhose stagger angle
could be adjusted. Maximum rotational speed is 22,000 rpm
and maximum pressure ratio is about 2,0. By analyzing the
stability in various operating conditions and configurations
using the criteria about the slope of the characteristics
proposed by Greitzer in [4], the authors have concluded that
the diffuser has a destabilizing influence at high rotational
speed and for lowmass flow rate whichmay explain the onset
of surge. In particular, the diffuser entry zone is expected to
play amajor role since it has a stabilizing effect over the whole
operating line but switches to a destabilizing effect at lowmass
flow rate.

In 2001, Wernet et al. [5] investigated the surge inception
in the NASA-CC3 centrifugal compressor equipped with the
wedge vane diffuser using digital particle imaging velocime-
try. The design rotational speed is 21,789 rpm for a design
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pressure ratio of about 4. They have shown that the flow
reversal at surge starts within the diffuser and then propagates
upstream until forward flow is reestablished.

More recently, in 2010, Everitt and Spakovszky [6, 7]
studied the onset of instabilities in a high-speed prepro-
duction centrifugal compressor stage used for large diesel
engines. The design pressure ratio is 5 and the impeller tip
Mach number is greater than one at design speed. The radial
vaned diffuser is made of airfoil vanes. Using the strategy
first investigated by Hill IV [8] based on an isolated diffuser
numerical model, the authors identify the growth of a flow
separation at the leading-edge of the radial vaned diffuser as
one of the necessary conditions for the formation of short-
wavelength spike stall precursors.

In 2014, Bousquet et al. [9] studied a 2.5 pressure ratio
subsonic centrifugal compressor stage designed by Liebherr-
Aerospace Toulouse SAS and integrated it in an air-
conditioning system. It is composed of a backswept splittered
unshrouded impeller and a radial vaned diffuser made of
wedge blades. Design rotational speed is 38000 rpm. Based
on the results of full-annulus 3D unsteady RANS simulations,
the authors observed the growth of a flow separation at the
leading-edge of the diffuser vane when moving the operating
point toward the surge limit, in a similar manner to that
previously reported by Everitt and Spakovszky [6, 7]. For that
particular test case, however, this flow separation does not
lead to an accumulation of vortical structure in the vaneless
diffuser and the operating point remains stable until the flow
separates at the leading-edge of the impeller blades [10].

Then, Buffaz et al. [11, 12] studied the onset of instabilities
in a supersonic centrifugal compressor stage designed and
built by Safran Helicopter Engines (SHE), both experimen-
tally and numerically. The compressor was mounted on a
1MW test rig at the LMFA, École Centrale de Lyon, France,
and detailed unsteady pressure measurements in the diffuser
entry zone were performed. A full-annulus simulation of
the surge inception was also conducted. The growth of a
boundary-layer separation on the suction side of the diffuser
vanes when moving the operating point toward the surge
limit was again observed. This separation degenerates into a
rotating stall finally leading to surge.

Other numerical investigations were conducted by Beni-
chou and Trébinjac [13, 14] on another transonic centrifugal
compressor designed and built by Safran Helicopter Engines
(SHE).The test case is composed of a backswept unshrouded
impeller and a splittered vaned diffuser. Pressure ratio is
about 4 at a rotational speed of 40,000 rpm.Theanalysis of the
flow field predicted by URANS simulations for an operating
point near surge suggested that a boundary-layer separation
on the suction side of the diffuser vanes was responsible for
the surge inception.

Finally, the surge inception scheme proposed by Everitt
and Spakovszky and based on the growth of a separation at
the leading-edge of the diffuser vanes was found by Fujisawa
et al. [15] in a centrifugal compressor of a turbocharger
for marine diesel engines operating at low-speed. The study
also showed the interaction between the diffuser leading-
edge separation vortex and the tip leakage flow from the
impeller.

Given the importance of the flow separation in the
surge inception process for centrifugal compressor stages
enlightened by these studies, the use of an active control
technique aiming at controlling the flow separation within
the diffuser is expected to be an effective way for delaying the
surge. In particular, the boundary-layer suction technique has
proven its effectiveness in case of axial compressors in order
to either delay the surge or increase the blade loading [16–20].

In the next section, previous control strategies are
reviewed.

2. Previous Control Strategies

Came [1] already mentioned in 1976 the possibility of
designing efficient diffusers of smaller radial extent using
boundary-layer suction. Still, there is no evidence yet in the
literature of the interest of the boundary-layer suction in case
of centrifugal compressors. The following aims at giving an
overview of the other flow control techniques that have been
applied to centrifugal compressors equipped with a radial
vaned diffuser.

