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We report a numerical study on the vaneless diffuser core flow instability in centrifugal compressors. The analysis is performed
for the purpose of better understanding of the rotating stall flow mechanism in radial vaneless diffusers. Since the analysis is
restricted to the two-dimensional core flow, the effect of the wall boundary layers is neglected. A commercial code with the standard
incompressible viscous flow solver is applied to model the vaneless diffuser core flow in the plane parallel to the diffuser walls. At the
diffuser inlet, rotating jet-wake velocity pattern is prescribed and at the diffuser outlet constant static pressure is assumed. Under
these circumstances, two-dimensional rotating flow instability similar to rotating stall is found to exist. Performed parameter
analysis reveals that this instability is strongly influenced by the diffuser geometry and the inlet and outlet flow conditions.

Copyright © 2006 S. Ljevar et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The performance of compressors at low mass-flows is charac-
terized by the occurrence of unsteady flow phenomena surge
and rotating stall. These instabilities can cause noise nui-
sance and critical operating conditions with strong dynam-
ical loading on the blades. Therefore, they cannot be toler-
ated during compressor operation. To avoid these phenom-
ena, compressors are operated at higher mass-flow rates than
those prevailing at the critical operating conditions to keep a
safety margin to the stability limit. Limiting of the compres-
sor operating range results in the loss of high-pressure ratios,
which makes this issue an interesting subject to research.

Main effort of this research is concentrated on the devel-
opment of surge and stall control systems in centrifugal com-
pressors. After Willems [1] has designed and implemented a
model for active surge control on a small-scale centrifugal
compressor, rotating stall turned out to occur when surge
was postponed. In order to increase the region of opera-
tion of centrifugal compressors, the understanding of rotat-
ing stall flow dynamics is required.

The most common type of rotating stall in centrifugal
compressors is the diffuser rotating stall. This paper deals
with the study of rotating stall mechanism within the vane-
less radial diffusers. In the literature, different analytical and
experimental approaches have been used to investigate the

rotating stall phenomenon, and several theories that explain
the vaneless diffuser rotating stall mechanism have been de-
veloped. The literature survey on the vaneless diffuser ro-
tating stall indicates that two or maybe more different flow
mechanisms can be responsible for the occurrence of rotating
stall in vaneless radial diffusers. Abdelhamid and Bertrand
[2], Dou [3], and Shin et al. [4] have found that vaneless
diffuser performance is different for narrow and wide dif-
fusers and they clearly suggest that different flow mecha-
nisms might exist and can lead to the occurrence of rotating
stall. In general, one mechanism is associated with the two-
dimensional core flow instability occurring in wide vaneless
diffusers when the critical flow angle is reached and the other
mechanism is associated with the three-dimensional wall
boundary layer instability occurring in the narrow diffusers.

Three-dimensional approach where the wall boundary
layer theory is used to study the rotating stall in vaneless dif-
fusers was applied by Jansen [5], Senoo and Kinoshita [6],
Frigne and Van den Braembussche [7], and Dou and Mizuki
[8], among others. They generally hold the effect of the three-
dimensional boundary layers near the walls responsible for
the occurrence of rotating stall in vaneless diffuser. On the
other hand, Abdelhamid [9] and Tsujimoto et al. [10] have
used a two-dimensional approach where the effect of the wall
boundary layers is not taken into account. They both used
a two-dimensional inviscid and incompressible flow analysis



2 International Journal of Rotating Machinery

to study the vaneless diffuser rotating stall. These studies sug-
gest the existence of a two-dimensional core flow instability
at the onset of rotating stall in vaneless diffusers.

Additionally, measurements of rotating stall in radial
vaneless diffusers are performed by Abdelhamid and Ber-
trand [2], Abdelhamid [11], Frigne and Van den Braembuss-
che [7], Dou [3], Shin et al. [4], Ferrara et al. [12, 13], and
Cellai et al. [14, 15]. Experimental work shows significant in-
fluence of the diffuser geometry on the vaneless diffuser per-
formance and on the structure of the rotating stall pattern.

