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Abstract: Variable nozzle turbine (VNT) has become a popular variable geometry turbine (VGT) technology for the diesel engine
application. Nozzle clearance, which can’t be avoided on the hub and shroud side of the VNT turbine due to the pivoting stators, can
lead to turbine performance deterioration. However, its mechanism is still not clear. In this paper, numerical investigation, which is
validated by experiment, is carried out to study the mechanism of the nozzle clearance’s effect on the turbine performance. Firstly,
performance of the mixed flow turbine with fixed nozzle clearanceis tested on flow bench. Performance of the tested turbine with the
same nozzle clearance is numerically simulated. The numerical result agrees well with the test data, which proves correct of the
numerical method. Then the turbine performance with different nozzle clearances is numerically analyzed. The research showed that
with nozzle clearance, flow loss in the nozzle increases at first and it reaches the maximum value when the clearance ratio is 5%. Flow
at the exit of the nozzle becomes less uniform with nozzle clearance. The negative incidence angle of the rotor also increases with
nozzle clearance and leads to more incidence angle loss in the rotor. The low energy fluid formed in the nozzle due to the nozzle
clearance migrates from hub to shroud side in the rotor, which is another main reason for the rotor’s performance degradation. The
present research exposed the mechanism of the dramatically decrease of the turbine performance with nozzle clearance: (a) The loss
associated with the nozzle leakage increases with the nozzle clearance; (b) The flow loss grows up quickly in the rotor due to the
incidence angle loss and migration of the low energy fluid from hub to shroud side.
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nozzle. SPENCE, et al'”) investigated the nozzle’s flow
1 Introduction field variation due to the nozzle clearance. His research
showed that the nozzle clearance leakage flow changes
considerable at different vane positions and flow incidence
at vane inlet has a significant effect on turbine performance.
TAMAKI, et al'"!, studied the nozzle clearance’s effect on
radial turbine’s performance. His research found that the

geometry turbines (VGT) have received a lot of attention nozzle clearance leakage flow increases when the nozzle’s
and been widely applied in diesel engines. VGT could opening decreases. Some predicting methods for VNT with

. . S . . 1 nozze clearance have also been reported!* . However,
improve the diesel engines’ fuel economy and emissions

’l. Many researches have been carried out on the variable most of the researches were based on the overall

geometry turbocharger, including the development of performance without the mechanism analyses of nozzle
variable nozzle geometry, variable inlet vane, twin scroll clearance’s effect on turbine performance and no research

switching, et al*”. Nowadays, the dominant VGT have been carried out on how the nozzle clearance affecting

technology for diesel application is the variable nozzle the rotor sp@forrf;la.rzice(.i ) D) h b
turbine (VNT)® °!. It uses pivoting vanes to change the Computation fluid dynamics (CFD) have become an

speed and angle of the exhaust gas when it enters the important tool in the design and analysis of turbomachinery.

turbine rotor. VNT turbine’s peak efficiency is lower than CFD s able to predict the performance and internal flow

. [15, 16] .
that of the turbine without variable geometry due to the field (,)f the turbine very well - Due to the.small slze
clearance both on the hub and shroud side of the variable and high speed of the turbocharger for automotive engine,
direct measurement of the internal flow field is quite
difficult. As a result, CFD simulation is employed to

*Corresponding author Email: lhu0808@gmail.com investigate the nozzle clearance’s effect on the turbine
This project is supported by Advanced Boost System Development
for Diesel HCCI Application of DOE(Grant No. DE-FC26-07-NT43280)

Turbocharger has been widely applied on diesel engine
to improve the engine’s power, efficiency, and exhaust
emissions. The installation of turbocharger for a diesel
engine is now indispensable. In the last decade, variable

performance.
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In present research, firstly overall performance of the
designed mixed flow turbine was simulated at full opening
position of the nozzle vane. Numerical simulation was also
validated by test data. Then the performances of the turbine
with different nozzle clearance were analyzed and the
losses of the nozzle were calculated. The performance
deterioration of the rotor due to the nozzle clearance was
also investigated. Finally, detailed internal flow field with
and without nozzle clearance were compared to study how
the nozzle clearance affects the rotor’s performance.

