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Investigation of the instability
mechanisms in a turbocharger
centrifugal compressor with a vaneless
diffuser by means of unsteady
simulations

Xinqian Zheng, Anxiong Liu and Zhenzhong Sun

Abstract
The stable-flow range of a compressor is predominantly limited by surge and stall. In this paper, an unsteady simulation
method was employed to investigate the instability mechanisms of a high-speed turbocharger centrifugal compressor
with a vaneless diffuser. In comparison with the variation in the pressure obtained by dynamic experiments on the same
compressor, unsteady simulations show a great accuracy in representing the stall behaviour. The predicted frequency of
the rotating stall is 22.5% of the rotor frequency, which agrees with to the value for the high-frequency short-term rotat-
ing stall obtained experimentally. By investigating the instability of the flow field, it is found that the unstable flow of the
turbocharger compressor at high rotational speeds is caused by the tip clearance leakage flow and the ‘backflow vortices’
originating from the interaction of the incoming flow and the backflow in the tip region of the passages. The asymmetric
volute helps to induce the occurrence of stall in certain impeller passages because it generates an asymmetric flow field.
The high-pressure low-velocity area from the 180� circumferential position to the 270� circumferential position is domi-
nant and strengthens the backflow at the trailing edge of the impeller, finally triggering the stall.
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Introduction

The internal-combustion engines (ICEs) that are used
in automobiles are responsible for a large proportion
of fossil fuel energy consumption and emissions, and
the potential of ICEs to conserve energy and to reduce
emissions is considerable. One of the most influential
technologies is engine downsizing through turbochar-
ging.1 Turbocharging increases the density of the air
taken in by the ICE, which increases the power density
and allows engines to be downsized significantly,
thereby reducing the fuel consumption and the carbon
dioxide (CO2) emissions.2 Because of the lower heat
losses, downsizing also increases the mechanical effi-
ciency and reduces the weight of a vehicle.2,3 However,
the turbocharger compressor has an inherent limitation
of aerodynamic stability, which significantly limits the
performance of the turbocharger and its ability to pro-
vide boost, particularly at low engine speeds.

The stable flow range of a turbocharger and the tur-
bocharged ICE is limited by the aerodynamic

instability of the compressors, which is known as surge
and stall. Based on the large numbers of experiments
and numerical simulations in compressors and, in par-
ticular, in axial compressors, the mechanisms of the
instability have been gradually understood. Surge is
most often recorded, with audible thumping, honking,
pressure oscillations throughout the machine and even
reverse mass flow monitored in the inlet.4 In the 1970s,
Greitzer5–7 developed a one-dimensional non-linear
model and a non-dimensional lumped parameter B to
predict the instability patterns of the compression
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systems, including deep surge, mild surge and rotating
stall. With more experiments8–12 on rotating stall,
Moore13,14 and Moore et al.15,16 started to add the geo-
metric parameters of the compressor to their non-linear
models, simulating the effect of blades through an
actuator disc model and theoretically analysing the
two-dimensional modal behaviour. Thereafter, on the
basis of the Moore–Greitzer actuator disc model,
Bonnaure17 and Spakovszky et al.18 solved the Euler
equations for specific subcomponents to seek the
instability modes in a multi-stage compressor and a
centrifugal compressor respectively.

In the 1990s, Day19–21 discovered a three-
dimensional (3D) spike-type stall, which showed an
abrupt ‘short-length-scale’ disturbance appearing as an
upward spike in the pressure measurement and circum-
ferentially rotating at 60–80% of the rotor speed, com-
pared with 20–50% for the modal-type stall. The
spectacular growth of computational fluid dynamics
(CFD) has promoted 3D numerical simulations of
compressor stall, and many features of the instability
found by dynamic measurements and particle image
velocimetry (PIV)22–24 have been simulated by CFD
with some accuracy.25 Moreover, novel instability
mechanisms have been found by unsteady-flow CFD
methods.26,27 Vo28 and Vo et al.29 proposed that the
net upstream mass flow at the trailing-edge blade tip
and the leading-tip clearance below the blade tip are
the two criteria for the formation of spike disturbances.
Lei et al.30 claimed that flow reversal occurs on both
the blade suction surface and the end wall in axial com-
pressors, which is referred to as a ‘hub-corner stall’.

