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With reduced turbo lag and better transient response, the introduction of VTG stator guide vanes improved turbocharger
performance at all the engine operating conditions. The VTG system accelerates and maneuvers exhaust gas flow to the turbine.
Favorable flow conditions at turbine inlet created by vane shape improve turbine performance. At lower engine speed, it is
observed that the pressure drop across vane system influences overall efficiency. Whereas at higher speed, the pressure drop
and guide vane exit flow angle are found to determine the turbine efficiency. Successful practical operation of VTG system also
depends on its ability to smoothly open and close the vanes at different gas loads. Stator vane shape greatly influences the smooth
operability/controllability of vane system. In the present work, 3 symmetric vanes with different𝑇/𝐶 ratios and 2 asymmetric vanes
are analyzed. The effect of geometric changes is studied from overall turbine performance as well as VTG system performance
perspective. It is observed that symmetric vanes cause higher pressure drop at lower speeds leading to lower efficiency irrespective
of the vane width. It is also observed that the pressure drop characteristics and vane exit flow angle are better with the asymmetric
vanes, whereas the controllability of symmetric vanes is found to be superior. Analysis methodology is presented for achieving
the best compromise between performance and controllability by the modification of vane geometric parameters through CFD
simulations.

1. Introduction

High boost at low engine speeds has become a necessary
requirement of automotive engine manufacturers due to the
demand for quick response to the vehicle operating condi-
tions. It has been a challenge for turbocharger manufacturers
to minimize or avoid turbo lag at lower engine speeds. The
demand for high boost from the turbocharger within the
space constraints led to the development of VTG tur-
bocharger. It promises higher efficiency at lower engine
speeds by accelerating the exhaust gas flow through the nozzle
gaps formed of circular array of vanes pivoting to attain vary-
ing nozzle gap at different engine operating conditions. Vary-
ing nozzle gap helps to achieve higher compressor boost at
low speeds.The performance of VTG system greatly depends
on the chosen vane shape and its location. Several airfoil
shaped vanes are currently being used in turbocharger appli-
cation.

Typical VTG system consists of a vane ring supporting
the vanes. Vane ring on one side and a flat plate on the other
side enclose the vanes forming nozzle passages. It is necessary
to provide appropriate clearance between the vanes and flat
plate/vane ring for free motion of the vane while closing and
opening. But, it is also desirable to ensure the clearance is as
low as possible to reduce the tip leakage. Normally, this clear-
ance is ensured by introducing cylindrical shaped spacers
having height slightly greater than the vanes as required to
achieve the clearance. Each vane is casted along with shaft
which connects the vanes to the links through vane ring.
Reciprocating motion from actuator (electric or vacuum/
pressure based) is converted to rotational motion of link-
shaft-vane assembly. For different engine operating condi-
tions, actuator rod moves by a predetermined distance for
rotating the vanes to close or open as desired.The free vortex
flow from volute is led to turbine wheel through the nozzle
passages formed by these stator vanes. Flow entering the

Hindawi Publishing Corporation
International Journal of Rotating Machinery
Volume 2014, Article ID 984094, 11 pages
http://dx.doi.org/10.1155/2014/984094



2 International Journal of Rotating Machinery

turbine wheel is greatly influenced by various geometric
parameters of the vane system such as the vane shape, size,
number, and PCD of vanes. Higher turbine efficiency can be
achieved by optimizing these geometric parameters of the
VTG system.

2. Literature

Srithar and Ricardo [1] investigated variable geometry mixed
flow turbine of a turbocharger. In this research it was found
that the vane surface pressure is highly affected by the flow
in the volute rather than the adjacent vane surface interac-
tions, especially at closer positions. It was also shown that
substantial amount of exhaust gas energy can be recovered at
velocity ratios 𝑈/𝐶 of less than 0.7. Zweifel’s criterion was
used for finding the number nozzle vanes or indirectly the
blade spacing as an important factor in loss contribution. It
was concluded that nozzle vanes experience higher pres-
sure on suction surface than pressure surface, especially at
closer positions. This is predominately due to upstream flow
from the volute than the vane-to-vane flow interaction. The
unsteady performance was found to show substantial devi-
ation from the equivalent quasi-steady assumption at 40Hz
pulsating flow because of high blockage in the nozzle which
consequently leads to choking and delaying of the volute
emptying before the next cycle of filling.