Previous studies indicate that rotating stall mechanism
is still obscure and that further research is necessary to re-
veal its flow dynamics. Since some literature suggests that the
core flow instability can be one of the mechanisms causing
the rotating stall in vaneless diffusers, rotating stall incep-
tion in vaneless diffuser is investigated from the point of view
that it can be a two-dimensional flow instability. Therefore,
the research is restricted only to the wide vaneless radial dif-
fusers with parallel diffuser walls where it can be assumed
that mainly two-dimensional core flow in between the dif-
fuser plates is present.

In this paper, an instability analysis of the two-dimen-
sional vaneless diffuser core flow is performed using CFD.
Therefore, a two-dimensional incompressible flow model of
the vaneless diffuser core flow is developed where the influ-
ence of the wall boundary layers is not taken into account.
Therefore, this model applies only to the wide vaneless radial
diffusers with parallel diffuser walls. Since wide vaneless dif-
fusers that compare well with this numerical model in [16]
all satisfy h/r2 > 0.1, all vaneless diffusers that satisfy this
condition will be considered as wide vaneless diffusers.

This analysis studies the influence of geometry param-
eters and diffuser inlet flow conditions on the two-dimen-
sional vaneless diffuser flow stability. To study the effect of
the diffuser inlet flow conditions, the impeller tip speed,
mass-flow rate, and shape and intensity of the jet-wake pat-
tern at the diffuser inlet are varied. And to investigate the in-
fluence of the diffuser geometry, the diffuser radius ratio and
the number of impeller blades are varied. The effect of these
parameters on the core flow stability and the structure and
behavior of the two-dimensional rotating instability is inves-
tigated.

This paper is divided into a number of sections. Section 2
describes the applied scaling procedure where the scaling
of the existing air compressor into the water model of the
wide vaneless diffuser is performed. Section 3 describes the
texture of the numerical model and the main modeling as-
pects and Section 4 describes the obtained two-dimensional
rotating instability and the accompanying stability criteria.
In Section 5, the performed parameter analysis is discussed
where the influence of different geometrical and flow param-
eters on the two-dimensional rotating instability is studied.
Finally, in Section 6 the subject is closed with a summarizing
and concluding discussion.

2. SCALING

This paper does not discuss any experimental research, but to
understand the texture of the numerical model a few words

are spent on the relation between the experimental and nu-
merical model. To experimentally study the overall image
of rotating stall, water model of the centrifugal compressor
stage is built. The hydrodynamic analogy shows that a wa-
ter model of the same geometry must operate at much lower
fluid velocities and shaft speeds than the air compressor
configuration. Deceleration of the process allows plain visu-
alization of the unsteady flow phenomena using the particle
image velocimetry. Therefore, scaling of the existing air com-
pressor stage into a water model of the centrifugal compres-
sor stage is performed and applied. The operating condition
of an existing research air compressor near the stability limit
is scaled to obtain a water model that operates near stalling
conditions. Since the numerical model is destined to support
the experimental study of rotating stall, it is based on the
scaled diffuser geometry and fluid operating flow conditions.

To scale the working medium pressure rise across the air
compressor, p03/p01, and the modeled water stage, p3/p1, is
set equal. While scaling the working medium, it is assumed
that the diffuser dimensions remain unchanged. According
to Cohen et al. [17] the pressure rise across the air compres-
sor can be expressed as

p03

p01
=
[

1 +
ηc ·

(
T03 − T01

)
T01

]γ/(γ−1)

=
[

1 +
ηc · ψ · σ · v2

tip

cp · T01

]γ/(γ−1)

.

(1)

When the working medium is water, the pressure rise across
the compressor is defined by the energy equation

p3

p1
= 1 +

ρ · ψ · σ · v2
tip

p1
− ρ

2 · p1
· (V 2

3 −V 2
1

)
. (2)

Near stall operating conditions of the modeled water com-
pressor stage are obtained by substitution of the air compres-
sor operating conditions at stall onset.

Subsequently, the dimensions of the modeled vaneless
diffuser are scaled to the desired values. Therefore, the pres-
sure gradient across the diffuser is kept constant, which is
defined as follows:

p3 − p2

r2
= −1

2
· ρ
r2
· (V 2

3 −V 2
2

)
. (3)

Keeping the pressure gradient constant and applying the dif-
fuser radius ratio r3/r2 = 1.52 gives the relation between the
absolute velocity at the diffuser inlet and the diffuser inlet ra-
dius, V 2

2 /r2 = 189.2, which must apply to the new diffuser
geometry. Furthermore, constant mean flow angle must ap-
ply and therefore the similarity of the velocity triangles is
applied at the flow condition near the stability limit. The
velocity triangle relations are used to determine the water
model operating conditions.