However, few investigations have studied the
mechanisms of the aerodynamic instability of the com-
pressor from the perspective of the volute asymmetry.
In fact, unlike axial compressors and typical centrifugal
compressors in aero-engines or gas turbines, a turbo-
charger centrifugal compressor includes a volute, which
is a circumferentially asymmetric-structure component
following the diffuser. The asymmetric volute is usually
designed as a spiral-shaped overhung housing that acts
as a diffuser at lower flow rates but as a nozzle at
higher flow rates than the design values. This situation
causes an asymmetric pressure distribution in the diffu-
ser exit, which has a significant impact on the upstream
components31–33 and even on the impeller by reducing
the performance, particularly in the stable flow range.
Zheng et al.34 reported numerical estimations of the
impact of the asymmetric volute on the stability of a
turbocharger centrifugal compressor with a vaneless
diffuser and found that the stable flow range was con-
stricted by up to 42% at the design speed, indicating
that the volute harms the flow stability severely. Lin et
al.35 conducted experiments based on a unique evalua-
tion method, which showed that the stable flow range
was constricted by up to 47% at the design speed
because of the volute asymmetry.

For the mechanisms of the aerodynamic instability
with regard to the volute asymmetry, Zheng et al.36,37

considered the stall inception to be related to the cir-
cumferential asymmetric distribution based on the
steady simulation results. However, the relationship is
not explicit; the way in which the main instability fea-
tures are affected by the volute asymmetry in the
whole flow field of the turbocharger compressor is
not known. In this paper, the impeller–diffuser–volute
interaction is investigated during the evolution of
instability using unsteady 3D CFD supported by
dynamic experimental results.

Numerical methodology

The compressor studied is a high-speed small-scale tur-
bocharger centrifugal compressor, which is the same as
used in the experiments in the work by Zheng et al.38,39

It is applied to a four-cylinder diesel engine with a max-
imum power output of 105 kW, which drives trucks,
midi-buses and tourist buses. The main geometric para-
meters of the compressor are given in Table 1. The
fluid domain includes the whole-passage impeller, the
vaneless diffuser and the volute housing. Before arriv-
ing at the impeller inlet, the incoming flow fully devel-
ops through a duct 100 mm long extended in front of
the impeller and becomes relatively uniform. The fluid
domain is shown in Figure 1.

The 3D Reynolds-averaged Navier–Stokes (RANS)
equations for a compressible fluid are solved using the
commercial CFD software ANSYS CFX. Large eddy
simulations (LESs) have also been used to simulate the
features of the instability of the compressor. For
instance, a single-blade passage was calculated by Hah
et al.40 The combination of LESs and the RANS
method has also been used41 and, in this method, the
wall boundary layer and the separated flow were
adopted as an RANS region. However, it is quite com-
putationally expensive to use LESs for a single flow-
passage simulation, and very expensive for simulations
of the whole annulus. Therefore, the RANS equations
remain the mainstream numerical method for the 3D
simulations of compressor aerodynamics.

Table 1. Specifications of the centrifugal compressor.

Parameter Value or description

Diameter of the impeller tip inlet 44.56 mm
Angle of the impeller tip inlet –62.5�
Diameter of the impeller tip exit 61.26 mm
Angle of the impeller tip exit –35�
Height of the impeller exit blade 4 mm
Number of impeller blades 6 main blades,

6 splitter blades
Diffuser type Vaneless diffuser
Diameter of the diffuser inlet 68.26 mm
Diameter of the diffuser exit 100.00 mm
Width of the diffuser 3.13 mm
Maximum rotational speed 185,000 r/min
Maximum tip speed 593 m/s
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In this paper, the shear stress transport (SST) turbu-
lence model proposed by Menter42,43 is used to simulate
the unsteady flow. This model takes advantage of the
standard Wilcox k–v model in the near-wall region to
predict the severe adverse pressure gradient flows and
separation flows, whereas the k–e model is applied in
the main streamline region, which avoids the excess sen-
sitivity to the turbulence parameters and the long com-
putation time necessary if the k–v model were used.
Furthermore, a modification to the turbulent viscosity
is introduced into the SST model by the mixed function
from the boundary layer to the main flow region; this
improves the prediction of turbulent SST, making the
SST model more suitable for complex flows, including
strong adverse pressure gradient flows and separation
flows, which are typical attributes of the unstable aero-
dynamic flows in the compressor.

