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Abstract

Compressors consume a considerable portion of the electricity used in the industrial sector. Hence, improvements in compressor effi-
ciency lead to energy savings and reduce environmental impacts. The efficiency of an unshrouded centrifugal compressor suffers from
leakage flow over the blade tips. The effect of tip leakage flow on the passage flow differs between the full and splitter blade passages. In
this study, the differences in the flow fields between the full and splitter blade passages were studied numerically in detail. An industrial
high-speed compressor with a design pressure ratio of 1.78 was modelled. Numerical studies were conducted with six different tip clear-
ances and three different diffuser widths. The results show that increasing tip clearance considerably increases the reversed flow into the
impeller with an unpinched diffuser. The reversed flow then partly mixes into the flow in the same blade passage it entered the impeller
and the rest migrates over the blade, mixing with the tip clearance flow. Furthermore, as the reversed and clearance flow mix into the
wake, the wake is weakened. As pinch reduces both the reversed flow and clearance flow, the passage wakes are stronger with pinches.

However, the pinch is beneficial as the losses at the impeller outlet decrease.
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1. Introduction

Centrifugal compressors are commonly used in the process,
oil and gas industries, combustion engine turbochargers and
wastewater treatment plants. In general, compressors of all
types consume a vast amount of energy, e.g., in the EU the
motors operating the compressors consume 25 % of the elec-
tricity consumed by the industrial sector [1], and the energy
costs of compressor processes can be 75 % or more of the life-
cycle costs [2]. Hence, improvements in compressor effi-
ciency lead to savings in consumed energy and life cycle costs
[3].

The performance of an unshrouded centrifugal compressor
suffers from leakage flow over the blade tips. The tip leakage
flow is a consequence of the pressure difference over the blade
tip. The effect of the tip leakage flow on the impeller flow
field depends on the impeller geometry, e.g., the size of the tip
clearance affects the strength of the tip leakage flow.

It is well documented that the stage efficiency and pressure
ratio decrease when the tip clearance is increased [4-6]. A
more recent study [7] showed that different centrifugal com-
pressors react differently towards the tip clearance. The slope
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of the efficiency curve (i.e., how much the efficiency drops
with respect to increasing tip clearance) varied from 0.2 to 1.0,
meaning that for some compressors the efficiency drop is
fivefold. For the most part it is still unclear how the different
design parameters affect the compressor efficiency.

Backman et al. [8] tested several different compressors and
found that compressors with a vaneless diffuser, a pinched
vaneless diffuser, lower overall efficiency or lower diffusion
ratio in the impeller are less sensitive to an increase in the tip
clearance. However, they also concluded that their test results
did not verify the interdependency of the trends to find the
exact reason for the phenomenon.

What is known is that a large relative tip clearance causes a
strong tip leakage flow, resulting in strong secondary flow
patterns and large mixing losses [9]. Also, a low blade loading
in the inducer results in a weak tip leakage flow [9, 10],
whereas a high blade loading results in a stronger tip leakage
flow [11]. In addition, the actual blade design has an effect on
the tip leakage flow. Flow inside an impeller with a back-
sweep was more sensitive to the effects of the tip clearance
than an impeller with radial blades [12].

Several researchers have investigated the effect of tip leak-
age flow on the impeller flow field in different compressor
geometries. Schleer et al. [10], as well as Buffaz and Trébinjac
[13], observed that the tip leakage vortex moves upstream
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with a reducing mass flow rate so that the vortex trajectory is
perpendicular to the blade leading edge near the stall.

The research group at ETH Ziirich observed both experi-
mentally and numerically that the interaction of the tip leakage
and passage flows differs between the full and splitter blade
passages [10, 11, 14, 15]. The tip leakage vortex is shed when
the tip leakage jet is stopped and separated from the wall, and
turned backward by the passage flow [10]. Furthermore, the
tip leakage vortex of the full blade interacts with the non-
rotating flow entering the impeller, whereas the tip leakage
vortex of the splitter blade interacts with the rotational flow
inside the impeller.

The interaction of the tip clearance vortex with the rotating
flow is more intense, and the low momentum, high loss region
on the suction side of the splitter blade migrates towards the
middle of the blade passage. The same region on the suction
side of the full blade remains closer to the blade [14]. There-
fore, the flow field on the suction side of the splitter blade is
less uniform than on the suction side of the full blade. A simi-
lar phenomenon was observed also by Wang et al. [16], and
the present authors [17], who noticed higher entropy on the
suction side of the splitter blade than on the suction side of the
full blade.