2 Test and Numerical Model of the Turbine

To improve performance of the turbine at low velocity
ratio area, a mixed flow turbine was designed and
manufactured to adapt with the existing VNT system. There
are 9 nozzle vanes and 13 rotor blades. Preliminary CFD
showed that there was only a little efficiency penalty when
the mixed flow turbine matches with the straight vane.
Besides that, redesign of the nozzle and the actuation
system requires much more cost. As a result, a mixed flow
turbine was designed without modification of the straight
nozzle. Fig. 1 shows the meridional view of the turbine
with nozzle clearance on the hub and shroud side. Fig. 2 is
the 3D model of the turbine. Performance of the turbine
was tested on flow bench with an even clearance ratio
c/b=2% (c is the nozzle clearance and b is the width of the
nozzle) on the hub and shroud side separately. High
pressure air provided by air supply was heated when it
flowed through the electric heater. Then the air with high
pressure and temperature was used to drive the turbine. At
the turbine inlet, total pressure and temperature were
measured. At turbine outlet, static pressure and total
temperature were measured. All the flow parameters were
measured with three probes and the averaged value was
used for the calculation of the turbine’s performance. The
uncertainty of the stage pressure ratio and efficiency was
within 1%. Test and simulation was carried out at full
opening position of the nozzle.
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Fig. 1 Meridional view of the turbine

Fig. 2 3D model of the turbine

Commercial code EURANUS, integrated in Fine/Turbo
interface, was used in the numerical simulation. It solves
the time dependent Reynolds averaged N-S equations. The
equations were discredited using a central difference
scheme and a steady state flow solution was achieved upon
the convergence of a 4 stage explicit Runge-Kutta
integration scheme. To speed up the convergence, a full
multi-grid technique was applied. The one-equation
turbulence model, Spalart-Allmaras model, was used in the
present simulation.

In present research, single passage of the nozzle and
rotor were modeled and mixing plane was used between the
rotor and stator interface. At nozzle inlet, total temperature
and pressure were applied. Nozzle inlet flow direction was
calculated according to the geometry of volute and applied
at computation domain inlet. At rotor outlet, static pressure
was assumed to be uniform along the tangential direction
and the value at specific radius was applied. The static
pressure distribution along the radial direction was given by
the following equation:

P _ Y
or r
Adiabatic and non-slip wall boundary conditions were

imposed.

Multi-block structure mesh of the rotor and nozzle was
generated by IGG/AutoGrid automatically. To capture the
geometry of the impeller and improve the mesh quality, O
mesh was used around the nozzle and rotor blade surface
blocks and H mesh was used in the other blocks. Grid
clustering was applied around all the wall surfaces to
calculate the boundary layer and an averaged y" of 3 was
achieved.

Fig. 3 Mesh distribution of the nozzle
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Fig. 4 Mesh distribution of the rotor

By varying the node distribution inside the nozzle
clearance, the O block around the blade surface, along the
stream-wise and span-wise directions, three different
meshes were generated for the nozzle and rotor. Then
simulation was carried out at peak efficiency point of the
chosen turbo speed. The result was shown in table 1. With
the three different meshes, the predicted performance of the
turbine was less than 0.1%. With increased mesh density,
the predicted performance would be more accurate but at
the expense of more computer resources and simulation
time. In present research, the second mesh was used to
simulate the overall performance of the turbine and to study
the nozzle clearance’s effect on the turbine performance.

Table 1 Grid sensitivity study of the turbine

Mesh size Mass flow Pressure ratio Efficiency
Mi(kg's") Pr n
463 172 0.128 7 1.2536 0.762 3
626 292 0.128 9 1.2536 0.764 5
1436 100 0.129 1 1.2537 0.764 4

3 Validation of the CFD

The overall performances of the turbine from low to high
velocity ratios were simulated and compared with the test
data. The result is shown in Fig. 5. Due to the limitation of
the power absorbed by the compressor, test data was only
available in a much narrower range compared to the CFD
result. Within the test data’s range, the predicted pressure
ratio of the turbine was about 2% higher than the test result.
This may be mainly due to the model difference in the
simulation and test: volute wasn’t modeled in the
simulation thus the flow loss of the volute wasn’t included;
at the same mass flow rate, the pressure ratio of the turbine
calculated without volute would be higher than the one
with volute. Fig. 5(b) shows the variation of the efficiency
with velocity ratio. The predicted efficiency tendency of the
turbine agrees well with the test data. As no volute loss was
calculated, the predicted efficiency is about 2—3% higher
than test data. Despite of this discrepancy, it can be seen
that CFD is able to predict the performance of the turbine
very well and the CFD simulation could be used to analyze

the turbine performance.
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Fig. 5 Comparison of turbine performance