Botros and Henderson [21] give an extensive technology
assessment of the surge control techniques for centrifugal
compressors developed until 1993. The authors report the
common use of 1D control technique based on the opening of
a recycle valve when the surge is detected or on active control
of the throttling element. Design methods are also given, as,
for example, the use of a backswept impeller. The reduction
of the diffuser exit width or specific designs of the diffuser
inlet are also mentioned as means to influence the surge
flow rate. Finally, a pioneering casing treatment developed
by Amann et al. [2] in 1975 is reported. This treatment is
applied to a centrifugal compressor whose surge is triggered
by the occurrence of rotating stall within the radial vaned
diffuser. It consists in a circumferential slot put at the
impeller trailing edge and connected to an annular chamber.
A significant decrease of the surge flow rate is reported. The
effectiveness of the control is attributed to the uniformization
of the pressure distribution over the circumference. Another
technique relying on the same principle was proposed by Raw
[22] in 1986.The so-called “porous throat diffuser” technique
is based on the linking of the diffuser throats through slots
connected to an azimuthal chamber. Again, the stabilizing
effect is explained by the uniformization of the flow between
all the diffuser passages, which may prevent the stall of any
one diffuser vane before another one and then avoid the
occurrence of rotating stall.

Later, Nelson et al. [23] managed to experimentally
reduce the surge mass flow rate of an axicentrifugal stage by
1% using air injection into the throats of the diffuser passages.

Skoch also investigated the effectiveness of the air injec-
tion technique applied to the NASA CC3 compressor [24, 25]
on the basis of the work of Spakovszky [26]. Injector nozzles
were inserted first at the shroud of the vaneless diffuser space.
It was found that the mere obstruction created by the injector
nozzles at the shroud was sufficient to significantly decrease
the surge mass flow rate and concluded that the benefit in
diffuser stability came from the reduction of the incidence on
the diffuser vanes.This conclusionwas supported by hub-side
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injection experiments, whose conclusions were similar. The
effects of the air injection technique in the NASA CC3 test
case have been recently investigated numerically by Halawa
et al. [27].

Other publications can be found in patents. A device
is suggested by Schönenborn [28] based on boundary-layer
suction on the suction face of the diffuser vanes. He also
suggests that the bled flow could be used for the cooling of the
turbine blades, for example. Another is proposed by Leblanc
[29], the fluid being bled from the suction face of the diffuser
vanes and then reinjected upstream in the vaneless diffuser
space.

No detailed assessment of the potential of the boundary-
layer suction technique applied to centrifugal compressor has
been done yet. This is the objective of the present study.

3. Test Case

The test case is a centrifugal compressor stage designed and
built by Safran Helicopter Engines (SHE), composed of a
backswept splittered unshrouded impeller and a radial vaned
diffuser. It is used as a rear compression stage in a helicopter
engine. The flow at the impeller outlet is transonic. This
compressor is installed in a 400 kW test rig of the DAEP
Laboratory at the Institut Supérieur de l’ Aéronautique et de
l’Espace (ISAE), Toulouse, France. A complete description of
the experimental test rig is available in [30].

For the compressor operating at its nominal rotational
speed, previous work based on steady-state numerical cal-
culations has shown the growth of corner stall within the
semivaneless space of the diffuser whenmoving the operating
point of the compressor toward the low mass flow rate [31].
This corner stall was supposed to limit the stability of the
compressor stage and was also predicted by unsteady numer-
ical simulations [32]. A boundary-layer suction technique
had been foreseen and then studied in order to control the
corner stall. According to steady-state numerical calculations
relying on the mixing-plane approach, the suction led to
a significant increase of the stable operating range of the
compressor. But these promising results were challenged by
unsteady numerical simulations [30]. The detailed analysis
of the flow in the diffuser with suction has shown that
the hub-corner separation was not completely removed by
the suction, contrary to the prediction of the steady-state
numerical model: a corner separation still existed in the
diffuser downstream of the location of the initial boundary-
layer separation, and the stable operating range was not
extended. This result confirms the high influence of the
unsteadiness on the flow in the diffuser entry zone, especially
in centrifugal compressors with small radial gap between
the impeller and the vaned diffuser [33]. The scrolling of
the impeller blades in front of the diffuser vanes generates
intense high pressure waves, in the same manner as already
observed in another transonic Safran Helicopter Engines
centrifugal compressor [34]. These high pressure waves are
reinforced when crossing the diffuser throat. This generates
intense instantaneous adverse pressure gradients that cannot
be predicted by the steady-state numerical model and are
supposed to provoke the boundary-layer separation. Figure 1