Eleni et al. [2] evaluated the turbulence models for the
simulation of flow over NACA 0012 airfoil. The behavior of 4
digit symmetric airfoil NACA 0012 at various angles of
attack was studied. It was found that the most appropriate
turbulence model for airfoil simulation was the 𝑘-𝜔 SST two-
equation model as it showed good agreement with the pub-
lished experimental data. Initially, it was observed that the
model predicted slightly higher drag coefficient as the actual
airfoil has laminar flow existing over the forward half portion.
So, the transition point from laminar to turbulent regime was
first determined and accordingly changes were made in the
computational grid splitting into two regions. Analysis with
the modified computational grid showed good agreement
with corresponding experimental data.

Simpson et al. [3] analyzed vaned and vaneless stators
in radial inflow turbines through CFD and test. The CFD
results were validatedwith test data. Various areas of loss gen-
eration in stators were identified and losses were quantified.
3 different vaneless volutes with symmetric cross section and
linearly varying𝐴/𝑟 ratios with azimuth angle were designed.
Further, 3 different vaned stators were also designed with
matching mass flow rates (at design points) to the corre-
sponding vaneless volutes. The vaned stators contained 13
uncambered guide vanes. It was found that the vaneless sta-
tors cause lower total pressure losses. The flow through vane-
less stators showed two counter rotating vortices, whereas,
additional horseshoe type vortices were observed over the
vanes leading to higher levels of aerodynamic losses. The
static pressure distribution at the rotor inlet showed higher
flow uniformity in vaneless stators and the CFD predictions
were well in agreement with the test measurements. It was
concluded that vaneless stators, if designed appropriately to

deliver uniform flow to rotor, can deliver better performance
than vaned stators.

Hu et al. [4] analyzed the effect of nozzle clearances on
turbine performance numerically. For this analysis the peak
efficiency point (𝑈/𝐶 = 0.68) was chosen. It was found
that with 2% of nozzle clearance, the peak efficiency of the
rotor deteriorates by about 0.5%.With 3%of nozzle clearance,
the efficiency drops by about 2% and when the nozzle clear-
ance is increased to 4%, the efficiency drops by about 3%.
The efficiency of the rotor deteriorates rapidly if the nozzle
clearance is further increased. It is shown that the nozzle
clearance not only leads to extra loss of efficiency due to
leakage flow inside the nozzle, it also affects rotor perfor-
mance. Numerically it was found that reduction in the nozzle
efficiency decrement occurs gradually up to 5% clearance
ratio beyondwhich the nozzle efficiency decrement remained
constant even after any increase in the clearance ratio. It was
also found that the exit flow condition of the nozzle is less
uniform due to higher clearance. It increased the tangential
velocity acting opposite to the wheel rotational direction
causing negative incidence angle at the rotor inlet leading to
higher incidence losses. It was concluded that the turbine
stage performance is very sensitive to nozzle clearance; it
deteriorates gradually with increase of the nozzle clearance.

3. Stator Vane Geometry

Simulations are carried out with three symmetric vanes and
two asymmetric vanes. Vane shapes similar to asymmetric
vanes 1 and 2 are commercially in use by turbocharger manu-
facturers and are used in this work for study purpose only.
Figure 1 shows different vane shapes used for this study.
Shapes (a), (b), and (c) are symmetric vanes with different
thickness to chord length (𝑇/𝐶) ratios, Shapes (d) and (e)
are the asymmetric vanes. Dimensions of all the vanes are
approximately chosen so as to appropriately fit in the com-
mon VTG system cartridge chosen for this study.