between CFD and test data

4 Analysis of different nozzle clearances’
effect on the turbine performance

To study the nozzle clearance’s effect on the turbine
performance, simulation was carried out with different and
without nozzle clearances. In present research, fixed
turbine housing, i.e. fixed turbine shroud and hub line, was
assumed. By changing the height of the nozzle vane, the
nozzle clearance could be changed. Even clearance on the
hub and shroud side was applied. Five different nozzle
clearances were modeled here: ¢/b=2%, 3%, 4%, 5% and
6%. Fig. 6 shows the performance comparison with and
without nozzle clearance. It can be seen that efficiency of
the turbine drops quickly with increase of the nozzle
clearance. Compared to the one without nozzle clearance,
the peak efficiency of the turbine with 2% of nozzle
clearance has dropped about 3% while at higher U/C area
the efficiency of the turbine drops less. With 1% increase in
nozzle clearance, the efficiency of the turbine drops about
2.5%. Obviously, the turbine efficiency is quite sensitive to
the nozzle clearance. Fig. 6(b) shows the flow rate of the
turbine with different nozzle clearance. With increased
nozzle clearance, the flow passage of the nozzle would be
increased and the same as the flow capacity of the turbine.
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Fig. 6 Comparison of turbine’s performance
with different and without nozzle clearance

To investigate the loss of the nozzle and rotor due to the
nozzle clearance, the peak efficiency point, U/C=0.68, was
chosen to analyze the performance of the rotor and nozzle.
Fig. 7 shows the efficiency decrement of the nozzle with
increase of the nozzle clearance. The efficiency decrement
of the nozzle was calculated according to the following
equations:

@ = Nrotor — Hstage

where w is the efficiency decrement of the nozzle, #,., and
Hsage are€ the total to static efficiency of the rotor and stage
separately. It can be seen that without nozzle clearance,
there is only about 2% in loss caused by the nozzle. With
increase of the nozzle clearance, the efficiency decrement
of the nozzle grows up gradually. When the clearance ratio
is up to 5%, the efficiency decrement of the nozzle almost
keeps the same. The maximum efficiency decrement of the
nozzle is about 7%.

Fig. 8 shows the variation of the rotor’s efficiency with
nozzle clearance. It can be seen that nozzle clearance also
leads to degradation of the rotor performance. Compared to
the case without nozzle clearance, with 2% of nozzle
clearance, the peak efficiency of the rotor deteriorates about
0.5%; with 3% of nozzle clearance, the rotor’s efficiency
drops about 2%, and it increases to 3% when the nozzle
clearance is increased to 4%. The efficiency of the rotor
deteriorates quickly if the nozzle clearance is further
increased. It can be seen that with increase of the nozzle

clearance, the deterioration of the rotor plays a more
important role in the degradation of the stage efficiency.

From the above analysis, it is clear that the nozzle
clearance not only leads to extra loss of the leakage flow
inside the nozzle, it also leads to performance deterioration
of the rotor. As a result, turbine’s efficiency is very
sensitive to the nozzle clearance.
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Fig. 7 Nozzle efficiency decrement
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Fig. 8 Variation of rotor peak efficiency with nozzle clearance

S5 Detailed flow field analysis

Investigation of the internal flow field helps to
understand the loss inside the nozzle and rotor. The two
cases, with 4% of nozzle clearance and without nozzle
clearance, were chosen to compare the change in flow field
due to nozzle clearance. All of the following flow field
comparison was carried out at U/C=0.68 at which the
turbine stage reaches the peak efficiency.

Fig. 9 shows the entropy distribution on 90% spanwise
of the nozzle, which is close to the shroud side. Without
nozzle clearance, there is high entropy on the suction side
of the nozzle. It is due to that the air speeds up in the nozzle
and the velocity on the suction side is larger than that the
pressure side, as a result, there is more friction loss on the
suction side. There is also a high entropy area in the trailing
edge of the nozzle, which is mainly caused by the blade
wake flow. Streamline in Fig. 10(a) shows that air is able to
flow through the nozzle passage smoothly without
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separation flow. At this condition, the main loss inside the
nozzle is the friction and the wake flow loss. With nozzle
clearance, the friction loss on the pressure side of the
nozzle is almost the same as the one without nozzle
clearance. The wake flow can also be observed. However,
there is an area with high entropy right after the throat of
the flow passage, which is very close to the suction side.
Streamline in Fig. 10(b) shows that this is mainly caused by
the leakage flow. Driven by the pressure gradient between
the pressure and suction side of the nozzle, the air flows
from the pressure side to the suction side of the nozzle
through nozzle clearance, as illustrated by the streamline.
When mixing with the main flow, it leads to extra loss
inside the flow passage. The leakage flow has the tendency
to roll up and then strong leakage vortex is formed near the
suction side. The peak entropy area shows the path of the
leakage vortex. The more leakage flow, the more loss is
generated. On the hub side, the high entropy area resides
almost the same location on the shroud side. But in the
center of the leakage vortex, the entropy has been increased
a little, indicating that the loss due to leakage has been
increased on the hub side. This may be due to the different
turning angle of the main flow on the hub and shroud side
(viewing meridionally): on the hub side, there is less
turning angle of the flow and more fluid could flow through
the passage; as a result, more leakage flow and more
leakage losses are generated on the hub side.