Bousquet et al. [18] found that the intense full blade leakage
flow shifts the low meridional velocity region at the impeller
exit towards to the splitter blade pressure side both in design
and near stall conditions. On the contrary, the low meridional
velocity region in the passage between the splitter blade suc-
tion side and the full blade pressure side is located nearer the
splitter blade suction side due to the weaker leakage flow over
the splitter blade.

Also according to Schleer and Abhari [14], at the impeller
exit, the low meridional velocity region is closer to the suction
side of the blade at the lower clearance and when the clear-
ance is increased, the low meridional velocity region is sifted
towards the middle of the channel. Furthermore, the low me-
ridional velocity region is larger at the suction side of the split-
ter blade.

Tang et al. [19] studied numerically a small (impeller outlet
diameter roughly 50 mm) centrifugal compressor with a real
gas as a working fluid. The behavior of flow fields with in-
creasing tip clearance was similar to those found with larger
impellers. The increased leakage grew the size of the slow
flow region, and it moved from the suction side of the blade
towards the center of the channel. The main flow near the
pressure side of the blade was compressed and accelerated.
The flow non-uniformity increased and the efficiency de-
creased.

Despite the location of the wake at the impeller outlet, one
goal in the impeller design is to reduce losses. The flow field
at the impeller exit was previously made more uniform by the
inverse design method [11]. There were three differences be-
tween the inverse designed impeller and the conventional
impeller. In the inverse designed impeller: 1) The fore-loaded
blade loading distribution was used at the shroud and the aft-

loaded distribution at the hub of the full blade, 2) loading dis-
tribution on the splitter blade was similar to that on the full
blade, and 3) the hub of the blade led the tip in the direction of
rotation at the trailing edge. The leading edge of the splitter
blade was not as radial as in the high-speed applications. As a
result, the tip leakage flow over the full blade did not only end
up on the suction side of the splitter blade, but it was split
between the full and splitter blade passages. In addition, there
was a marked reduction in the strength of the clearance flow
in the mid-section of the full blade in the inverse design. As a
result, the flow field at the impeller exit was more uniform,
and the flow patterns in the two blade passages were similar.
Consequently, the impeller efficiency was 1-1.5 % higher with
the inversely designed impeller.

To improve the compressor performance, the mechanism of
the loss formation needs to be studied in detail. In this paper,
the effect of the tip clearance on the impeller flow is studied
numerically. Six different relative tip clearances are modelled
with three different vaneless diffusers. The vaneless diffusers
vary only with the diffuser width, so that the relative diffuser
width b/(b, + t,) is varied from 1.00 to 0.85. The mass balance
within the impeller was studied to see how the tip clearance
flows over the splitter and full blade and the flow distribution
in the two channels vary with the varying tip clearance. Also,
the flow fields in the impeller were studied to see how the loss
generation in the impeller behaved with the changing tip
clearance.

2. Studied designs

The modelled compressor is an industrial high-speed com-
pressor with a design pressure ratio of 1.78 and specific speed
of 0.8. The impeller is unshrouded and has seven full and
seven splitter blades with a 40° backsweep. Three different
parallel wall vaneless diffusers varying in diffuser width were
modelled. The studied diffuser widths b/(b, + t,) were 1.00,
0.90 and 0.85. Previously, it was found that if the diffuser
width was further reduced, the performance of the compressor
started to deteriorate [17].

The pinch was implemented at a radius ratio r,/r, of 1.005,
and the diffuser outlet radius ratio /7, was 1.68. A schematic
view of the diffuser is shown in Fig. 1. The same compressor
and diffuser setups have been previously used to study the
diffuser flow fields both numerically and experimentally [17,
20-24]. However, the tip clearance and impeller flow were not
studied.

Each vaneless diffuser was modelled with six different rela-
tive tip clearances t,/b,, varying from 0.026 to 0.155. The
changes in tip clearance were done similarly as in the experi-
ments, by translating the shroud side casing in the axial direc-
tion. Translation of the casing in the axial direction only
changes the axial clearance at the impeller outlet, while the
radial clearance at the impeller inlet remains constant.