Geometric parameters of vane system such as PCD, vane
height, and clearance are maintained same for all the vanes.
The solidity ratio (i.e., ratio of product of number of vanes and
chord length to circumference at vane PCD) is maintained
in the range of 1.07 to 1.19 by choosing the number of vanes
appropriately. Vanes are distributed uniformly around the
turbine wheel to ensure that the flow from all vane nozzles
enters the wheel uniformly into all the wheel blade passages.
Vanes are opened until a gap of 1mm (max open) between
vane trailing edge and turbine wheel leading edge and are
closed until a gap of 2mm (min open) between adjacent
vanes.

Figure 2(a) shows the vane-shaft-link assembly. A collar
is provided at the junction of the vane and shaft for stiffness
against high gas forces. Vanes are pivoted about the shaft axis.
The location of pivot point 𝑃 for all the vanes was chosen so
that the 𝑥/𝐶 ratio is maintained at 0.52 approximately.

4. Computational Domain &
Simulation Strategy

Turbocharger turbine side flow core starting from the volute
inlet up to the turbocharger outlet is extracted from the



International Journal of Rotating Machinery 3

Symmetric vane 1
T/C = 0.1837

(a)

Symmetric vane 2
T/C = 0.1336

(b)

Symmetric vane 3
T/C = 0.115

(c)

Asymmetric vane 1

(d)

Asymmetric vane 2

(e)

Figure 1: Different stator vane shapes studied.

Vane

Link

Shaft

Collar

(a)

P

C

x

(b)

Figure 2: (a) Vane-shaft-link assembly and (b) location of pivot point 𝑃.
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(a) Turbine housing and turbine wheel (b) Turbine wheel with stator vane system

(c) Volute flow path extracted from housing

Figure 3: CAD model and computational domain.

CAD data for CFD analysis as shown in Figure 3. So, the
computational model used for all the cases includes flow path
in volute, around the stator vanes, around the rotor blades,
and rotor downstream region. Additionally, to avoid numer-
ical error, inlet and outlet boundaries are extended into
straight pipes of length equal to five times the pipe diameter.

A three dimensional, steady state, turbulent analysis is
performed using 𝑘-𝜔 SST (shear stress transport) turbulence
model developed by Menter [5]. Automatic wall function
treatmentwas used tomodel the near wall physics. Automatic
wall function approach switches from wall functions to a low
Re near wall formulation according to the near wall mesh
refinement. At the inlet, total pressure boundary condition
with total temperature is applied. At the outlet, static pressure
boundary condition is applied. The turbine wheel rotations
are modeled using moving reference frame approach with
frozen rotor interfaces.

All the cases were simulated and analyzed with 43mm
diameter radial inflow turbine wheel. The flow path through
turbine wheel is modeled using hexahedral mesh with near
wall refinement. All other regions are modeled using tetra-
hedral mesh with 12 prism layers near the wall as per the
requirements of 𝑘-𝜔 SSTmodel to capture the boundary layer

physics as accurately as possible. Grid independence test was
performed to determine optimum free stream element sizes,
first node distance from wall, and total mesh count to obtain
grid independent solution.

Figure 4 shows the isentropic efficiency prediction with
different mesh configurations shown in Table 1. The meshes
having elements with minimum size lower than 0.12mm,
maximum size of 3mm, first node distance from wall of
0.01mm, and total mesh count greater than 6 million show
same efficiency prediction. For different vane positions, the
total element count including all the regions ranges from 6 to
8 million.

In order to understand the effect of vane shape on
overall turbine performance across the complete turbinemap,
three pressure ratios with turbine speeds, namely, 1.4 with
93300 rpm (low), 1.8with 124300 rpm (medium), and 2.4with
151000 rpm (high) are chosen to represent the complete oper-
ating range. Simulations are performed at each of these pres-
sure ratios with changing vane positions from min open to
max open condition. Ten different vane positions are sim-
ulated between min and max open vane position to obtain
results showing smooth variation of flowproperties with vane
position.
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Figure 4: Grid independence test.