To obtain exact similarity between the air compressor
flow and the fluid flow within the modeled vaneless diffuser,
Reynolds and Mach numbers must remain unchanged. Since
the pressure gradient is kept constant during the scaling, it
is not possible to also keep the Reynolds numbers exactly
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Figure 1: Diffuser model geometry and the boundary conditions.

the same in the water and air configuration. One can satisfy
either the Reynolds number condition or the pressure gra-
dient condition but not both conditions at the same time.
Flow field similarity check shows that the Reynolds number,
Re = r2 · V/ν, in both configurations equals the order of 105

or higher. The fluid flow as well as the air compressor flow
is of a highly turbulent character. It is not possible to sat-
isfy the Mach number similarity when water is used as work-
ing medium. In the air configuration Ma < 1, which means
that the flow is subsonic. When the flow is subsonic, den-
sity changes over the compressor stage are small and the gas
dynamic phenomena like shock waves do not have to be con-
sidered.

3. NUMERICAL MODEL

To study the core flow instability in a vaneless radial diffuser,
two-dimensional flow in the plane parallel to diffuser walls
is modeled. Consider a radial vaneless diffuser as shown in
Figure 1 with finite outer to inner radius ratio r3/r2. Since the
core flow of the wide vaneless diffuser is assumed to be two-
dimensional, no diffuser width is modeled and the influence
of the wall boundary layers is not taken into account.

It is assumed that the outlet of the vaneless radial diffuser
is connected to the space with constant static pressure. At the
diffuser inlet, a clockwise rotating jet-wake velocity pattern
is specified as shown in Figure 1. Prescribed tangential veloc-
ity component is constant around the circumference and is
related to the impeller speed as follows:

v = vtip

σ
, (4)

where v is the tangential velocity component, vtip impeller
tip speed, and σ slip factor. Radial velocity component at the
diffuser inlet is described by the periodic hyperbolic tangent
function,

u = um + A · tanh(D · Y)
tanh(D)

, (5)

where u is the radial velocity component, um mean radial ve-
locity, A amplitude, and D constant indicating the steepness

of the jet-wake function. The circumferential position θ and
impeller angular velocity ωi are defined within the parameter
Yas follows:

Y = sin
(
N · θ + ωi · t

)
, (6)

where t is the time and N is the number of jet-wakes around
the circumference corresponding to the number of impeller
blades.

The reference geometry and the operating conditions of
the diffuser model as obtained by scaling the existing air
compressor configuration at near stall operating conditions
are r2 = 0.03225 m; r3 = 0.04908 m; vtip = 2.6980 m/s, and
um = 0.2905 m/s. The modeled number of impeller blades
equals 17. In the reference situation, jet-to-wake circumfer-
ential extent ratio equals one and the jet-to-wake radial in-
tensity ratio equals 5.5 approximately.

For the numerical analysis a commercial software pack-
age FLUENT is used. The governing integral equations for
the conservation of mass and momentum are solved using
the finite-volume approach. For discretization of the time-
dependent terms, the second-order implicit time integration
is used and for convection terms, the QUICK scheme as pro-
posed by Leonard [18] is used. The QUICK scheme is third-
order accurate for the spatial discretization of the convection
terms and second-order accurate for the diffusion terms.

Although the studied flow is turbulent, an incompress-
ible viscous flow solver is applied, which means that no eddy
viscosity but only molecular viscosity is modeled. Turbulence
models are not used in order to avoid the excessive numeri-
cal dissipation. It is assumed that the two-dimensional core
flow instabilities have the length scale of the prescribed jet-
wake pattern at the diffuser inlet. Since turbulence models
capture the diffusion-like character of turbulent mixing as-
sociated with many small eddy structures, they damp out the
solutions of large eddy structures, like this one.

To mesh this geometry, a simple two-dimensional quad-
rilateral grid consisting of 750 by 62 elements is applied. The
convergence criterion of 10−3 is applied to the continuity, x-
velocity, and y-velocity residual. Under these conditions ra-
dial vaneless diffuser attributed core flow instability is stud-
ied.