The pinch was implemented only at the shroud, as this has
been found to be a better option than to pinch from the hub
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Table 1. Studied designs.

Relative tip  |Relative diffuser| Diffuser width
clearance width vs. blade height
/b, bl(b,+1,) b/b,
0.026 1.000 1.026
0.052 1.000 1.052
. 0.077 1.000 1.077
Unpinched 0.103 1.000 1102
0.129 1.000 1.129
0.155 1.000 1.155
0.026 0.899 0.923
0.052 0.902 0.948
Pinch 1 0.077 0.904 0.974
0.103 0.907 1.000
0.129 0.909 1.026
0.155 0911 1.052
0.026 0.849 0.871
0.052 0.853 0.897
. 0.077 0.856 0.923
Pinch 2 0.103 0.860 0.948
0.129 0.863 0.974
0.155 0.866 1.000
|
o

M2
r2' = 1005[’2
r;=1.68r,

Fig. 1. A schematic view of the flow path and pinch.

side or both the hub and shroud side [22, 23]. As the pinch is
only implemented on the shroud side, and the absolute amount
of pinch was kept constant for each clearance, the diffuser
width slightly increased as the tip clearance was increased.
Based on previous studies, a relatively small change in the
diffuser width does not considerably affect the compressor
performance [20]. A summary of the modelled cases is pre-
sented in Table 1.

3. Numerical methods

ANSYS CFX was used as a flow solver. As the impeller
consists of full and splitter blades, the domain consists of two
blade passages, and corresponding sections of the inlet cone
and the vaneless diffuser were modelled as shown in Fig. 2.
The periodic boundary conditions were set in the middle of
the blade passages so that the blades are inside the computa-
tional domain. To save computational resources, the volute
was not modelled. As the volute was omitted, only a single

domain inlet

diffuser outlet

domain outlet

Fig. 2. The computational domain.

blade passage could be modelled. The actual vaneless diffuser
outlet is shown in Fig 2. A single operating point was mod-
elled for each case, namely, the design operating point of the
COMpIessor.

The vaneless diffuser is a parallel wall, and the exit section
between the diffuser outlet and computational domain outlet
has a constant cross-sectional flow area. The approach was
chosen to ensure that the outlet boundary would not affect the
results at the diffuser outlet. A similar approach was also used
by Oh and Agrawal [25] and Oh et al. [26], and the present
authors in their previous study [17].

The turbulence was modelled with the k--SST turbulence
model. The non-dimensional wall distance was below unity in
most of the surfaces. Second order discretization methods
were used. The total pressure and temperature were given as
boundary conditions at the domain inlet and mass flow was
given as a boundary condition at the domain outlet. The do-
main inlet and outlet, shown in Fig. 2. The total inlet pressure
was set at 96 kPa, temperature 288.8 K. The exact mass flow
cannot be disclosed, but it was set to correspond the design
mass flow. Frozen rotor interface was used between the sta-
tionary and rotational zones.

3.1 Grid dependency

A grid dependency check was performed. Like the actual
simulations, also the grid dependency check was performed in
a single operating point, namely, the compressor design oper-
ating point. Each diffuser was modelled with the second
smallest tip clearance (#,/b, = 0.052) with three different grids.
The unpinched diffuser was modelled with grids that had ap-
proximately 0.83, 1.9 and 4.3 million cells and the two
pinched diffusers were modelled with grids that had approxi-
mately 0.78, 1.8 and 4.1 million cells. The difference in the
cell numbers is that due to the pinch, there was no need to
carry the tip clearance mesh in the spanwise direction into the
diffuser. Fig. 3 shows the efficiency with respect to the cell
number. The efficiencies, calculated with mass flow averaged
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Fig. 3. Grid dependency.

@ (b) ©

Fig. 4. Mesh: (a) Around the blade leading edge; (b) on the blade sur-
face at the leading edge; (c) in the tip gap near the leading edge in
spanwise direction.

values, are normalized with the efficiency of the grid consist-
ing of 1.9 million cells. From the figure it can be seen that the
efficiency does not change when the number of cells is in-
creased from 1.8/1.9 million. Therefore, it is concluded that
the 1.9 million cells is sufficient to produce grid independent
results, especially as increasing the cell number to 4.1/4.3
million increased the computational time by 76 %.