Table 1: Mesh configurations used for grid independent solution.

Min size
mm

Max size
mm

First node
mm

Mesh count
Millions

0.7 3.5 0.015 2.7
0.5 3.5 0.015 3.6
0.2 3 0.01 4.2
0.12 3 0.01 6.1
0.08 3 0.01 7.1

Turbine isentropic efficiency, aerodynamic vane opening
torque, pressure drop across vanes, and turbine inlet relative
flow angle variation with exhaust gas flow rate corresponding
to vane position at each of the operating condition are com-
pared for all the vanes.

5. Observations

At any particular inlet pressure and turbine speed, exhaust
gas flow rate increases gradually as the vanes open. Based on
exhaust gas flow rate, turbine performance can be approxi-
mately classified as “low end” and “high end” performance
corresponding to the lower flow rate and higher flow rate con-
ditions, respectively. Figure 5 shows typical velocity triangles
at the turbine inlet. The triangle in Figure 5(a) is the case
where whirl component of absolute velocity 𝐶

𝑤
is larger than

the tip speed 𝑈 of turbine wheel. This is seen during the low
end operating conditions. Figure 5(b) is the case where tip
speed is larger than whirl component of absolute velocity.
This is seen during the high end operating conditions.

In VTG turbocharger, the absolute and relative flow
angles at turbine inlet are expected to reduce with vane open-
ing as shown by “expected path” in Figure 6. However, it has
been observed that depending on the vane shape, the relative
flow angle increases up to certain extent as the vane opens
and then it reduces further as shown by the “actual path” in
Figure 6. This behavior is attributed to the separated flow
from one vane leading towards adjacent vane and influencing
the flow over the adjacent vane when the vanes are in

closed position, that is, at low end conditions. This interac-
tion/mixing of flows from adjacent vanes affects overall flow
direction and also causes loss in pressure energy, thus, affect-
ing the turbine efficiency at these low end operating condi-
tions. The point up to which the flow angle increases and
after which it decreases can be termed as point of reversal.

According to different operating conditions, the vane
opening and closing is controlled by the actuator. Actuator
is appropriately chosen to apply sufficient force on the VTG
system against the exhaust gas loads acting on the stator vanes
for opening and closing.The exhaust gas load acting on vanes
exerts aerodynamic torque on the vanes about pivot point
𝑃 shown in Figure 7. This aerodynamic torque plays an
important role in operating the actuator. The direction of
aerodynamic torque determines the controllability of the
actuator. It also determines whether the system is safe enough
to continue its operation even in an event of actuator failure.
A negative torque signifies the tendency of vane system to
close due to gas loads and vice versa. It is expected that in
the event of actuator failure, the vanes orient to fully open
position, thus, avoiding any adverse effect on the engine
operation.

It is not desired to have the aerodynamic torque changing
its direction during the operation. Such change in direction
of aerodynamic torque causes difficulty in controlling the
operation of actuator. Further it is preferable to always have
positive torque [4, 6] acting on the vanes which ensures
the safety against actuator failure. While a positive torque is
preferred, it is also desired that the magnitude of torque or
gas loads acting on the vane are minimum to avoid excessive
bending stress. The magnitude and direction of aerodynamic
torque depends on shape of the vane which decides the flow
incidence near vane LE.

The parameters such as vane PCD, 𝑥/𝐶 ratio, and the
vane shape decide the extent to which it can be rotated for
opening or closing between the min open and max open
positions. With higher extent, smoother response of VTG
system to different engine conditions can be expected. Fur-
ther, the extent of opening also determines the maximum
flow (capacity) that can be accommodated through the VTG
system without choking. Higher extent of opening can be
achieved easily by increasing the vane PCD. But, increase in
vane PCD effects change in inflow condition to vane and also
would require increase in overall size of the turbocharger.
Thus, it is necessary to arrive at an optimum compromise
between vane performance, controllability, and capacity of
VTG system to deliver the best performance to the engine
requirements.