The mesh for the whole computational fluid domain
is displayed in Figure 2. The structured mesh was devel-
oped in ANSYS TurboGrid for the impeller. When the
number of elements in each passage is larger than 3.5 3

105, grid independence is satisfied. The structured mesh
was also developed for the inlet duct and the diffuser,
whereas an unstructured mesh with a prism boundary
layer was used for the volute. The mesh data for differ-
ent components are shown in Table 2.

Y+ represents the non-dimensional wall distance
along the wall and is crucial for accurately representing
the phenomena that develop in the boundary layer.
Importantly, the reasonable region of Y+ depends on
the numerical method of the solver. The CFX manual
suggests Y+ \ 2 if the maximum benefits of the SST
k–v model are taken. For the situation in which the

height of the first layer of the mesh is controlled, the
Y+ distribution for all walls is shown in Figure 3. It
can be seen clearly that Y+ at all walls is less than 2.0,
indicating that the mesh used is suitable for application
to the SST turbulence model.

Validation of CFD

Eight specific cross-sections were selected to monitor
the unsteady-flow parameters, as shown in Figure 4:
the cross-section a of the inlet of the compressor impel-
ler; the leading edge cross-section b of the splitter blade;
the cross-section c of the midsection of the impeller; the
cross-section d of the inlet of the vaneless diffuser; two
cross-sections e and f of the diffuser; the cross-section g
of the outlet of the vaneless diffuser; the cross-section h
of the volute. The observation points for the impeller
are located 0.2 mm from the shroud surface, whereas
those for the diffuser are located at the midpoint
between the hub and shroud, and those for the volute
lie on the centre-line. Each cross-section has six uni-
formly distributed observation points, located at the
positions 0�, 60�, 120�, 180�, 240� and 300� in the

Figure 1. Computational fluid domain.

Figure 2. Mesh created for the whole computational fluid
domain.

Table 2. Mesh data for each component.

Parameter Value for the following

Inlet duct Impeller Diffuser Volute

Number of elements 247,555 4,277,566 615,888 2,671,347
Minimum face angle 33.34� 17.67� 87.93� —
Maximum length ratio 593.1 2967.6 802.4 —

Figure 3. Y+ distribution in all walls.
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circumferential direction (0� was defined at the section
perpendicular to the axis of the volute exit). Point 1 at
each cross-section lies at the 0� position.

Figure 5 shows the experimental results (detailed
experimental information has been given by Zheng and
Liu38,39), revealing that two types of rotating stall
occurred in succession, and their frequencies were dif-
ferent. When looking at the period of the 60th to the
80th rotor revolutions (the time duration of this period
is denoted as t1), the number of revolutions of the rotor
is 20 (the rotor frequency is 20/t1), whereas the pressure
oscillation undergoes 10 waves (the frequency is 10/t1);
therefore, the frequency of the rotating stall during this
period is approximately 50% of the rotor frequency fr.
Similarly, the frequency of the rotating stall during the
60th to the 80th rotor revolutions is approximately
75% of the rotor frequency fr. According to the inclined
dashed line in Figure 5, when the rotor undergoes 3.7
rev (from 70.3 rev to 74.0 rev of the rotor), the signal
moves from 0� to 270� (0.75 rev), allowing the calcula-
tion that the stall rotated with a circumferential speed
of approximately 20% of fr (0.75/3.7 ’ 20%). Figure 6
shows the CFD results. In Figure 6(a), at the impeller
midsection, the periodic stall disturbance occurred (at
the positions of the cross-sections c2 and c3) except for
the blade passing frequency, which is the main distur-
bance frequency. Moreover, the stall disturbance was

more obvious at the diffuser and the volute (Figure 6(b)
to (d)). The frequency of the stall disturbance is approx-
imately 75% of the rotor frequency (three waves during
4 rev of the rotors), whereas the circumferential rota-
tional speed is approximately 22.5% of the rotor fre-
quency. Across each monitored cross-section of the
compressor, the stall disturbance is most obvious at the
60� and the 120� positions, which are numbered 2 and 3
respectively in Figure 6.

