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Abstract: In the current study, full-stage unsteady simulations were performed to investigate rotating
instability inception mechanisms in a particularly large tip clearance centrifugal compressor with a
vaneless diffuser and a volute. Four operating points along a speed line were analysed to understand
the influence of the mass flow reduction on flow structures. Close to the peak efficiency, an unsteady
interaction between the tip clearance vortices and splitter blades was observed. Considering other
studies, the influence of the tip gap size was analysed. Then, a large-scale vortex shedding from the
leading edges of the main blades was detected when the stage operated near the maximum pressure
ratio. It was demonstrated that shed vortices were caused by the combination of the radial gradient
of the tangential velocity under the tip vortex and the reverse backflow near the casing. Previous
studies on axial compressors refer to these vortical structures as backflow vortices. These vortices
cause a significant increase in the incidence angle in the tip region.

Keywords: backflow vortices; centrifugal compressor; rotating instability; tip leakage flow; wide
tip clearance

1. Introduction

The automotive industry is still keen on the design of centrifugal compressors with an
ever-increasing operating range and compactness. However, the tip clearance size remains
constant due to the technology choice, while the impeller size decreases. As a result, new
automotive compressors have relatively large tip gaps compared to the blade span. But,
as shown in the literature, tip leakage flows have a predominant role in the emergence of
flow instabilities.

Inoue and Kuroumaru [1] demonstrated that in an axial compressor, the interaction
between the tip leakage flow and the main flow leads to the formation of tip leakage
vortices. As the clearance increases, a reverse flow due to the vortex grows near the casing
wall. Further works of Inoue et al. [2-4] showed that when the tip gaps were large, the
flow at the leading edge became unsteady and degenerated into a leading edge separation.
They proposed a theory based on a tornado-like vortex extending radially inward, from the
shroud to the blade’s suction side, which leads to the onset of short length-scale stall cells.
Other tip clearance vortices were observed by Mérz et al. [5] in pre-stall conditions. These
vortical structures, confined to the tip region of a rotor, moved from the suction side to
the pressure side of the neighbouring blade. According to Mailach et al. [6] and the works
cited above, these unsteady disturbances are identified as ‘rotating instabilities” whereby
the compressor operates in ‘mild stall” conditions. In 2008, Vo et al. [7] suggested that such
a tip flow could be linked to the onset of short length-scale rotating stalls. This assumption
was confirmed by numerical investigations from Pullan et al. [8], which demonstrated
that the short length-scale stall is caused by a separation at the leading edge due to a high
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incidence causing the emergence of tornado vortices. They also described the propagation
of these structures according to the mechanisms observed by Mirz by adding the idea of a
self-sustaining mechanism.

Bousquet et al. [9] observed similar vortex shedding at the leading edge of a centrifugal
compressor with a vaned diffuser without a volute in near-stall conditions. The interaction
between the leading edge separation and the incoming flow resulted in a Kelvin-Helmholtz
instability inducing the tornado vortex shedding. However, in this configuration, the
vortices’ trajectory was such that no short length-scale rotating disturbances were observed.
More recently, a similar Kelvin-Helmholtz mechanism was mentioned by Cao et al. [10] to
explain the onset of massive vortex shedding from a tip leakage flow breakdown process
close to the leading edges. This numerical and experimental investigation of a centrifugal
compressor with a vaneless diffuser and a volute outlines the emergence of vortex tubes
that propagate circumferentially and that strongly interact with the next blade’s leading
edge. The main difference between Bousquet et al.’s observations and those of Cao et al.
is the direction of the vortical structures. Those mentioned by Cao are tubes oriented in
the blade-to-blade direction and depend on the downstream pressure field imposed by the
volute’s tongue. Such phenomena are reminiscent of the residuals of the broken main tip
leakage vortex described by Iwakiri et al. [11] as a result of single-impeller simulations.
Like the previous authors, Tomita et al. [12] linked these tip leakage flow instabilities to
the degradation of the compressor performances. However, they also demonstrated that
the tip leakage vortex breakdown can stabilise the flow field and increase the operating
range at a low mass flow by accelerating the incoming flow near the hub, unaffected by the
vortical structures.