4. 2D ROTATING INSTABILITY

Numerical model of the vaneless diffuser core flow shows
that vaneless diffusers have a two-dimensional rotating insta-
bility that is similar to rotating stall. Figure 2 shows two so-
lutions corresponding to the reference operating flow condi-
tions and geometry where solution in Figure 2(a) represents
the steady stable operating flow condition and solution in
Figure 2(b) shows the two-dimensional rotating instability.
Solutions in Figure 2 are represented by the contours of ve-
locity magnitude where the dark area inside the rotating cells
represents high velocity and the dark areas near the diffuser
outlet represent low-velocity magnitude.
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(a)

(b)

Figure 2: (a) Stable operating condition and (b) two-dimensional
rotating instability.

4.1. Similarity with rotating stall

The obtained two-dimensional rotating instability is similar
to rotating stall. It develops within four to eight impeller rev-
olutions and consists of a number of rotating cells that are
propagating with approximately 40% of the impeller speed.
Besides the similarity with rotating stall based on the instabil-
ity characteristics, numerical results also agree well with the
measurements found in the literature for the same type of
diffusers, as shown in [16]. Because of high similarity with
rotating stall and good agreement with the measurements
found in the literature, it is presumed that this instability
might contribute to the vaneless diffuser rotating stall.

4.2. Stability limit

Within the two-dimensional diffuser core flow analysis, tan-
gential velocity component v and mean radial velocity com-
ponent um are varied to study their influence on the solu-
tion. By alternately varying the tangential and mean radial
velocity component, a matrix of simulations is performed
showing that the two-dimensional rotating instability occurs
when v/um ratio at the diffuser inlet exceeds a certain value.
In Table 1 the stability limit is clearly visible. Since the v/u
ratio can be interpreted as the flow angle α, the stability limit

of the two-dimensional vaneless diffuser core flow can be
expressed in terms of the critical flow angle at diffuser in-
let, αcr. The flow angle α, as defined in Figure 1, is the angle
between the absolute velocity and tangential velocity com-
ponent. Therefore, the mean flow angle can be expressed as
αm = tan−1(um/v). The core flow stability criterion suggests
that the two-dimensional rotating instability will occur as
soon as the mean flow angle at the diffuser inlet becomes
smaller than the critical flow angle: αm < αcr. The core flow is
considered unstable as soon as the periodicity of the steady
stable operating flow condition is disturbed. For the wide
vaneless diffuser that satisfies the reference geometry and op-
erating conditions and with the current assumptions at the
diffuser inlet, outlet and walls it is found that αcr = 6.8◦. For
different diffuser geometries and configurations the critical
flow angle takes different values.

According to Table 1 mean flow angle decreases as the
impeller speed increases or as the mean radial velocity com-
ponent decreases. This model shows that the two-dimen-
sional rotating instability occurs at small values of the mean
flow angle. Compared to the existing air compressors this
makes sense because in the real compressor configurations
the mean flow angle also decreases towards the stalling con-
ditions. The impeller speed usually remains unchanged while
the mass-flow is being decreased which corresponds to the
decrease of the radial velocity and thus the mean flow angle.

4.3. Flow field analysis

To understand the flow mechanisms behind this rotating in-
stability, the flow field of the two-dimensional core flow is an-
alyzed for the steady stable operating flow condition as well as
for the two-dimensional rotating instability solution. To bet-
ter distinguish the flow structures within the velocity field,
relative velocity field is analyzed. Relative velocity field is ob-
tained by subtracting the mean velocity, averaged along the
circumference, from the absolute velocity field.

Relative velocity field of the steady stable operating flow
condition is shown in Figure 3 where the outward pointed
and reversed flow areas alternate near the diffuser outlet. The
number of these alternating regions exactly corresponds to
the number of the prescribed jet-wakes at the diffuser inlet.
In Figure 3 the prescribed jet-wake pattern can be clearly dis-
tinguished from the generated flow pattern near the diffuser
outlet where the flow field consists of the alternating clock-
wise and counterclockwise rotating areas.

Relative velocity field of the two-dimensional rotating in-
stability is shown in Figure 4 where the area in and around
one rotating cell is shown. Rotating cells that already propa-
gate around the circumference also rotate around their own
axis. This velocity field clearly shows the counterclockwise
rotation of the flow field within the cell and clockwise ro-
tation of the flow field in between the rotating cells. The
counterclockwise rotation of the cells is a consequence of the
clockwise-prescribed rotation of the jet-wake pattern at the
diffuser inlet. Also in this figure, the vortex structures cou-
pled with the prescribed inlet flow conditions can be distin-
guished from the generated flow field near the diffuser outlet.
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Table 1: The stability limit.