Figure 7 shows the variation in the pressure at the
120� position of each monitored cross-section. The
dominant frequency at the impeller inlet is the first
blade passing frequency whereas, for the other cross-
sections b3 and c3, its first harmonic dominates. From
the impeller midsection (cross-section c3) downstream
to the volute (cross-section g3), a periodic stall distur-
bance occurs.

Table 3 clarifies the features of the stall obtained by
the dynamic experiments and the unsteady simulations.
The unsteady simulations represent the stall behaviour
with great accuracy. The simulated occurring frequency
and the frequency of the rotating stall in the circumfer-
ential direction were completely consistent with
those of the high-frequency short-term rotating stall of
the experiments. (The occurring frequency means the
number of spikes obtained by a single probe
during 1 s.) )

Unfortunately, the unsteady simulations failed to
obtain a sufficient amount of information about the
low-frequency stall. Because the flow mechanism inside
the compressor during the stall and surge is highly com-
plex and because it is very difficult to obtain all the
information, further investigation is necessary, and our
future work will pay close attention to this topic.

Unstable flow fields

Figure 8 shows the streamline plots for different mid-
span sections. At the 96% span section (Figure 8(a)),
the tip clearance leakage flows across the blade passage.
At the 90% span section (Figure 8(b)), the streamlines
at the diffuser are quite asymmetric; at the 90� circum-
ferential position, the streamline route is short and
radial (i.e. a high radial flow velocity) whereas, from
180� to 270�, the streamline route is long and tangential
(i.e. a low radial flow velocity), and backflow occurs.
Zheng et al.34 showed that, for a turbocharger compres-
sor, the asymmetric volute leads to an asymmetric flow
field at the diffuser and that a low-pressure distortion
exists at the 90� circumferential position downstream of
the volute throttle. Thus, the low pressure at the 90� cir-
cumferential position corresponds to the high-velocity
area. The flow field structures in the high-velocity areas
and the low-velocity areas are quite different: in the
low-velocity area, the incoming flow from the impeller
inlet meets the backflow from the diffuser, which leads
to ‘backflow vortices’ in the blade passages; in the high-
velocity area, the streamlines do not travel along the

Figure 4. Observation points for unsteady simulations.

Figure 5. Experimental results on propagation of the instability
in the circumferential direction at the diffuser midsection.
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Figure 6. Variations in the pressure at different circumferential points for each cross-section from unsteady simulations: (a) cross-
section c of the midsection of the impeller; (b) cross-section d of the inlet of the vaneless diffuser; (c) cross-section g of the outlet of
the vaneless diffuser; (d) cross-section h of the volute.

Table 3. Stall behaviour obtained by experiments and unsteady simulations.

Deep surge in experiments
Short-lived rotating stall

Unsteady simulations
Rotating stall

High-frequency (occurring) 75% fr Occurring frequency 75% fr
Low-frequency (occurring) 50% fr
Rotational speed 20% fr Rotational speed 22.5% fr
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blade profile, as there is a certain amount of flow
separation, but there are no large-scale backflow vor-
tices in the blade passage. At the 70% span section, the
streamlines wind along the blade profile in the high-
velocity area but deviate from the blade owing to flow
separation. At the 50% span section, the streamlines in
all blade passages wind along the blades, and thus the
instability disappears. Therefore, the unstable flow of
turbocharger compressors at high rotational speeds is
caused by tip clearance leakage flow, and the backflow
vortices generated from interaction of the incoming
flow and the backflow in the tip region of the passages.

Vo et al.29 also proposed that the spike-type instabil-
ity is caused by the tip clearance flow, the incoming
flow at the leading edge and the backflow at the trailing
edge from the perspective of the axial compressor.
However, the backflow vortices in the blade passages
and the impeller–diffuser–volute interaction were not
found in their research. Below, the asymmetric flow
field in the diffuser is examined to illustrate its relation-
ship to the behaviour of the instability.