Flow

Prospective locations of the suction slots

(Normalized) 1.20.7

max(grad(p) · ⃗	/‖ ⃗	‖)

Figure 1: Maxima of instantaneous adverse pressure gradient, with-
out control. Prospective locations of the suction slots.

shows the map of the maxima of the instantaneous adverse
pressure gradient in the diffuser over one period.

Given that conclusion, the control strategy was adapted
in order to take into account the unsteadiness. A multislot
suction strategywas proposed but not evaluated.This strategy
relies on three suction slots distributed along the diffuser
suction side on the hub surface, at the locations of themaxima
of the instantaneous adverse pressure gradient, as shown
in Figure 1. The paper presents the results obtained by this
multislot suction strategy.

4. Numerical Setup

Numerical simulations have been performed with the elsA
software, developed by ONERA, the French aerospace labo-
ratory [35]. This code solves the Reynolds-Averaged Navier-
Stokes equations with a cell-centered finite volume method
applied on multiblock-structured meshes [31, 32]. The flow is
considered fully turbulent and the effect of turbulence on the
mean flow field is modeled thanks to the two variables (𝑘-𝑙)
turbulencemodel of Smith.The time integration is performed
with a backward Euler schemewith implicit operators. Spatial
discretization is achieved with Roe’s second-order scheme
and Harten’s correction.

The mesh is the same as for the previous studies. It has
been generated using the commercial meshing software
Autogrid from Numeca. It counts 6,07 million points for one
impeller-diffuser passage. The first cell height on the walls
is 1 micrometer, which corresponds to a dimensionless wall
distance 𝑦+ approximately equal to 1 along all solid surfaces.
The impeller tip clearance is included in the numerical model
and is meshed with a C-H topology. Filets between the
endwalls and the blades are included neither in the impeller
nor in the radial vaned diffuser. Previous studies have shown
that mesh independence in the diffuser is reached.

Unsteady numerical simulations of the flow within the
compressor stage have been performed using the phase-
lagged assumption which is based on the Tyler and Sofrin
relation and is also known as the chorochronic approach [36–
38].

In a previous publication [32], experimental unsteady
pressure signals available in the diffuser entry zone have
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Figure 2: Suction strategies.

been compared with the unsteady numerical results (without
suction). The comparison has ensured the capability of the
numerical model at describing the flow in this compressor,
even at near surge operating points.

For the present study, the numerical parameters have
been kept the same except for the time step which is defined
as

𝛿𝑡 = 2𝜋
𝜔𝑁𝑅𝑁𝑆𝑁𝑞𝑜

, (1)

where𝑁𝑅 and𝑁𝑆 are the numbers of rotor and stator blades
and 𝜔 is the rotational speed and 𝑁𝑞𝑜 is a parameter. For
the base case, the 𝑁𝑞𝑜 parameter has been progressively
doubled in order to check the time step convergence, starting
from 𝑁𝑞𝑜 = 20 and ending at 𝑁𝑞𝑜 = 160. Regarding the
convergence, 𝑁𝑞𝑜 was set to 60 for the single-slot suction
case, as a compromise between the time step convergence and
the computational time, and 80 for themultislot suction case.

The exit static pressure was set by prescribing a ratio
between the value of the static pressure and the mass flow
rate at the mesh exit plane. This allows computing the flow
at a mass flow rate lower than the peak of the performance
curve, which is necessary in order to reach the stability limit.

The boundary-layer suction was modeled by a surface
mass-flux boundary-condition.The results obtainedwith this
simplified model had been previously compared with those
obtained by including the entire slot within the numerical
model, using the chimera technique [39].The relevance of the
boundary-condition approach for analyzing the suction effect
on the diffuser flow has been demonstrated: the boundary
limit condition technique cannot describe the possible recir-
culation zonewithin the suction slot, but its effect on themain
flow is consistent with the effect predicted using the chimera
technique [31] and is more appropriate for the present study
that does not deal with the important issue of designing an
optimal suction slot.

Figure 3: Numerical model of the three-slot suction effect by a
boundary limit condition.