6. Results and Discussions

For better clarity, all comparisons are made first among the
symmetric vanes and then among symmetric vane 2 and
asymmetric vanes.

The comparison of turbine isentropic efficiency variation
with exhaust gas mass flow rate at low, medium, and high
operating conditions for the five vanes mentioned before is
shown in Figure 8. It can be seen that the reduction in
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thickness of straight vane (i.e., from symmetric vane 1 to
symmetric vane 2) resulted in very marginal improvement
in efficiency only at intermediate vane positions. The low
and high end performance remained unchanged. Further, the
increase in length alongwith reduction in thickness (i.e., from
symmetric vane 1 to symmetric vane 3) also showed almost
the same behavior. However, the use of asymmetric vanes has
resulted in significant improvement of efficiency at low end
as well as high end operating conditions.The improvement in
efficiency with asymmetric vanes is higher at low end than at
high end. Further, asymmetric vane 1 shows better efficiency
than asymmetric vane 2 at low end, whereas asymmetric vane
2 shows better efficiency than asymmetric vane 1 at high end.
This is because of the differences in pressure drop and relative
flow angles between these two vanes.

The variation of turbine inlet relative flow angle withmass
flow rate is shown in Figure 9. For all the vanes, as mentioned
earlier, there exist points of reversal up to which the relative
flow angle increases followed by gradual reduction. It can be
seen that the point of reversal has shifted towards the upper-
left side of the graph for asymmetric vanes signifying the

P

Inflow to vane 
from volute

Outflow from 
vane to turbine

Outer surface
Pressure surface

Inner surface
Suction surface

Figure 7: Single sector of the vane system.

reduction in vane opening angle up to which the vane-to-
vane flow interaction/mixing existed.This reduction in vane-
to-vane flow interaction/mixing reduces the pressure drop
across the vane system atmin open positions, thus, improving
turbine efficiency. After point of reversal, the relative flow
angle with asymmetric vanes appeared to be the same as
symmetric vane.

Figure 10 shows velocity distribution around the vanes. It
can be seen that the stagnation point for asymmetric vane 2
lies slightly off the leading edge towards pressure surface of
the vane. However, symmetric vane 2 and asymmetric vane
1 show stagnation point nearer to the leading edge point.
This causes asymmetric vane 2 to experience higher negative
torque at the closed vane positions as shown in Figure 11
towards the lowermass flow rates.The upward nose provision
of asymmetric vane 1 enables it to shift the stagnation point
nearer to the leading edge point. Figure 12(b) shows the
variation of pressure loads on vane surface from LE to TE on
suction and pressure side.The pressure loads on pressure side
are nearly same for all the three vane designs as all the vane
designs are exposed to sameupstreamflow conditions emerg-
ing from volute. The drop in pressure load on pressure side
towards TE due to vane-to-vane flow interaction near throat
is also observed to be same in all vane designs as the 𝑥/𝐶 ratio
and solidity ratio for all the vane designs is maintained nearly



International Journal of Rotating Machinery 7

0.8

0.82
0.84
0.86
0.88

0.9
0.92
0.94
0.96
0.98

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Symmetric vane 1
Symmetric vane 2
Symmetric vane 3

0.8
0.82
0.84
0.86
0.88

0.9
0.92
0.94
0.96
0.98

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

N
or

m
al

iz
ed

 is
en

tro
pi

c e
ffi

ci
en

cy
,𝜂
/𝜂

m
ax

N
or

m
al

iz
ed

 is
en

tro
pi

c e
ffi

ci
en

cy
,𝜂
/𝜂

m
ax

Symmetric vane 2
Asymmetric vane 1
Asymmetric vane 2

Normalized mass flow rate, M/Mmax

Normalized mass flow rate, M/Mmax

Figure 8: Variation of isentropic efficiency with mass flow rate.