5.35

4.04

3.46

2.70

vtip

(m/s)
um = 0.50(m/s) um = 0.36(m/s) um = 0.29(m/s) um = 0.18(m/s)

αm = 5.9◦

αm = 7.8◦ αm = 5.7◦ αm = 4.6◦

αm = 9.1◦ αm = 6.7◦ αm = 5.3◦

αm = 11.6◦ αm = 8.5◦ αm = 6.8◦ αm = 4.2◦

5. PARAMETER ANALYSIS

To study the influence of the diffuser geometry and the dif-
fuser inlet flow conditions on the two-dimensional rotating
instability, a parameter analysis is performed. Each time only
one parameter is varied with respect to the reference diffuser
geometry and flow conditions. The main varied features are
the diffuser radius ratio, the number of impeller blades, and
the shape and intensity of the jet-wake pattern at the dif-
fuser inlet. The effect of different parameters on the critical
flow angle, the number of rotating cells, their radial and cir-
cumferential extent, and their propagation speed is investi-
gated. Whenever one parameter is varied, critical flow angle
at the diffuser inlet αcr, number of rotating cells m, and their
relative propagation speed ωs/ωi are monitored and ana-
lyzed. The estimated uncertainty in the critical flow angle
and the propagation speed ratio is ±0.1(◦) and ±0.02, re-
spectively. The explanation of the used symbols and indices
for different parameters is given in Table 2.

5.1. Diffuser radius ratio (r3/r2)

To investigate the influence of the diffuser radius ratio on
the vaneless diffuser core flow stability, the diffuser outlet ra-
dius is varied while the inlet radius remains unchanged. The

influence of the diffuser radius ratio on the critical flow an-
gle, number of rotating cells, and their propagation speed is
given in Figure 5.

The critical flow angle is found to be strongly dependent
on the diffuser radius ratio. As the diffuser radius ratio de-
creases, critical flow angle also decreases and the core flow
stability of the vaneless diffuser improves. For large diffuser
radius ratios, r3/r2 > 2.5, diffuser flow is found to be unstable
or stalled for all flow angles.

The number of rotating cells and their propagation speed
both decrease as the radius ratio increases. Corresponding
solutions to the three investigated diffuser radius ratios are
shown in Figure 6. Solutions in Figure 6 are represented by
the velocity field colored by the velocity magnitude and they
show the structure of the two-dimensional rotating instabil-
ity for three different diffuser radius ratios. Figure 6 reveals
that not only the number of rotating cells but also their ra-
dial and circumferential extent change as the radius ratio is
varied. The number of rotating cells, their extent, and their
distance from the impeller might have influence on the prop-
agation speed of the rotating instability.

The number of rotating cells decreases as the radius ratio
increases while the radial as well as circumferential extent of
the cells increase. Larger diffuser space allows the cells to be
larger in radial extent and it seems that the circumferential
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Figure 3: Relative velocity flow field corresponding to the stable
operating flow condition.

and radial extent of the cells must be proportional to each
other to obtain an on itself stable pattern of rotating cells.
This extent proportionality is probably, together with the
mass-flow rate, determinative for the occurring number of
rotating cells.

Because only the diffuser outlet radius is varied while
the diffuser inlet radius remained unchanged, the influence
of the diffuser radius ratio indicates that not only the dif-
fuser inlet flow conditions but also the diffuser outlet flow
conditions have significant influence on the two-dimensional
core flow instability.