5. Control Strategy

Figure 2 shows the two suction strategies that are compared
here. The single-slot strategy is the one that has already
been studied and did not reach any improvement of the
surge margin according to the time-dependent numerical
simulations [30]. The three-slot strategy is the one which is
under the scope of the present paper, the slots being located
at themaxima of the instantaneous adverse pressure gradient.

Mass flow rate removed through the suction slots was
chosen equal to 1 percent of the surge mass flow rate of
the compressor without suction, which is consistent with
the previous study, and the surface mass-flux was prescribed
homogeneous all over the aspiration surface. In the case
of the three-slot suction strategy, the surfaces of the three
suction slots are slightly different from each other. The effect
of suction is indeed modeled by a boundary limit condition
and the possible area of the slots is constrained by the areas of
the faces of the wall mesh (Figure 3). 0.32 percent of the surge
mass flow rate is then removed through the first upstream
slot, 0.33 percent through the second one, and 0.35 percent
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through the last downstream (the total being still equal to 1
percent of the surge mass flow rate).

6. Results

Given the strong unsteady interaction between the impeller
and the diffuser for lowestmass flow rate operating points, the
phase-lagged numerical calculation has required more than
25 impeller revolutions in order to reach the convergence for
the last converged operating point with the three-slot suction
strategy.

The limit of stability was searched by progressively
increasing the prescribed ratio between the pressure and the
mass flow rate at the outlet. It is important to notice that the
limit of stability of the numericalmodel toward lowmass flow
rates has been reached for the base and the single-slot cases,
but not for the three-slot case. Numerically stable operating
points with the three-slot suction strategy could then exist at
mass flow rate lower than the last plotted operating point.

7. Performance

Figure 4(a) shows the total-to-static pressure ratio of the
compressor stage, plotted as a function of the standard mass
flow rate at the impeller inlet. As indicated in the figure, no
stable operating point has been found for the base case and
the single-slot case below �̇�std

𝑅 ≃ 0.97. On the contrary, it has
been possible to reach the convergence for amuch lowermass
flow rate with the three-slot suction strategy. Both suction
techniques result in an increase of the total-to-static pressure
ratio of the compressor stage.

In order to analyzemore precisely the effect of the suction
on the performance of the compressor stage, Figures 4(b) and
4(c) show the main performance coefficients for the impeller
and the radial vaned diffuser. Figure 4(b) shows the total-to-
static pressure ratio of the impeller plotted as a function of
the diffuser inlet standard mass flow rate. Figure 4(c) shows
the static pressure recovery coefficient in the different parts
of the diffuser, also plotted as a function of the standard mass
flow rate at the diffuser inlet. All contributions are calculated
with respect to the kinetic energy at the vaneless diffuser inlet,
that is, the impeller trailing edge, so that they can be added
in order to find the static pressure recovery coefficient of the
whole vaned diffuser.

The total-to-static pressure ratio of the impeller reaches a
maximum at a mass flow rate which is close to the stability
limit of the base case and the single-slot suction case. The
three-slot suction strategy allows reaching a stable operating
point for a mass flow rate lower than that of the total-to-static
pressure ratio maximum. Indeed, the control should stabilize
the operation of the diffuser.

The origin of the saturation of the total-to-static pressure
rise of the impeller is not yet identified. It could be caused by a
flow separation within the impeller or by a particular behav-
ior of the tip leakage vortex, for example. Some future study
should aim at clarifying the flow pattern within the impeller.
Given the fact that the limit of stability of the base case is
reached at the peak of the total-to-static pressure ratio of

the impeller, the surge inception could be possibly explained
by an interaction with a particular flow structure within the
impeller which leads to the destabilizing of the diffuser hub-
corner separation. Such an interaction between boundary-
layer separation in the diffuser and the flow structure at the
impeller outlet has already been observed [40].

The effect of the suction on the diffuser static pressure
recovery process is visible in Figure 4(c). The 𝐶𝑝 of the
semivaneless diffuser space is greatly increased by the control,
with both the single-slot and the three-slot suction strategies.
According to previous works which have identified the entry
zone of the diffuser as a critical zone for the onset of
instabilities [3, 41], the fact that the slope is steeper (negative
slope) should have a stabilizing effect on the diffuser work.
But the single-slot suction strategy does not improve the
overall operating range despite the increase of 𝐶𝑝 in the
semivaneless space. The only observation of the slopes to
check a stability is thus proved to be insufficient.