The mesh is structured and has an H topology. The tip gap
has 15 cells in the spanwise direction, and the mesh is denser
close to the walls. The number of cells in the tip gap does not
change with the varying tip clearance. The mesh around the
blade leading edge, on the blade surface at the leading edge,
and in the tip gap near the leading edge in spanwise direction
is shown in Fig. 4.

3.2 Comparison with experiments

The modelled stage efficiency and pressure ratio are com-
pared to measured ones in Figs. 5 and 6. The efficiency and
pressure ratio are normalized with the measured efficiency
and pressure ratio with the smallest tip clearance. The meas-
urement setup and results have been published in detail in
previous papers [20, 21, 23].

The CFD somewhat overestimates the efficiency and pres-
sure ratio. There are two main reasons for this. Firstly, the

1.2
- ° No pinch
§ * Pinch 1
B4 o Pinch 2
=
@
o CFD
% 1 Ceg
200 T o, experimental
2
© 0.9
£
o
o
038, 0.05 0.1 0.15 0.2

relative tip clearance tzib2

Fig. 5. Measured and modelled stage efficiency.

-
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—
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o
©
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—

o
o0
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relative tip clearance tz."b2

Fig. 6. Measured and modelled stage pressure ratio.

compressor was modelled without the volute, so the efficiency
and pressure ratio were calculated with the diffuser exit values.
On the other hand, in the experiments, the compressor outlet
values were defined at the discharge pipe, after the volute and
exit cone, causing an additional pressure loss in the experi-
mental results, which leads to somewhat lower efficiency in
the experiments. Secondly, it is widely known that the com-
monly used two-equation models, such as the k&~@-SST used in
this study, are incapable of predicting all losses in such a
complex flow. However, despite the shortcomings, the two-
equation models are widely accepted and their accuracy is
deemed adequate. Most importantly, the trend of the effi-
ciency and pressure ratio with respect to the increasing tip
clearance is predicted very well.

4. Mass flow within the impeller

In this section, the mass flows within the impeller are dis-
cussed. As the impeller consists of full and splitter blades, the
domain consists of two blade passages. For convenience, the
two blade passages are referred to as the first and the second
passage in the text. The first passage is the one which is be-
tween the full blade suction side and splitter blade pressure
side, and the second passage is between the splitter blade suc-
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Fig. 7. Mass flows entering the blade passages.

0.55 :
o No pinch
; E!”CE ; flow exiting the
0.525 i first passage
Q‘E 0.5
£
[on
0.475
flow exiting the second passage
045 005 01 015 02

relative tip clearance t2/b2

Fig. 8. Mass flows exiting the blade passages.

tion side and full blade pressure side. That is, the first channel
is the first with respect to the direction of rotation. Further-
more, the mass flows are presented relative to the mass flow
entering the impeller.

The relative mass flows entering and exiting the blade pas-
sages are shown in Figs. 7 and 8, respectively. The mass flows
in Figs. 7 and 8 do not account for the tip leakage flows, hence
they are the one-dimensional flows entering and exiting the
impeller through the flow path. Even though there seems to be
minimum and maximum values for flow entering the impeller
at the relative clearance of 10 %, the difference is so small,
that in this research it cannot be concluded whether it is a real
phenomenon or due to the accuracy. Therefore, it can be con-
cluded that the increasing tip clearance does not considerably
affect how the incoming flow is divided on either side of the
splitter blade. The mass fractions entering the first and second
passages remain constant when the tip clearance is increased.
At all tip clearances, a slightly larger portion of the flow (ap-
proximately 52 %) goes into the first passage, and the flows
entering the two channels are the same for each diffuser de-
sign.

When the flows entering and leaving the blade passages are
compared, it can be seen that, with the unpinched diffuser, at
the largest clearance the flows entering and leaving the blade

0.04
0.03
£ No pinch
g a2 « Pinch 1|
o “g="a Pinch 2
0.01+
0 L i L i
0 004 008 012 0.16 0.2

relative tip clearance t2/b2

Fig. 9. Reversed flow at the impeller outlet in the first passage.

0.04
003 No pinch
o 0.02;
o
aPinch 2
0.01} £ sz Pinch 1)
i ".-l"ﬁ'—
0 i s ; i
0 004 008 012 0.16 0.2

relative tip clearance t2/b2

Fig. 10. Reversed flow at the impeller outlet in the second passage.

passages are almost equal. At smaller clearances, there is more
flow entering the first blade passage than leaving through the
impeller exit and less flow entering the second passage than
leaving through the impeller outlet. However, as the impeller
must fulfil the continuation equation, the imbalance of mass
flows must be due to the tip clearance flows.