As an extended version of the study introduced by Flete et al. [13] at the 15th Euro-
pean Turbomachinery Conference, the present work complements the recent studies on
flow instabilities in centrifugal compressors belonging to the turbocharger family in the
following ways:

e It highlights the interaction between tip leakage vortices and splitter blades (related to
a wide tip clearance), which degrades performances near the peak efficiency.

* It proposes an inception mechanism for vortex tube shedding described by Cao et al. [10]
according to the investigation carried out by Chen et al. [14].

First, the studied compressor and numerical method are introduced. The next part
presents a detailed analysis of the flow topology’s gradual evolution caused by the mass
flow reduction. Full-stage simulations are used to highlight the tip clearance vortex be-
haviour and the emergence of rotating instabilities in near-stall conditions. In particular,
the propagation of massive vortices oriented perpendicular to the streamwise direction
highly similar to those observed by Cao et al. [10] is described. Considering the velocity
distribution, these vortical structures are identified as backflow vortices according to previ-
ous studies on axial machines. However, the inception mechanisms proposed by Cao et
al. for centrifugal configurations and Chen et al. for axial configurations are different, and
questions remain about the origin of such structures. Hence, the last part of the present
study aims to clarify the development process of this vortex tube shedding.

2. Methodology
2.1. Test Case Geometry

The studied centrifugal compressor was designed by Liebherr-Aerospace Toulouse to
supply air into an automotive fuel cell. Two of the most important requirements are a wide
operating range and a small diameter. To meet these specifications, an impeller with splitter
blades followed by a short vaneless diffuser and a volute was designed. Considering
the flow field in choke conditions, the leading edges of the splitter blades are located
at a relative meridional position of M, = 0.31. This metric was defined based on the
leading edges of the main blades (M, = 0) until the trailing edges (M, = 1). Numerical
simulations were performed on the full-stage configuration shown in Figure 1. Table 1
describes the main compressor operating parameters. The impeller’s particularity is the
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wide tip clearance changing from the leading edge (6% of the blade span) to the trailing
edge (18%).

Figure 1. Computational domain.

Table 1. Main compressor features.

Parameter Value
Blade number 7+7
Design rotation rate 100 krpm
Design mass flow rate 0.1kg/s
Design pressure ratio 2
Diffuser radius ratio 14
Diffuser width ratio 0.07

2.2. Flow Solver

Simulations were carried out by Siemens, STAR-CCM+ using a finite volume solver,
and thus, the three-dimensional unsteady compressible Reynolds-averaged Navier—Stokes
equations were solved on unstructured meshes. The eddy viscosity was computed with
the two-equation turbulence model k — w SST from Menter [15]. This improved version of
the original k — w combined the good near-wall performances for boundary layers under
adverse pressure gradients with the k — € accuracy in free stream. A coupled flow solver was
used to solve the conservation equations for mass and momentum simultaneously using
a pseudo-time-marching approach. The convective and diffusive fluxes were computed
with an implicit second-order upwind scheme. The time-marching was performed with an
implicit second-order discretisation scheme, and governing equations were solved in the
absolute reference frame to avoid artificial dissipation leading to a nonphysical rotational
flow in the far field region. Each impeller revolution was described by 860 physical time
steps, corresponding to 122 time steps per the main blade’s passage, and 30 inner iterations
were carried out at each time step.

2.3. Mesh

The full-annulus computational domain was discretised with a polyhedral unstruc-
tured mesh using near-wall prism layer meshing. The size of the first cell was set to
1.5 pm, ensuring a normalised wall distance y* below 1.3 and mostly between 0 and 0.6.
After several mesh convergence studies, the best compromise between computational time
and solution accuracy was found for 48 x 10° cells in the impeller with an average of
33 cells in the tip gap’s height. The vaneless diffuser and the volute were discretised into
14 x 10° cells. The information transfer between the impeller and the diffuser was handled
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by a sliding-mesh interface, which was considered the most accurate method for simulating
rotor-stator interactions.

2.4. Boundary Conditions

Stagnation conditions are uniformly applied to the inlet section. This method imposes
the total pressure, temperature and flow direction and calculates other quantities using the
isentropic relations. A study from Kulak et al. [16] demonstrated that a mass flow bound-
ary condition tends to over-stabilise the flow and, thus, stifles initiations of instabilities.
Furthermore, a uniform static pressure outlet condition prevents one from reaching a lower
mass flow than the highest of the zero slope section. Hence, all the simulations in this study
used a throttle law as an outlet condition.