(a) Without nozzle clearance

Entropy S/J-(kg'K)™"

Shroud side Hub side

(b) With nozzle clearance

Fig. 9 Entropy distribution of the nozzle

(a) Without nozzle clearance

(b) With nozzle clearance

Fig. 10  Streamline of the nozzle

Fig. 11 shows the total pressure distribution at the
trailing edge of the nozzle with and without nozzle
clearance. Without nozzle clearance, there is a strip with
low pressure from hub to shroud side. It is caused by the
wake flow of the nozzle blade. On the hub side, the low
pressure layer is thicker than that on the shroud side. This is
mainly due to the fact that there is more flow through the
passage near the hub side than the shroud side, thus there is
more boundary layer loss on the hub side. With nozzle
clearance, the wake flow after the blade and boundary layer
on the end wall still could be observed. But there are two
separate areas with low pressure near the hub and shroud.
This is mainly induced by the nozzle clearance leakage
flow. On the hub side, there is more total pressure loss
compared to the shroud side, similar to the entropy
distribution shown in Fig. 9. With nozzle clearance, the
flow distribution at the exit of the nozzle is less uniform
and the effect on the performance of the rotor, which is
located in the downstream of the nozzle, needs to be
investigated.
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Fig. 11

Total pressure distribution

on the trailing edge of the nozzle

Fig. 12 shows the relative flow angle at the rotor inlet.
Without nozzle clearance, the flow angle near the shroud
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side is slightly lower than the hub side. But the flow angle
variation is very small and its distribution is relatively
uniform in most of the area. The averaged flow angle is
-15.5° . With nozzle clearance, the relative flow angle near
the hub and shroud side has been increased significantly
and the maximum flow angle is located near the mid span
of the rotor. This change of the relative flow angle could be
explained as follows: With nozzle clearance, the fluid flows
from the pressure side to the suction side of the nozzle and
the tangential velocity (counter of the turbine’s rotation
direction) at the nozzle’s exit is increased. In other words,
the inlet tangential velocity of the rotor has been increased
along the opposite rotation direction of the rotor. As a result,
the relative flow angle of the rotor decreases on the hub and
shroud side. Then the incidence angle of the rotor has been
increased near the hub and shroud side. With nozzle
clearance, the inlet condition of the rotor has been changed
and the performance of the rotor is affected consequently.

Shroud

= e 40

Flow angle a/°

-ﬁ
Hub

(a) Without nozzle clearance

Shroud

Flow angle a/°
o

(b) With nozzle clearance

Fig. 12 Relative flow angle distribution of rotor inlet

Fig. 13 presents the limiting streamlines on the suction
surface with and without nozzle clearance. Without nozzle
clearance, there is neither separation line nor attachment
line at the impeller inlet, indicating that the flow in this area
is very smooth. There is an attachment line near the shroud
of the impeller starting just after the leading edge to about
50% chord. The development of tip leakage vortex
corresponds to the existence of the attachment line along
the blade tip. A separation line can be seen starting from
about 40% chord near hub to 70% chord near shroud. This
could be explained as follows: The flow has the tendency to
turn from radial direction to axial direction inside the
turbine; at the same time, due to the centrifugal force effect,
the low energy fluid near hub flows toward the tip; those
two effects combined together leads to formation of the
separation line as shown in Fig. 13(a). With nozzle

clearance, the attachment line near the shroud due to the tip
leakage vortex is similar to the one without nozzle
clearance. But at impeller inlet near hub, the fluid starts to
flow towards the blade tip, which is different from the case
without nozzle clearance. Due to the nozzle clearance, the
fluid at impeller inlet near hub also has relative slow radial
velocity and it couldn’t overcome the centrifugal force. As
a result, the low energy fluid begins to migrate from hub
towards shroud side at impeller inlet. The result is that the
low energy fluid occupies more flow passage and more loss
is generated compared to the one without nozzle clearance.