4.1 Reversed flow at the impeller outlet

With the pinched diffusers, the tip clearance hardly affects
the outgoing flow, which remains more or less constant for
each passage when the clearance is increased (Fig. 8). How-
ever, with the unpinched diffuser the flow exiting the impeller
from the first passage is increased and the flow leaving the
second passage is decreased as the tip clearance increases. At
the largest tip clearance, the flow exiting the first channel
equals the flow entering it, and the flow exiting the second
channel equals the flow entering it.

A larger reversed flow region at the impeller outlet with the
unpinched diffuser causes the trend. Reversed flow into the
impeller as a function of the relative tip clearance is presented
in Figs. 9 and 10 for the first and second passage, respectively.
The reversed flow at the impeller outlet, especially in the sec-
ond passage (Fig. 10), is increased due to the increased tip
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"first”
passage

"sccond"
passage

Fig. 11. Velocity vectors in the unpinched case with the largest tip
clearance.

clearance in the case of the unpinched diffuser. However, in
the case of the pinched diffusers and with the large tip clear-
ances (t,/b, > 10.3 %), the pinch suppresses the reversed flow
when compared to the unpinched diffuser. The suppression of
reversed flow is one reason for the more uniform flow fields
in the blade passages with large tip clearances due to the
pinched diffuser.

Velocity vectors within the impeller with the unpinched dif-
fuser and the largest tip clearance are shown in Fig. 11. The
unpinched diffuser with the largest clearance is shown as it
represents an extreme. It can be seen how part of the flow
coming from the full blade leading edge remains on the full
blade suction side and the remaining goes towards the splitter
blade leading edge. From the splitter blade leading edge, the
flow goes towards the next full blade pressure side. The quite
large passage vortices are also clearly visible in both blade
passages.

At both passage outlets, when the reversed flow enters the
impeller, part of the reversed flow is mixed into the jet in the
same passage where the flow went back into the impeller. The
mixing causes additional losses, and is increased when the tip
clearance is increased. The portion of reversed flow which
does not mix into the jet migrates over the blade and mixes
into the tip clearance flow. In other words, reversed flow into
the first passage partly mixes into the jet in the first passage,
partly migrates over the splitter blade into the second channel,
and mixes into the wake there and vice versa for the reversed
flow into the second passage. An illustration of reversed flow
is shown in Fig. 12.

With the unpinched diffuser, the reversed flow going into
the second passage is increased more than reversed flow going
into the first passage as the tip clearance is increased (Figs. 9
and 10). The difference is further highlighted in Fig. 13 where
the reversed flow area and outflow area at the impeller outlet
for the unpinched diffuser with the smallest and largest clear-
ances are presented. The increase in the reversed flow in the
second passage is due to a larger slow flow region, which is

“first”
passage

— backflow into the impeller

== == P backflow mixing into the tip clearance flow

------ P backflow mixing into the main flow in the same passage

Fig. 12. An illustration of the reversed flow.

FB First passage SB Second passage FB t./b,
no pinch

0.026
— no pinch

0.155

Fig. 13. Reversed flow and outflow areas at the impeller outlet with the
largest and smallest tip clearances for the unpinched diffuser. Dark
grey is the reversed flow and light grey is the out coming flow.
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Fig. 14. Mass flows through the tip gaps.

partly caused by the stronger tip clearance flow.

4.2 Tip leakage flow

Mass flow over the full and splitter blades is shown in Fig.
14. In general, the tip clearance flow over the splitter blade is
higher than the tip clearance flow over the full blade. The
larger flow over the splitter blade partly explains why the ad-
verse effects of the tip clearance are more severe on the suc-
tion side of the splitter blade, as observed in some previous
studies [10, 14, 16, 17]. Furthermore, in a previous study by
the present authors [17], we concluded that part of the tip
clearance flow over the full blade migrates over the splitter
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Fig. 15. Mass flow distribution over the full blade. Grey refers to the
smallest tip clearance and black to the largest one.

blade, hence partly explaining the increased flow over the
splitter blade.