5.2. Number of impeller blades (N)

The number of impeller blades is also varied. The influ-
ence of the impeller blade number on the two-dimensional
rotating instability is shown in Figure 7 where the critical
flow angle, the number of rotating cells, and their relative
propagation speed are plotted versus the diffuser radius ratio.
For N = 23 and 25 the diffuser flow is found to be unstable
for all mean flow angles at the diffuser inlet. Figure 7 shows
that the number of impeller blades strongly influences the
stability limit of the vaneless diffuser but no particular trend
of the critical flow angle versus the number of impeller blades
can be noticed. The number of the impeller blades also has
significant influence on the number of rotating cells. Simi-
lar trend as that of the critical flow angle is obtained, which
might indicate the existence of some link between the crit-
ical flow angle and the number of rotating cells. According
to Figure 7 propagation speed of the two-dimensional rotat-
ing cells remains unchanged although the number of rotating
cells strongly changes with the varying number of impeller
blades. By varying the number of impeller blades, it is shown
that the jet-wake pattern density around the circumference
plays a significant role in the core flow instability within the

−

+

−

+

Figure 4: Relative velocity flow field corresponding to a two-
dimensional rotating instability.

vaneless diffusers but that it does not influence the propaga-
tion speed of the cells.

5.3. Jet-to-wake intensity ratio (a/b)

First varied parameter concerning the inlet flow condition is
the so-called a/b ratio, which is the ratio of the jet-to-wake
intensity as defined in Figure 8. The a/b ratio is varied from
1 to 11.5 where a/b = 1 is the no jet-wake situation.

The critical flow angle obtained for different a/b ratios
is plotted in Figure 9. The a/b ratio has no influence on the
critical flow angle until the low a/b ratios are reached. At low
a/b ratios the critical flow angle slightly increases. Even when
a/b = 1, the two-dimensional rotating instability is observed.
This means that the jet-wake pattern at the diffuser inlet is
not essential for the occurrence of the two-dimensional ro-
tating instability. According to Figure 9, the jet-wake seems
to have a stabilizing effect on the two-dimensional core flow.

Together with the critical flow angle, the number of rotat-
ing cells also increases with the decreasing a/b ratio as shown
in Figure 9, but their propagation speed which is approxi-
mately 40% of the impeller speed remains unchanged. The
number of cells increases from 7 to 8 as the jet-wake van-
ishes. According to Figure 7 the number of prescribed jet-
wakes around the circumference, representing the number
of impeller blades, strongly influences the number of rotat-
ing cells. This means that the jet-wake is one of determin-
ing parameters for the number of rotating cells. But when
jet-wake disappears, possibly other determining parameters,
such as the characteristic length, for example, take over and
the number of rotating cells changes.

Therefore, probably two different areas of influence can
be distinguished. One when the jet-wake is strongly present,
a/b > 3, where a/b ratio has no influence on the two-
dimensional rotating instability, and the other when the
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Table 2

Notation Definition

A Amplitude

a Jet intensity

b Wake intensity

c Circumferential extent of the wake

cp Specific heat at p = constant

d Circumferential extent of the jet

D Jet-wake transition steepness

h Diffuser width

L Diffuser length

m Number of rotating cells

Ma Mach number

N Number of impeller blades

p Static pressure

p0i Stagnation pressure, i = 1, 2, 3

r Radius

Re Reynolds number

t Time

T0i Stagnation temperature, i = 1, 2, 3

u Radial velocity component

V Absolute velocity

v Tangential velocity component

Y Jet-wake shape and speed

vtip Impeller tip speed

Greek letters Defination

α Flow angle

γ Ratio of specific heat

ηc Overall isentropic efficiency

ν Kinematic viscosity

θ Circumferential position

ρ Density

σ Slip factor

ω Angular velocity

ψ Power input factor

Subscripts Defination

cr Critical

i Impeller

m Mean

s Stall

tip Impeller tip

1 Impeller inlet

2 Diffuser inlet

3 Diffuser outlet

jet-wake is weak, a/b < 3, where the two-dimensional rotat-
ing instability is probably besides the jet-wake also influenced
by some other still to be determined parameters.

5.4. Other parameters

Besides the above-mentioned parameters, also the so-called
c/d ratio, the jet-wake function steepness D, and the addi-
tional velocity fluctuations as defined in Figure 10 are varied.
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Figure 5: (a) The critical flow angle, (b) number of rotating cells,
and (c) their relative propagation speed versus the diffuser radius
ratio.

The c/d ratio is the wake-to-jet ratio of their circumferential
extent. Influence of these parameters on the core flow stabil-
ity turned out to be negligibly small and therefore it is not
discussed in this paper.