Figure 5 shows the blockage coefficients calculated at the
impeller trailing edge, the diffuser leading-edge, the diffuser
throat and the diffuser trailing edge, near hub (between 0%
and 30% of span-height), Figure 5(a), in the mid-span region
(between 30% and 70% of span-height), Figure 5(b), and near
shroud (between 70% and 100% of span-height), Figure 5(c).
Blockage coefficient in a section 𝑆 is defined as

𝐵𝑆 = 1 −
∫
𝑆
𝜌k ⋅ n 𝑑𝑆

𝜌k ⋅ nmax
. (2)

These coefficient are plotted for several operating points,
as a function of the standard mass flow rate at the diffuser
inlet.

In all sections except at the diffuser trailing edge, the
blockage coefficients are very similar between the single-slot
and the three-slot suction cases. In particular, there is no
difference between the blockage curves at the diffuser throat.
Finally, the only difference between the single-slot and the
three-slot strategies is visible on the blockage coefficient at the
diffuser trailing edge.The blockage decreases in the near hub
region with the three-slot suction strategy. On the contrary, it
increases in the near shroud region.This balance between the
near hub and the near shroud blockage has been previously
explained by the growth of a shroud-corner separation on
the suction side of the diffuser vanes when the hub-corner
separation is controlled [30].

8. Flow Structure

Figure 6 compares the skin-friction pattern on the suction
side of the diffuser vanes for the three test cases. The
compared operating points are those labeled in Figure 4(c)
and have similar diffuser inlet standard mass flow rates, that
is, similar diffuser inlet flow field conditions. The location
of the suction slots are also shown. A hub-corner separation
still exists with the three-slot strategy downstream of the
last suction slot. Compared with the single-slot case, it is
however translated downstream, and the control of the hub-
corner separation is more effective. It now takes place far
downstream of the diffuser throat, which could explain the
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stabilizing effect of the three-slot suction case. As a conse-
quence, the shroud-corner separation develops more. This
explains the increase of the blockage near shroud previously
mentioned, seen in Figure 5(c).

With the single-slot suction, the new location of the hub-
corner separation downstream of the suction slot had been
explained by the existence of intense instantaneous adverse
pressure gradients [30]. In order to challenge that criterion
for boundary-layer separation, Figure 7 shows the fields of
the maximum of the instantaneous adverse pressure gradient
in a plane located at 10 percent of span-height for the three-
slot suction case. The location of the main saddle point of
the skin-friction pattern in the corner is indicated by a black

square. Here, the field of the maximum of instantaneous
adverse pressure gradient is not modified by the three-slot
suction effect, and the maxima are still located at the suction
slots. The separation yet occurs downstream of the third
maximum limit. A perspective of the present study could be
to extend the third suction slot in order to cover the entire
third maximum of instantaneous adverse pressure gradient,
and verify if it could lead to a complete removal of the hub-
corner separation.

Figure 8 shows a general overview of the flow structure
in the radial vaned diffuser with three-dimensional stream-
lines calculated from time-averaged flow field. The three-
dimensional streamlines are colored by the value of theMach
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S /ṁref

Single-slot suction
Without suction Three-slot suction

(a) 0% < ℎ/𝐻 < 30%

Impeller TE
Diffuser LE

Diffuser throat
Diffuser TE

0.1

0.2

0.3

0.4

0.5

0.6

B
 [/

]

0.26 0.28 0.30 0.32 0.340.24
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number along the streamlines. It stresses the translation of
the hub-corner separation downstreamunder the effect of the
suction and the growth of the shroud-corner separation, as
previously mentioned.

In order to give more insight on the effect of suction,
Figure 9 shows isocontours of 𝑄-criterion in the diffuser
computed from instantaneous flow fields for the three cases
without and with control. The 𝑄-criterion is a local measure
of the excess of rotation rate relative to the strain rate [42]. It
allows identifying the vortices as flow regions with positive
second invariant of the velocity gradient tensor [43]. For
clarity, isocontours are not plotted in the near-tip region,
above ℎ/𝐻 = 80%.

The impeller vortex shedding and the hub-corner sep-
aration vortex are both visible in the three figures. For the
base case, Figure 9(a), these two vortices merge together,

which is expected to notably increase the size of the hub-
corner separation vortex. With the single-slot control strat-
egy, Figure 9(b), they stillmerge together but their interaction
is decreased as the hub-corner separation is deflected. With
the three-slot suction strategy, the interaction is barely visible
given the chosen value for the isocontour.