The flow over the blades increases as the tip clearance is in-
creased. However, the difference between the flow going over
the full blade and the flow going over the splitter blade de-
creases as the clearance is increased. Hence, the flow over the
full blade increases more than the flow over the splitter blade.
As concluded previously, the reversed flow into the second
passage increases more than the reversed flow into the first
passage, and part of the reversed flow migrates over the adja-
cent blade. Therefore, as the reversed flow is increased more
in the second passage, the portion of flow over the full blade,
which originates from the reversed flow, is increased more
than that of the splitter blade, as the clearance is increased.

The effect of the tip clearance on the actual tip flow seems
to be more complex than originally thought. At first, the mass
flow over the blades seems to increase linearly, but in the case
of the largest tip clearance without pinch the mass flows over
the full and splitter blades are 1.5 times higher than those with
pinch (Fig. 14). Therefore, it seems that the effect of the tip
clearance on the tip leakage flow is not linear and the pinches
are able to decrease the tip leakage flow by 35 % in the case of
the largest tip clearance.

The flow entering the first passage is constant with respect
to the tip clearance, and at all tip clearance ratios, the flow
over the splitter blade is higher than the flow over the full
blade. Therefore, the flow exiting the first passage must be
less than the flow entering the first passage, and vice versa for
the second passage, as can be seen in Figs. 7 and 8.

Mass flow distributions over the full and splitter blades as a
function of the relative meridional distance are shown in Figs.
15 and 16, respectively. Only the smallest (marked by grey
lines) and largest (marked by black lines) tip clearances are
shown in figures for the sake of clarity. With the smallest
clearance there is hardly any difference (all the grey lines
overlap in Fig. 15) in the flow distributions over the blades
between the different diffusers, and flow over the full blade in
the inducer before the splitter blade leading edge stays con-
stant for all the diffusers. Note that the radial clearance near

-0.02 » . ,
0 0.2 0.4 0.6 0.8 1

m/mtot

Fig. 16. Mass flow distribution over the splitter blade. Grey refers to
the smallest tip clearance and black to the largest one.

the leading edge remained constant; hence, the mass flow over
the blade should be constant there.

The tip leakage flow over the blades is increased in the aft-
part of the impeller, where the tip clearance is increased rela-
tively more than in the inducer. The pinched diffusers de-
crease the tip leakage flow near the blade trailing edge in the
case of the largest tip clearance (t,/b, = 15.5 %). A similar
effect of the pinched diffusers is also visible in the case of the
splitter blade (Fig. 16), but the decrease in tip leakage flow is
not as strong. In literature, there are some suggestions that
fore-loaded impellers are not as sensitive to clearance effects
as the aft-loaded impellers [11], and the distribution of leakage
flow might be a reason for it.

The blade loading at the mid span with the smallest and
largest tip clearances for the three diffusers is shown in Figs.
17-19. The two extremes are presented for convenience, the
other clearances fall in between the minimum and maximum
in a good agreement. Blade loading decreases mostly in the
impeller with unpinched diffuser. The peak value of blade
loading decreases 6.2 % in average (the largest decrease of
7.5 % on the full blade pressure side) in the impeller with
unpinched diffuser, whereas the mean decrease in peak blade
loading is 4.6 and 4.1 % in impellers with pinched 1 and
pinched 2 diffusers, respectively.

There is no significant effect of pinched diffuser on blade
loading with the smallest tip clearance (pinched diffusers de-
crease peak blade loading by 0.5 % in average). However,
pinched diffusers increase peak blade loading by 1.2 % with
pinched 1 diffuser and 1.7 % with pinched 2 diffuser, in aver-
age. The pinched diffuser affects mostly on the full blade
pressure side.

5. Flow fields

Pinch does not affect the mass flow over the blades in the
inducer as shown in Fig. 15. The differences in the flow fields
due to pinch are visible in the last 30 % of the impeller. Hence,
the investigation is limited near the trailing edge. In general,
pinches make the flow field more uniform at the impeller out-
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Fig. 17. Blade loading at the mid span with the smallest and largest
clearances with the unpinched diffuser.

2.0r

1.5+

p o, 1

—

—tc=0.026
0 —tc =0.155
'80 0.2 0.4 0.6 0.8 1.0
Dimensionless streamwise direction [-]

Fig. 18. Blade loading at the mid span with the smallest and largest
clearances with the pinched 1 diffuser.
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Fig. 19. Blade loading at the mid span with the smallest and largest
clearances with the pinched 2 diffuser.

let by attenuating the reversed flow in the second passage.
Without the pinch, there would be 45 % more reversed flow in
the second passage than in the first one.