6. DISCUSSION AND CONCLUSIONS

A two-dimensional vaneless diffuser flow analysis is per-
formed to study the core flow instability within the wide
vaneless radial diffuser of centrifugal compressor. A two-
dimensional viscous incompressible flow model is developed
within FLUENT where the influence of the wall boundary
layers is neglected. Using this model two-dimensional rotat-
ing instability is obtained. To study the behavior and char-
acteristics of this instability, different geometry parameters,
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(a)

(b)

(c)

Figure 6: Solutions of the rotating instability for (a) r3/r2 = 2, (b)
r3/r2 = 1.52, and (c) r3/r2 = 1.2.

inlet and outlet flow conditions are varied. Performed pa-
rameter analysis shows that the stability limit as well as
the two-dimensional rotating instability are influenced by
the configuration geometry and inlet and outlet boundary
conditions. The results of this analysis are applicable only to
the wide vaneless diffusers where the core flow dominates
and the influence of the wall boundary layers can be ne-
glected.

The two-dimensional rotating instability associated with
rotating stall in wide vaneless diffusers is found to exist.
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Figure 7: (a) The critical flow angle, (b) number of rotating cells,
and (c) their relative propagation speed versus the number of im-
peller blades N .
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Figure 8: Varied a/b (ratio of the jet-to-wake intensity).

The stability limit for wide vaneless radial diffusers,
where the effect of wall boundary layers is negligible, can be
expressed in terms of the critical flow angle. This two-dimen-
sional rotating instability turned out to occur when the mean
flow angle becomes smaller than the critical flow angle.
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Figure 9: (a) The critical flow angle, (b) number of rotating cells,
and (c) their relative propagation speed versus a/b ratio.

The obtained two-dimensional rotating instability is sim-
ilar to rotating stall in wide vaneless radial diffusers. It devel-
ops within four to eight impeller revolutions and consists of a
number of rotating cells that are propagating with a fraction
of the impeller speed around the circumference. This simi-
larity and good agreement with data from the literature, as
shown in [16], implies that this instability might contribute
to the vaneless diffuser rotating stall.

The flow field analysis shows that the cells propagating
around the circumference also rotate around their own axis
in the opposite rotation direction than the impeller.

Numerical analysis shows that the diffuser radius ratio
has significant influence on the critical flow angle, number of
rotating cells, and their propagation speed. As the diffuser ra-
dius ratio decreases, critical flow angle also decreases and the
core flow stability of the wide vaneless diffuser improves. The
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Figure 10: (a) c/d ratio, (b) jet-wake function steepness D, and (c)
fluctuation intensity.
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number of rotating cells as well as the propagations speed
both decrease with increasing diffuser radius ratio. The in-
fluence of the diffuser radius ratio observed in the model is
compared with the data from the literature in [16] and gen-
erally, a good agreement is found.

Strong influence of the diffuser radius ratio on the sta-
bility limit and the instability itself suggests that not only
the inlet but also the outlet flow conditions have significant
influence on the core flow stability. Since the outlet bound-
ary condition has strong influence on the generated velocity
field, it is a subject of further investigation.

The parameter analysis reveals that the number of pre-
scribed jet-wakes around the circumference, representing the
number of impeller blades, strongly influences the critical
flow angle and the number of rotating cells. This implies that
the two-dimensional rotating instability is dependent on the
type of the impeller-diffuser configuration, which is in good
agreement with the observations found in the literature. No
particular trend is found between the critical flow angle and
the number of impeller blades as well as between the num-
ber of rotating cells and the number of impeller blades. The
propagation speed of the rotating cells remains unchanged as
the number of impeller blades is varied.

The influence of the jet-wake intensity ratio a/b on the
two-dimensional rotating instability has two sides. On one
hand, when the a/b ratio is high, it has no influence on the
two-dimensional rotating instability. On the other hand, the
presence or absence of the jet-wake does make a difference.
It seems that strong presence of the jet-wake stabilizes the
vaneless diffuser core flow and that when the jet-wake be-
comes weaker, smaller a/b ratios, the core flow becomes eas-
ily disturbed. When a/b = 1, the two-dimensional rotating
instability is still observed which indicates that the jet-wake
pattern at the diffuser inlet is not essential for the occurrence
of the two-dimensional rotating instability.

Two-dimensional rotating instability is very slightly in-
fluenced by the a/b ratio, c/d ratio, steepness of the jet-wake
function, and the additional velocity fluctuations. This indi-
cates that the shape of the jet-wake has negligible influence
on the critical flow angle, the number of rotating cells, and
their propagation speed compared to the influence of the dif-
fuser radius ratio or the number of impeller blades.