This condition updates the outlet static pressure Ps,,; at each time step according to
the following relation:

Poout(t + At) = Pso + A - 1in(t)® M

where Pg is the reference static pressure, A the throttle parameter and iz the mass flow
rate through the exit section. Such a boundary condition allows regulation of the outlet
pressure according to the mass flow rate and gives enough freedom to move along the flat
part of the characteristic curve.

2.5. Validation

A global performance validation was conducted at Liebherr Aerospace. The stage
outlet static pressure was measured downstream of the volute. Hence, the comparison
between measurements and numerical data is based on a total-to-static pressure ratio
normalised by the local maximum value and plotted as a function of the corrected mass flow
rate. Figure 2 shows good agreement between the experiment and numerical simulations
for a rotation speed set to 97% of the one investigated in the present paper. Moreover, the
stability limit is reached at a similar mass flow rate. This last finding demonstrates the
reliability of the numerical method used to describe the stage destabilisation mechanisms.
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Figure 2. Comparison of experimental data and CFD results.
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3. Unsteady Phenomenon near the Peak Efficiency

Four operating points (OP1, OP2, OP3 and OP4) along a speed line describe the
development of instabilities in the impeller. The first operating point, OP1, illustrates the
flow field in the impeller of the present compressor at design conditions. The second one,
OP2, corresponds to the mass flow rate at which the tip leakage vortices hit the splitter
blades’ leading edges, causing unexpected unsteady behaviour near the peak efficiency. By
reducing the mass flow, the compressor operates at OP3, where vortex tubes similar to those
observed by Cao et al. emerge under the tip leakage vortices. Finally, the last described
operation point OP4 shows the flow field topology in stall conditions. Each one is located
in Figure 3, representing the stage total-to-total pressure ratio and the isentropic efficiency
as a function of mass flow rate. These quantities are normalised by their respective mean
values at the peak efficiency.
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Figure 3. Studied operating points’ locations on the compressor characteristic.

3.1. Flow Structures near Choke Conditions

At the highest mass flow rate OP1, the strong tip leakage flow is confined to the
lower part of the half-passage near the trailing edges (M, > 0.65). The recirculation from
the leakage flow in the passage leads to an accumulation of low-momentum fluid near
the casing wall, which, associated with the adverse pressure gradient from the vaneless
diffuser, causes a near-shroud backflow in the impeller outlet tip region. However, this
tip reverse flow weakens in the meridional direction before reaching the splitter blade’s
leading edges. Except for the trailing edge vicinity, the flow field is mostly steady. By using
Aj criterion, it is possible to visualise the vortical structures in the impeller. A; is the second
eigenvalue of the sum of strain-rate tensors squared and the spin tensor squared when
sorted from minimum to maximum. According to Jeong and Hussain [17], its negative
values can be interpreted as vortex regions, while values equal to or greater than zero have
no physical significance. Instantaneous iso-surfaces of A, are shown in Figure 4. They
highlight fully developed tip leakage vortices (TLV) that roll up midway between the main
and the splitter blades’ leading edges and extend until the downstream half-passage. In
these half-passages, another tip leakage vortex emerges from the splitter blade’s tip gap.
At this operating point, the two wide structures are steady and do not appear to interact.
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Figure 4. Iso-surfaces of A, criterion at OP1.

At OP2, the strong leakage flow region overtakes the splitter blades’ leading edges
due to the adverse pressure gradient increase. Thus, the interface between the tip clearance
and the underlying incoming flow is located diagonally between My = 0.1 and M, = 0.25.
Figure 5 shows that in this configuration, the initial rolling-up positions of the tip leakage
vortex have migrated, and the trajectories have straightened upstream in such a way that
the vortices from the main blades hit the splitter blade’s leading edges, thus breaking the
second TLV. Even if the upper part of the passage (M, < 0.3) is mainly stationary, the
interaction between the main blade TLV’s tail and the splitter blade’s leading edge leads
to the emergence of a horseshoe vortex that collapses further downstream. These shed
vortices penetrate the tip gap of the next blade under the influence of the strong tip leakage
flow. In this way, they disturb the neighbouring horseshoe vortex before being transported
by the main flow toward the diffuser. This local unsteady vortex shedding phenomenon
is observed almost identically in every blade passage but does not significantly affect the
stage performances. These disturbances can be observed on the static pressure spectrum, as
illustrated in Figure 6. The plotted spectra are from a probe located close to the casing wall
at My = 0.42. At OP2, the phenomenon described earlier causes an increase in pressure
oscillations within the frequency range between the passing frequencies of the splitter
blades and the main blades. During further throttling, the main TLV moves away from
the splitter blade, driving the compressor to a stable operating point, while remaining
in the negative slope section of the characteristic curve. Hence, the spectrum related to
the OP3 signal reveals a stabilised flow field in which pressure fluctuations remain lower
than those observed at OP2. Consequently, even if the disturbance observed near the peak
efficiency seems to have rotating instability features, it must not be interpreted as a stall
precursor signature.
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Figure 5. Iso-surfaces of A; criterion at OP2.
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Figure 6. Static pressure spectra from the region of the splitter blade’s leading edge (M, = 0.42).