Tangential velocity distributions at the impeller outlet are
presented in Figs. 20-22. The pinches make the flow field
more uniform in the first passage, but in the second one the
flow field seems to be less uniform: Wake is increased and
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Fig. 20. Normalized tangential velocity at the impeller outlet with the
unpinched diffuser and different tip clearances.
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Fig. 21. Normalized tangential velocity at the impeller outlet with the
pinched 1 diffuser and different tip clearances.
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Fig. 22. Normalized tangential velocity at the impeller outlet with the
pinched 2 diffuser and different tip clearances.

intensified. To study the wake in more detail, the wake areas
are investigated. To do so, the wake must be defined. Here, a
flow area is considered as wake if the tangential velocity com-
pared to the impeller tip speed is equal to or greater than 0.8
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Fig. 23. Wake areas at the impeller outlet.

(c/U, > 0.8). Wake areas at the impeller outlet are shown in
Fig. 23.

In general, the wake is larger in the second passage than in
the first passage, irrespective of the diffuser. Furthermore,
wakes are larger with the pinched diffuser than with the un-
pinched one. When the tip clearance is increased, the general
trend is that the wake area decreases in the second passage and
increases in the first passage. The effect is more pronounced
with the unpinched diffuser. As mentioned earlier, at lower
clearances there is a surplus of mass flow in the second pas-
sage and a deficit in the first passage. The difference in the
flows entering the blade passages and exiting them through
the impeller outlet evened out as the clearance was increased
as the flow over the full blade increased more than flow over
the splitter blade. The changes in the mass balance are seen in
the wake area at the impeller outlet. As the surplus of mass in
the second passage is decreased, the wake area is reduced, and
similarly in the first passage. As the deficit is reduced, the
wake area is increased.

As already shown in Figs. 15 and 16, the pinch decreases
the tip leakage flow near the blade trailing edge more over the
full blade than over the splitter blade. In other words, the
pinches are able to attenuate the reversed flow in the second
passage, which results in the decreased tip leakage flow over
the full blade.

Entropy distributions at the impeller outlet are shown in
Figs. 24-26. When the pinch is implemented, the entropy is
lower at the impeller outlet and the effect is more profound at
higher tip clearances. The pinches reduce entropy in both pas-
sages. Even though the pinches increased the tangential veloc-
ity region at the impeller outlet in the second passage
(strengthened the wake there), they reduced the entropy gen-
eration also in the second passage. For example, with the larg-
est clearance, the larger pinch reduced entropy at the impeller
outlet approximately 30 % in both passages.

The flow over the tip clearance with the unpinched diffuser
is illustrated with streamlines in Fig. 27 where the streamlines
within the impeller are shown with the highest and lowest tip
clearance. The streamlines are shown for only one diffuser, as
the behavior is similar even if the pinch is implemented. As
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[\
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Fig. 24. Entropy at the impeller outlet with the unpinched diffuser and
different tip clearances.
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Fig. 25. Entropy at the impeller outlet with the pinched 1 diffuser and
different tip clearances.
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Fig. 26. Entropy at the impeller outlet with the pinched 2 diffuser and
different tip clearances.

the clearance is increased the clearance flow over the splitter
blade mixes into the low meridional velocity flow present at
the suction side. As the clearance flow mixes into the low
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Fig. 27. Streamlines within the impeller with unpinched diffuser with
the smallest (left) and largest (right) tip clearances.

meridional velocity flow, the entropy increases there (Figs.
24-26). At the same time, less clearance flow migrates to the
pressure side of the full blade, resulting in increase in the tan-
gential velocity there.

6. Conclusions and discussion

This study numerically examines the effect of tip clearance
on the flow fields in a centrifugal compressor impeller. The
impeller is coupled with three different vaneless diffusers,
varying in diffuser width. The vaneless diffusers are an un-
pinched one, one with a 10 % width reduction, and one with a
15 % width reduction. Each of the three designs were mod-
elled with six different relative tip clearances. The modelled
relative tip clearances #,/b, were between 0.026 and 0.155.
The tip clearance is changed by transposing the shroud side
wall in the axial direction. Hence, the largest changes in the tip
clearance are seen at the impeller outlet, whilst the radial
clearance at the leading edge remains constant.