According to the parameter analysis, stability limit of the
two-dimensional vaneless diffuser core flow is strongly influ-
enced by the mean flow angle, diffuser radius ratio, and the
number of impeller blades. And it is influenced by the a/b
ratio only when a/b is small. Therefore, the core flow sta-
bility of the wide vaneless diffusers can be improved by in-
creasing the mean flow angle, decreasing the diffuser radius
ratio, increasing the jet-wake a/b ratio above 3, and making
a considered selection of the number of impeller blades. Al-
though the c/d ratio, the steepness of the jet-wake peaks, and
the additional velocity fluctuations have negligible influence
on the two-dimensional core flow stability, they can better
be chosen such to support the diffuser stability. The c/d ratio
should be as large as possible, velocity fluctuations should be
as low as possible and the jet-wake peaks should be as steep
and sharp as possible.

The number of rotating cells is strongly influenced by
the diffuser radius ratio and the number of impeller blades.
The other varied parameters have negligible influence on the
number of rotating cells and should not be considered. As
the radius ratio increases, the extent of rotating cells also in-
creases which results in less number of rotating cells around
the circumference. No particular trend could be noticed be-
tween the number of rotating cells and the number of im-
peller blades.

Propagation speed of rotating cells does not seem to be
influenced by any other parameter but the diffuser radius ra-
tio. This is the only parameter where the size of the r−θ plane
changes when being varied. It seems that only the diffuser ge-
ometry influences the propagation speed of the rotating cells.
This can be related to the available diffuser length L, defined
as L = r3 − r2. The change in the radius ratio changes the
radial extent of rotating cells. Since the radial and circumfer-
ential extents of the cells tend to be proportional, total size
as well as the number of rotating cells around the circumfer-
ence will change. Besides that, the larger the radius ratio, the
larger the distance of the cells from the impeller. These char-
acteristics might be determinative for the final propagation
speed of the rotating cells around the circumference, but it is
still a subject to be studied.

By prescribing the fixed inlet conditions, the interaction
with the impeller is not taken into account in the current
model. It is not known if the upstream impeller affects the
vaneless diffuser stall or not. Abdelhamid [9] shows that stall
pattern depends on the coupling conditions between the im-
peller and diffuser and Tsujimoto et al. [10] claim that vane-
less diffuser rotating stall is nearly unaffected by the upstream
impeller.

Since the vaneless diffuser flow is three-dimensional, the
applied two-dimensional approach has its limitations. One
of the uncertainties of two-dimensional modeling is that any
three-dimensional flow mechanism that might be responsi-
ble for the occurrence of rotating stall cannot be detected
with this model. Therefore, the model must be extended with
the wall boundary layers at the hub and the shroud sidewall.
It is expected that the addition of the wall boundary layer
effects into the model will probably change if not the magni-
tude of the critical flow angle, then certainly the structure of
the two-dimensional rotating instability, that is, the number
and propagation speed of rotating cells. It is not known if the
three-dimensional effects are more determinative for the sta-
bility limit or for the structure of rotating instability, but it is
another subject to be investigated.

This analysis does not explain the flow mechanism of
rotating stall, but it suggests a few of the physical phenom-
ena that might contribute to the rotating stall mechanism in
the wide vaneless diffuser. Current model points towards the
possibility that the core flow instability might be one of the
flow mechanisms responsible for the rotating stall in wide
vaneless diffusers. Tsujimoto et al. [10], who investigated
vaneless diffuser rotating stall based on a two-dimensional
inviscid flow analysis, have also found that the flows in the
vaneless diffuser have a two-dimensional, inviscid, and rota-
tional flow instability. Besides these models, the experimental
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results of Tsurusaki and Kinoshita [19] also suggested that
the instability of the main flow contributes to the onset of
rotating stall in vaneless diffuser, which is in agreement with
the two models.

To investigate the additional flow mechanisms within
the wide vaneless radial diffusers, this numerical model will
be extended to the model that includes the wall boundary
layer effects. Besides that, a water model of the centrifu-
gal compressor stage is made in order to reconstruct this
two-dimensional rotating instability and perform measure-
ments comparable with the numerical analysis.
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