This analysis stresses that the hub-corner separation
development does not only result from the growth of the
boundary-layers in the diffuser. It is also promoted by the
interaction between the hub-corner separation vortex and
other vortices like the impeller trailing edge vortex.

The vorticity transport equation that simplifies as

𝜕Ω𝑖
𝜕𝑡 + 𝑈𝑗

𝜕Ω𝑖
𝜕𝑥𝑗

= Ω𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐴

+ ]
𝜕2Ω𝑖
𝜕𝑥2𝑗 (3)
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Figure 10: Isocontours of tilt of the Ω𝑥 vorticity component.

for incompressible and isotropic fluids subject to conservative
body forces gives more understanding about the feeding of
the hub-corner vortex by other vortices. In this equation,
the term 𝐴 stands for the increase of the vorticity due to
the tilt of vortices under velocity gradients. In case of a
radial diffuser, the spanwise component of the vorticity can
then feed the blade-to-blade vorticity under the effect of
the spanwise velocity gradient. The impeller trailing edge
vortex can then tilt and feed the hub-corner separation vortex
thanks to the terms Ω𝑥(𝜕𝑈𝑦/𝜕𝑥) and Ω𝑥(𝜕𝑈𝑧/𝜕𝑥), 𝑥 being
the spanwise axis. In order to illustrate this phenomenon
and to highlight the interaction between the impeller trailing
edge vortex and the hub-corner separation vortex, Figure 10
shows isocontours of √(Ω𝑥(𝜕𝑈𝑦/𝜕𝑥))2 + (Ω𝑥(𝜕𝑈𝑧/𝜕𝑥))2 for
the three cases.

In Figure 10(a), a large structure is indeed visible near
the hub surface and in the middle of the diffuser passage.
It corresponds to the tilt of the foot of the impeller trailing

edge vortex that flows into the hub-corner separation and
contributes to its growth. The hub-corner separation is also
clearly visible in the figure, since the hub-corner separation
vortex captures the boundary-layer on the diffuser suction
side. It then redirects the Ω𝑥 vorticity component of the
boundary-layer toward the blade-to-blade direction.

Another structure is also visible on the suction side
of the diffuser vane. It corresponds to the tilt of the Ω𝑥
vorticity generated at the diffuser leading-edge due to the
high incidence on the diffuser vanes at near surge operating
point.Then, the diffuser leading-edge vortex also contributes
to the growth of the hub-corner separation.

Under the effect of the suction, the hub-corner separation
growth is slowed down and the interaction with the impeller
vortex shedding is decreased. In Figure 10(b), the tilt of the
impeller trailing edge vortex is less than for the base case.
With the three-slot suction case, in Figure 10(c), the interac-
tion is further decreased, and this may be the explanation of
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the increase of stable operating range when the hub-corner
separation is pushed downstream.

However, the role played by the diffuser leading-edge
vortex is unchanged under the effect of the suction, and it now
appears to be the main visible interaction that feeds the hub-
corner separation. Further work should aim at gaining more
understanding of the role played by this diffuser leading-
edge vortex and its consequences for the surge inception.
Controlling the development or the trajectory of this vor-
tex could lead to a complete removal of the hub-corner
separation.

9. Conclusions and Outlooks

According to the URANS numerical model, and at the
nominal rotational speed, the three-slot suction strategy
allows a significant increase of the centrifugal compressor
operating range toward lowmass flow rate.This demonstrates
the interest of the boundary-layer suction technique in
order to improve the performance of centrifugal compressor
stages. It also confirms that the hub-corner separation in the
diffuser is involved in the surge inception for the present test
case.

The single-slot suction strategy allows delaying the
hub-corner separation growth, and the three-slot strategy
delays it further. As a consequence, the interaction between
the hub-corner separation vortex and the impeller trail-
ing edge vortex shedding is reduced, which is expected
to be the key feature of the control of the surge. With
the three-slot strategy, this interaction is almost cancelled,
and this may explain the increase of the stable operating
range.

The analysis has also revealed the interaction between
the hub-corner separation and the diffuser leading-edge
separation vortex, which should be taken into consideration
in order to achieve a complete removal of the hub-corner
separation. The leading-edge separation may be controlled
by suction applied to the diffuser suction side, or by other
control techniques as vortex generator, for example.

Finally, the interest of the multislot control strategy
should also be challenged at other rotational speeds, and the
issue of the optimal shapes of the suction slots should be
addressed, prior to conducting experiments.
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