The main findings of the work can be summarized as fol-
lows:

* The changes in tip clearance did not affect how the mass
flow was divided by the splitter blade. At all clearances,
roughly 52 % of the flow entered the passage between
the full blade suction side and splitter blade pressure side.
However, the clearance at the splitter leading edge dou-
bled when the clearance was changed from the minimum
to the maximum. Therefore, it seems that the radial clear-
ance at the inducer is less dominant than the axial clear-
ance at the trailing edge.

Mass flow over the splitter blade was larger than the
flow over the full blade at all clearances. Hence, flow ex-
iting the passage between the full blade suction side and
splitter blade pressure side was smaller than flow enter-
ing it, and vice versa for the other passage.

With the pinched diffusers, the reversed flow into the
impeller increased linearly and there were no substantial
differences between the reversed flows into the two pas-
sages when the tip clearance increased. However, with
the unpinched diffuser the reversed flow into the impeller
increased exponentially. Furthermore, the reversed flow
increased substantially more in the passage between the

splitter blade suction side and full blade pressure side. In
addition, the flow over the full blade increased more than
the flow over the splitter blade. As the reversed flow en-
ters the blade passage, part of it is mixed into the main
flow in the same passage as it went back into the impeller,
and the rest migrates over the adjacent blade and mixes
into the flow there.

The reversed flow increased more in the blade passage
between the suction side of the splitter blade and pressure
side of the full blade. The reversed flow there increases
more because 1) as known from the literature, the ad-
verse effects of the tip clearance are more severe on the
suction side of the splitter blade, 2) the mass flow over
the splitter blade is larger than flow over the full blade,
and 3) as the wake is larger on the suction side of the
splitter blade to begin with, the reversed flow area and
reversed flow increases more in the second passage.

The pinch hardly affected the wake in the blade passage
between the full blade suction side and splitter blade
pressure side, and increased it in the other passage. How-
ever, the pinches decreased the entropy at the impeller
outlet in both passages. With the unpinched diffuser, the
wake becomes weaker as the clearance is increased be-
cause the clearance flow is mixed into it. As the pinch
reduces the reversed flow and also the flow over the
blades closer to the trailing edge, the wake remains
stronger. However, as a net result the pinches used in this
study decreased losses.

The wakes were larger with pinches than without them.
However, the entropy at the impeller outlet was smaller
with pinches than without them, indicating fewer losses.
Based on previous studies, the pinches used in this study
improved compressor efficiency. It is evident that pinch
decreases the reversed flow at the impeller outlet. The
reversed flow increases the tip clearance flow, which
then mixes into the wake, weakening it. As the pinches
prevent this the wakes are larger but the losses are
smaller.

All in all, there seems to be quite strong interaction between
the reversed flow at the impeller outlet, present in unshrouded
impellers and the tip clearance flow. The two are coupled in
such a way that when the clearance is increased, the clearance
flow increases the reversed flow into the impeller, which in
turn increases the clearance flow, and so on. The results indi-
cate that the effect of the tip clearance on the flow over the
blades and the reversed flow is non-linear. With an unpinched
diffuser, both seemed to grow exponentially.

In the future, the effect of radial clearance should be studied,
or both the radial and axial clearances should be increased (i.e.,
keeping the clearance constant over the meridional length).
Furthermore, as there seems to be an interaction between the
reversed flow and tip clearance flow, the unsteady effects
might be beneficial to study. In addition, the circumferential
location and the leading edge location of splitter blades must
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be studied further, as part of the observed phenomena might
be due to the flow dividing unevenly into the two passages.
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Nomenclature

Latin alphabet

b : Blade height/channel width [m]
cy : Tangential velocity component [m/s]
m : Meridional length [m]

Gm : Mass flow rate [kg/s]

r : Radius [m]

t : Tip clearance [m]

U : Tip speed [m/s]

w : Relative velocity [m/s]

Greek alphabet

n : Efficiency [-]

Abbreviations

LE : Leading edge

Subscripts

2 : Impeller outlet
2’ : Start of pinch
3 : Diffuser outlet
FB : Full blade

in : Inlet

ref : Reference

SB : Splitter blade
tot : Total
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