same. Whereas, there exist differences in pressure loads on
suction side which apart from stagnation point determines
the superiority of one vane design over the other in its torque
performance. Moreover, the pressure loads towards the LE
and TE play major role than the loads near the pivot point
in determining the direction of resultant torque. It can be
observed that symmetric vane 2 experiences higher positive
torque near LE and asymmetric vane 2 experiences the least.
Asymmetric vane 1 experiences higher negative torque near
TE and asymmetric vane 2 experiences the least. But, due to
greater difference between positive and negative torque near
TE, the differences in pressure loads there seem to be playing
less important role in affecting the resultant torque direction.
With the stagnation point location and with the observed
pressure variations over the vane surfaces, the three vane
designs experience different level of opening torques with
symmetric vane 2 experiencing highest and asymmetric vane
2 experiencing the least.

The velocity distribution near the vane downstream
region in Figure 10 and pressure distribution on the surface
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Figure 9: Variation of turbine inlet relative flow angle with mass
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of the vane in Figure 12 show more gradual variation with
asymmetric vanes as compared to symmetric vane. Further, it
can be observed in Figure 12 pressure contour plots and pres-
sure variation graph that on the suction surface of the vane
near pivot point towards the TE, pressure loads on symmetric
vane are lower than asymmetric vanes which confirms the
higher loss of energy in case of symmetric vane due to flow
interaction/mixing at that location. This vane-to-vane flow
interaction not only causes pressure loss as shown in Figure 13
but also affects the relative flow angle delaying the point of
reversal as shown in Figure 9.

Figure 13 shows the variation of pressure drop across
vanes with exhaust gas mass flow rate. It can be seen that at
low end as well as high endmass flow rates, the pressure drop
across symmetric vane is higher than the asymmetric vanes
at all operating conditions. The difference is more significant
at low end. This reduction in pressure loss is effected by the
reduction in vane-to-vane flow interactions/mixing coupled
with aerodynamic drag reduction due to shape of the vane.
Further it can also be noted that the pressure drop across
asymmetric vane 1 is higher than asymmetric vane 2 at
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high end mass flow rates which can be due to the upward
nose provision of asymmetric vane 1 near leading edge
causing local flow recirculation. At low end the upward nose
provision is helpful in improving the angle of incidence, thus,
reducing incidence losses.

Due to vane-to-vane flow interaction/mixing before point
of reversal, the relative flow angle plays a less important role
in determining the turbine efficiency than the pressure drop
across vanes.Thus, gradual diversion of flow towards turbine
wheel near trailing edge of the vane tominimize vane-to-vane
flow interaction as achieved by asymmetric vanes improves
turbine efficiency at min open positions. Further, it can also
be understood that both relative flow angle as well as pressure
drop influence the turbine efficiency after the point of reversal
which can be seen with asymmetric vanes showing lower
pressure drop across vanes and low relative flow angle as
desired for achieving higher turbine efficiency.

Figure 11 shows the variation of resultant aerodynamic
torque acting on vanes withmass flow rate. It can be observed
that though use of symmetric vane yields lower turbine effi-
ciency, it possesses better torque characteristics than asym-
metric vanes. The aerodynamic torque with symmetric vane
remains positive at all mass flow rates. However, the asym-
metric vane 2 shows small amount of negative torque at low
speed min open condition. With further vane opening, the
direction of torque changes from negative to positive which
can deteriorate controllability of actuator. On the other hand,
it can be observed that the asymmetric vane 1 shows better
torque characteristics in spite of nonsymmetric profile. This
behavior of asymmetric vane 1 can be attributed to the upward
nose provision existing near the leading edge. It is also
observed that the upward nose provision in asymmetric vane
1 leads to local flow recirculation near max open positions
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Figure 11: Variation of vane opening torque with mass flow rate.

which causes higher drag losses. Marginal loss in turbine
efficiency near max open positions is witnessed due to the
local flow recirculation in asymmetric vane 1 as shown in
Figure 8.