3.2. Flow Structures at Design Conditions

This interaction was observed in the simulations of Iwakiri et al. [11] in an impeller of
a transonic compressor in near-stall conditions. Nonetheless, this previous study identified
this phenomenon as one of the causes of the compressor performance reduction close to
the zero slope part of the characteristic curve. In the present case, these vortical structures
occurred earlier on the compressor’s characteristic curve than the ones mentioned by
Mitsubishi researchers. This could be explained by the geometry differences between the
two configurations. Indeed, the present compressor has a wider tip gap than the impeller
analysed by Iwakiri. Compared to the blade height, the present geometry has a tip clearance
that is more than five times larger at the impeller inlet and around twice as large at the
outlet. Through large eddy simulations, You et al. [18] demonstrated that increasing the
tip gap size increases the angle between the blade and the tip leakage vortex. This could
explain why the current compressor presented this unsteady interaction earlier on the
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characteristic curve than the one studied by Iwakiri. Furthermore, the present splitter
blades are shorter than those used in the configuration described by Iwakiri. As a result,
the loss mechanisms at OP2 are confined to the region under the splitter blades’ leading
edges (M, > 0.31), while the ones observed in Mitsubishi’s compressor occurred on most
of the passage’s length. This also explains why the present compressor operating at OP2
provides enough work to keep the characteristic slope unchanged, whereas the one studied
by Iwakiri shows performance reductions. However, considering the proximity of the
best efficiency operating point, it can be assumed that OP2 would be the peak efficiency
point without this phenomenon. Therefore, the angle between the tip leakage vortex and
the blade’s suction side must be considered when designing splitter blades, especially for
impellers with wide tip clearances.

4. Backflow Vortices Emergence
4.1. Flow Structures in Near-Stall Conditions

With the decrease in the mass flow rate, the present compressor reaches the operating
point, OP3, in which the TLV rolls up earlier near the main blade’s leading edge and
becomes shorter than those observed at OP2. According to Tan et al. [19], the angle defining
the tip leakage vortex’s trajectory from the main blade suction side increases with the blade
loading. Furthermore, as reported by Zhang et al. [20], the reverse tip clearance flow at
the impeller’s outlet extends further upstream until it reaches a meridional position of
M, = 0.1. Figure 7 shows that at this operating point, some notable vortices emerge in front
of the TLV tail before propagating in the passage. The upstream extremities of the released
vortices are slightly oriented upstream, while the lower extremities remain attached to
the blade’s suction side. In this way, these large structures, oriented perpendicular to the
streamwise direction, propagate downstream until they hit the splitter blades’ leading
edges. Moreover, this phenomenon proves to be periodic, and for the present mass flow rate,
those vortices strike the splitter blade’s leading edge approximately once per revolution.
During the oncoming flow, these vortex tubes occurring at M, = 0.2 occupy around the
15% of the span. Such vortices are highly similar to flow structures arising from the tip
leakage flow breakdown described by Cao et al. [10]. However, the present case shows the
coexistence of these wide vortices with an established tip leakage vortex.