Figure 9(a) and (c) shows the averaged blade loading
distributions of the main blade and the splitter blade in
the high-velocity area (90�), and Figure 9(b) and (d)
shows the averaged blade loading distributions of the
main blade and the splitter blade in the low-velocity
area (240�). In the low-velocity area, the pressure load-
ing at the pressure side of the main blade drops at
approximately 0.6–0.8 of the chord length position,
which shows the occurrence of the backflow vortices;
furthermore, the pressure loading at the suction side of
both blades decreases towards the trailing edge,

implying backflow from the diffuser. In contrast, nei-
ther of these two phenomena is reproduced in the high-
velocity area (as shown in Figure 9(a) and (c)).

Figure 10 shows the pressure and the Mach number
distributions in the circumferential direction at 50%
blade span for different monitored cross-sections, aver-
aged over half a rotor cycle. During the instability
mode, the asymmetric volute for turbocharger com-
pressors generates an asymmetric flow field, which is
the low-pressure high-velocity area at approximately
the 90� position and the high-pressure low-velocity area
from approximately 180� to 270�. The high-pressure
low-velocity area strengthens the backflow at the trail-
ing edge of the impeller, which combines with the tip
clearance flow to cause the backflow vortices in the
corresponding impeller passages, causing a deep surge
to occur. Thus, the asymmetric volute is an inducing
factor for the occurrence of stall in certain impeller pas-
sages, which narrows the stable flow range of the
compressor.

The flow angles at the inlet and midsection of the dif-
fuser in the circumferential direction with different time
steps are shown in Figure 11. The flow angle is defined

Figure 7. Variations in the pressure at different cross-sections.

Figure 8. Streamline distributions at different spans: (a) 96%
span of the impeller and diffuser; (b) 90% span; (c) 70% span;
(d) 50% span.
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as the flow angle between the flow and the tangential
direction. The large-flow-angle region can be easily dis-
tinguished at positions from 90� to 180�, without rota-
tion in the circumferential direction. At other positions,
the flow angle is comparatively small, corresponding to
the high-pressure low-velocity area in Figure 8, predict-
ing the possibility of backflow at the impeller outlet. In
addition, the occurring frequency of the rotating stall

can be judged from Figure 11, as 75% of rotor fre-
quency fr (approximately 3–3.5 peaks in 4.5 rev of the
rotor in the large-flow-angle region).

Conclusions and remarks

In this paper, the unsteady simulation method was
employed to investigate the instability in a high-speed

Figure 9. Averaged blade loading distributions (averaged over 1 cycle of the rotor): (a) 70% span, high-velocity area (90�); (b) 70%
span, low-velocity area (240�); (c) 90% span, high-velocity area (90�); (d) 90% span, low-velocity area (240�).

Figure 10. Averaged parameters in the circumferential direction at 50% span (averaged over 1 cycle of the rotor) of diffuser:
(a) pressure; (b) Mach number.
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turbocharger centrifugal compressor with a vaneless
diffuser. Dynamic experiments based on the same com-
pressor were used to check the accuracy of the simula-
tion results. Some conclusions are drawn below.

1. In comparison with the experimental results, the
unsteady simulations show great accuracy in repre-
senting the stall behaviour. The simulated fre-
quency of the rotating stall is 22.5% of the rotor
frequency, which agrees with that of the high-
frequency short-term rotating stall obtained by
experiments. The simulations also show that the
stall disturbance is most obvious at the 60� and the
120� positions.

2. By investigating the flow field of the operating
point of the instability, it is found that the unstable
flow of turbocharger compressors at high rota-
tional speeds is caused by the tip clearance leakage
flow and the backflow vortices generated by the
interaction of the incoming flow and the backflow
in the tip region of the passages.

3. The asymmetric volute in turbocharger compres-
sors generates an asymmetric flow field and, in
particular, the high-pressure low-velocity area

from the 180� to the 270� circumferential positions,
which strengthens the backflow at the trailing edge
of the impeller. Thus, the asymmetric volute is an
inducing factor for the stall behaviour in certain
impeller passages. Because the volute has a signifi-
cant impact on the flow field structure, it is possi-
ble to establish and develop a new volute design
method which takes into account the circumferen-
tial non-uniformity of the flow field to improve the
stability of the compressor; this topic needs further
investigation.
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Figure 11. Flow angles in the circumferential direction at 50% span of the diffuser by unsteady simulations: (a) at the cross-section
d of the inlet of the vaneless diffuser; (b) at the cross-section e of the diffuser.
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