According to Srithar and Ricardo [1], nozzle vanes
experience higher pressure on suction surface than pressure
surface, especially at closed positions due to upstream flow
from the volute than the vane-to-vane flow interaction. It is
observed that at closed vane positions, the pressure surface is
directly exposed to the flow emerging from volute and thus
it experiences higher pressure, whereas, suction surface
shows variations in pressure distribution depending on the
vane shape. It is also found that the shape of the vane
influences the stagnation point location also apart from the
pressure distribution. Asymmetric vane 1, for example, due to
its upward nose provision receives the flow from volute with
stagnation point nearer to LE point at min open positions
achieving positive aerodynamic torque and better controlla-
bility of VTG system during operation.
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Figure 12: Pressure variation on vane surface.

7. Conclusion

Simulations are performed using three symmetric vane
shapes and two asymmetric vane shapes. Asymmetric vanes
show higher isentropic efficiency than symmetric vanes.

In VTG system operation, there exists a point of reversal
up to which the relative flow angle increases with increasing

vane opening.This point of reversal lies close to themin open
position when the vanes are brought close to each other to
reduce the gap between them. The increase in relative flow
angle before point of reversal is due to vane-to-vane flow
interaction/mixing.This interaction increases up to the point
of reversal after which the flow from vanes is free to flow into
the turbine wheel. The point of reversal for symmetric vanes
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Figure 13: Variation of pressure drop across vanes with mass flow
rate.

sustains for longer extent of vane opening than asymmetric
vanes. Up to the point of reversal, the turbine efficiency
depends only on the pressure drop caused across the vanes.
After the point of reversal, it depends on relative flow angle at
the turbine inlet as well as the pressure drop across vanes.

Though reduction in width of symmetric vane causes
reduction in pressure drop across the vanes, the pressure
drop at min open positions (before point of reversal) remains
unchanged.The reduction in width does not improve relative
flow angle. As a result, onlymarginal improvement in turbine
efficiency is observed at intermediate vane positions.

The asymmetric vanes are found to be performing better
than symmetric vanes due to the reduced pressure drop as
well as improved relative flow angle. The use of asymmetric
vanes reduces vane-to-vane flow interaction. This leads to
reduction in pressure drop across vanes near minimum vane
positions. The point of reversal is found to be sustaining for
shorter extent of vane opening with asymmetric vanes, thus,

significantly improving turbine efficiency at all the vane
positions.

While the performance is improved by using asymmetric
vanes, the gas forces acting on the vanes predominantly tend
to apply negative aerodynamic torque which may cause the
vanes to close in the absence of actuator.Moreover, the torque
is found to be changing its direction near the minimum open
positions.This reversal of aerodynamic torque can pose diffi-
culty in smooth operation of VTG system. It is always desir-
able to have positive torque acting on the vanes at all vane
positions [6]. The location of stagnation point along with
the varying pressure loads over vane surface determines the
direction resultant torque. It is observed that symmetric vane
predominately experiences positive torque. Improved per-
formance with controllability can be achieved by using
asymmetric vanes by ensuring the point of stagnation to be
near leading edge as far as possible accompanied by appro-
priate location of the vane shaft.

Nomenclature

𝛼: Absolute flow angle, degrees
𝛽: Relative flow angle, degrees
𝐶: Chord, m
𝐶
𝑎
: Absolute velocity, m/s
𝐶
𝑤
: Absolute whirl velocity, m/s
𝐶
𝑚
: Meridional velocity, m/s
𝑇: Thickness, m
𝑈: Tip speed, m/s
𝑊: Relative velocity, m/s
𝑊
𝑤
: Relative whirl velocity, m/s.

Abbreviations

BSFC: Brake specific fuel consumption
CFD: Computational fluid dynamics
EGR: Exhaust gas recirculation
LE: Leading edge
PCD: Pitch circle diameter, m
SST: Shear stress transport
TC: Turbocharger
VTG: Variable turbine geometry.
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