Figure 7. Iso-surfaces of A, criterion at OP3.
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4.2. Flow Structures in Stall Conditions

With further throttling, the compressor reaches the operating point OP4, where the
interface between the tip clearance and incoming flows is parallel to the leading edges.
For this mass flow, the TLV still rolls up at the main blade’s leading edge, but it is shorter
and tends to align with the leading edges’ plane. Furthermore, the reverse tip clearance
flow moves further upstream until it reaches the main blades’ leading edges. In these
conditions, the tip leakage vortex is sheared by the underlying axial flow and the tip gap
backflow. As a result, the tip leakage vortices break down in some passages, causing the
massive vortex shedding shown in Figure 8. The flow topology at this operating point
closely resembles the field structures described by Cao et al. The shed vortices are similar
to those observed at OP3, but they roll up nearer to the impeller inlet (M, = 0.08), are
oriented more diagonally upstream and are larger by around 33% span for the biggest ones.
Besides, the emergence frequency of large-scale vortices has increased so that the shed
vortices hit the splitter blades’ leading edges between two and three times per revolution.
Moreover, the upstream end is now associated with a high tangential velocity zone and
propagates circumferentially. Thus, this part reaches the pressure side of the adjacent blade
before passing through the tip gap and disturbing the flow structures in the next passage.
This new mechanism disturbing the flow field in the neighbouring passage is illustrated in
Figure 9. At (ty), a vortex tube (black) emerges from under the tip leakage vortex (blue). At
(to + 40At), its upper part has moved circumferentially, while the downstream extremity
is advected by the main flow. At (t; + 80At), the upstream part passes through the next
tip gap. At (to + 120At), the part remaining in the first passage is advected downstream
toward the splitter blade’s leading edge, whereas the other interacts with the neighbouring
TLV. Thus, this interaction breaks the following tip leakage vortex and contributes to the
creation of a new large vortex oriented perpendicular to the blade in the next passage. At
the same time, the advected downstream parts of the vortices hit the splitter blades” leading
edges, causing substantial pressure fluctuations.

Figure 8. Iso-surfaces of A, criterion at OP4.
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Figure 9. Large-scale vortices disturbing the neighbouring passage (OP4).

Previous works [2,4-6,21] on axial configurations have referred to these kinds of
pre-stall disturbances as rotating instability. These instabilities are mainly encountered
in compressors with wide tip clearances operating in near-stall conditions. As reported
by Day [22], they are defined by their small size (about one pitch), low-pressure spots mov-
ing from the suction of a blade to the pressure side of the next one, and by a characteristic
hump (about one-third of the blade’s passing frequency) on frequency spectra. A Fourier
transform has been performed on the pressure signal recorded by a fixed probe located
at My = 0.09 to identify the present instabilities. Figure 10 shows the related frequency
spectrum in which abscissa has been normalised by the main blade’s passing frequency
(BPF). A distinctive hump is observed around one-third of the BPF, strengthening the
rotating instability assumption. The discrete peak located just under one-third of the BPF
is related to the passage of the vortex tubes that propagate circumferentially close to the
leading edges.

800 1

600

BPF

Amplitude

200 r

0 1 1 1
0 1/3 2/3 1 4/3

Normalised frequency

Figure 10. Static pressure spectrum from the tip region of the main blade’s passage at OP4
(M, = 0.09).

Some passages are ahead of the instabilities development. Indeed, passages coexist
simultaneously with collapsed tip leakage vortices and ones with stable TLV in the impeller.
The passages with broken TLV were noted to be associated with large vortical structures
aligned with the leading edges’ plane. In contrast, the passages linked to unbroken TLV
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contain thin structures that roll up further downstream. This last flow topology is similar
to the flow field observed at a higher mass flow rate when the compressor operates at OP3.
This phenomenon is due to the non-uniformity of the pressure distribution induced by
the volute in the vaneless diffuser. The asymmetry of the volute leads to a high-pressure
region in front of the volute’s tongue, followed by a low-pressure zone. Figure 11 outlines
the non-uniformity of the flow field in the vaneless diffuser by plotting the time-averaged

static pressure variations, Ps, around the impeller, where Ps(8, t;) is the static pressure in
the vaneless diffuser at t; and Ps(tx) is the circumferential average of Ps(6, tx).

This downstream distortion that ramps up with the mass flow reduction causes
a periodic disturbance that drives the development of the instabilities in the impeller
passages. In agreement with Zhang et al. [20], the potential effect propagates upstream
through the subsonic flow until it reaches the plane of the main blades’ leading edges. This
mechanism explains the instant disparity of tip leakage vortices” behaviours in the different
rotor passages.