Fig. 14 shows the limiting streamline on the pressure
surface with and without nozzle clearance. Without nozzle
clearance, there is an attachment line starting from about
35% spanwise at impeller inlet. This is mainly caused by
the centrifugal force and blade curvature. Above the
attachment line, the fluid has the tendency to move towards
the shroud. There is also a separation line parallel to the
leading edge of the impeller from about 70% spanwise to
shroud side, which is mainly due to the negative incidence
angle. With the thick blunt trailing edge and the wake flow,
separation and attachment line could be observed near the
trailing edge. With nozzle clearance, the separation line
which is parallel to the leading edge of the rotor close to the
shroud side still exists, and on the hub side there is also a
separation line due to the increased negative incidence
angle. From the impeller leading edge to about 20% chord,
there is reverse flow from hub to shroud side. Starting from
about 20% chord, there is an attachment line along which
the fluid attaches to the blade surface.

Leading edge

‘ Trailing edge I

(a) Without nozzle clearance  (b) With nozzle clearance

Fig. 13 Limiting streamline on suction surface

Leading edge y\

—P Trailing edge

(a) Without nozzle clearance (b) With nozzle clearance

Fig. 14 Limiting streamline on pressure surface
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From the above analysis, it can be seen that with nozzle
clearance, there is more low energy fluid migration from
hub to shroud side due to the centrifugal force. Besides that,
with increased negative incidence angle, there is flow
separation on the pressure side, which leads to more loss
inside the rotor passage.

Fig. 15 shows the entropy distribution of the rotor at
90% spanwise near shroud. Without nozzle clearance, there
is a high entropy area on the suction side starting from the
leading edge of the rotor and it grows up gradually along
the flow direction. It’s mainly caused by the secondary flow
and migration of the low energy fluid from hub to shroud
side. The low energy fluid also interacts with the rotor tip
leakage near the shroud side. With nozzle clearance, the
high entropy area on the suction side is similar to the one
without nozzle clearance except that starting from about
30% chord length the peak entropy has been increased.
Compared with the limiting streamline in Fig. 13 and 14, it
can be seen that increase of the entropy is mainly due to the
increase of the low energy fluid migration from hub to
shroud side.

Entropy S/J-(kg'K)"

(a) Without nozzle clearance

Entropy S/J-(kg'K)"

(b) With nozzle clearance

Fig. 15 Entropy distribution on 90% spanwise

Fig. 16 shows the entropy comparison on 10% spanwise
of the rotor with and without nozzle clearance. It can be
seen that without nozzle clearance, there is some high
entropy area on the suction side from 20% to 60% chord
length. With nozzle clearance, the high entropy area on the
suction side has been increased a lot, which is also the
effect of the low energy fluid migration. On the pressure
side near the leading edge of the rotor, there is an area with
high entropy which is mainly caused by the negative
incidence angle.

Entropy S/J-(kg'K)"

(a) Without nozzle clearance

Entropy S/J-(kg'K)"

(b) With nozzle clearance

Fig. 16 Entropy distribution on 10% spanwise

With nozzle clearance, the entropy distribution shows
that the flow loss in the rotor has been increased both on
the hub and shroud side. The efficiency of the rotor with
nozzle clearance has deteriorated substantially.

6 Conclusions

(1) The turbine stage performance is very sensitive to the
nozzle clearance; the stage efficiency deteriorates gradually
with increase of the nozzle clearance;

(2) With increase of nozzle clearance, the efficiency
decrement of the nozzle also increases at first due to the
leakage both on the hub and shroud side; when the
clearance ratio is up to 5%, the efficiency decrement of
nozzle reaches the maximum value;

(3) With nozzle clearance, the exit flow condition of the
nozzle is less uniform and the tangential velocity (counter
to the rotation direction) is increased. As a result, the
negative incidence angle at the rotor inlet is increased and
the same as the incidence angle loss of the rotor;

(4) The low energy fluid formed by the leakage inside
the nozzle has the tendency to migrate from hub to shroud
side in the rotor passage due to the centrifugal force. It
leads to increase of the flow loss and is another main
reason for the rotor’s performance degradation.
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