0 60 120 180 240 300 360
Circumferential position (°)

Figure 11. Volute influence on pressure distribution in the diffuser near impeller trailing edges.

4.3. Backflow Vortices Inception Mechanisms

Cao et al. [10] assumed that these large vortices are induced by a Kelvin—-Helmholtz
instability of the shear layer formed between the main-stream flow and the tip leakage flow.
However, this theory does not explain the vortex tube orientation. The first vortex rolling
up caused by a Kelvin—-Helmholtz instability of a shear layer in a centrifugal compressor
was described by Bousquet et al. [9]. In this work, the shed vortices extended radially
from the blade’s suction side to the casing wall without growing diagonally upstream or
being aligned perpendicular to the blade. Furthermore, the tip leakage flow breakdown
process described by Cao is incompatible with the coexistence of a stable TLV and a vortex
tube shedding, as observed at OP3. This fact encouraged further study of the mechanisms
behind the present flow structures. A similar flow pattern was experimentally observed
within an axial compressor by Chen et al. [14]. They refer to this vortical structure as the
backflow vortex (BFV) and describe it as a filament that emerges from the bottom of the
TLV near the blade’s leading edge. The explanation set out in this study is that a shear
layer exists under the tip leakage vortex whose primary vorticity direction is such as if this
layer has to roll up, then it will roll up perpendicularly to the blade. They also suggest that
the shear layer rolling up is triggered by the interaction between the main incoming flow
under it and the reverse flow close to the shroud, hence the name, backflow vortex.

To compare the present flow field (at OP3) with the one analysed by the Baltimore
research team, the relative velocity components around the tip leakage vortex are shown in
Figure 12. The displayed components are expressed in the rotating frame (e, ey, ex) and
are normalised by a reference blade speed defined as U,.y = w - ;. In accordance with
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the analysis conducted by Chen et al. [14] on the axial configuration, Figure 12 reveals the
coexistence of two distinct regions A and B around the tip leakage vortex. The first one,
located near the TLV centre, is characterised by a high relative tangential velocity Wy and a
negative axial velocity Wy. The second one is observed under the TLV and, contrary to the
region A, has a low tangential component associated with a high axial component related
to the blockage effect induced by the tip leakage vortex. Both have similar radial velocities,
but there are significant radial gradients in Wy and W, between the two zones. Figure 12
also outlines that the resulting relative velocity (between B and A) Wg_ 4 is parallel to
the blade’s suction side. As the vorticity is defined by the curl of the velocity field, the
resultant of the vorticity components around the shear layer is aligned perpendicular to the
blade. Furthermore, W, distribution demonstrates that, in our case, the shear layer rolling
up is probably caused by the influence of the upper reverse flow from the tip clearance
and the forward main flow under it. This flow pattern, which is highly similar to the one
highlighted by Chen, agrees with the vortical structures observed in the present centrifugal
compressor. Therefore, from now on, the massive vortex tubes observed at OP3 and OP4
aligned perpendicular to the blade will be named “backflow vortices”.

Figure 12. Relative velocity components plotted on a cross-section in the tip region (OP3 — M, = 0.08).

5. Conclusions

Based on the flow mechanisms reported here, unsteady three-dimensional calculations
of the full compressor stage are required to simulate the rotating instability onset. The
first operating points analysis has shown that even during design conditions, this kind of
geometry with wide tip clearances leads to unsteady loss mechanisms due to the interaction
between the main blade’s tip vortex and the splitter blade. Hence, this phenomenon must
be considered during the design of the splitter blades. Then, at lower mass flow rates, the
highlight of the relative tangential velocity radial gradient under the TLV complements
the previous study of the large-scale vortex shedding carried out at the Whittle Laboratory.
Furthermore, it has been brought to light that the volute’s shape significantly impacts the
axisymmetric balance that drives the development of instabilities in the impeller passages.
The vortices reported here lead to a significant increase in the incidence angle in the tip
region. It is thus interesting to study the role of these structures in the stall inception.
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Abbreviations

The following abbreviations are used in this manuscript:

BFV Backflow Vortex.

BPF  Blade Passing Frequency.
SPL Splitter blade.

TLV Tip Leakage Vortex.

Vi Absolute velocity component on direction "i’.
W; Relative velocity component on direction i".
M, Relative meridional position.

wpry  Backflow vortex primary vorticity.
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