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ABSTRACT 

The shape, of a vane for use in a variable nozzle assembly of 
a turbocharger was designed, including a step of defining a 
camberline curve and a thickness curve by means of two 
Bézier curves having a certain number of control points, and 
a step of applying computational fluid dynamics analysis and 
a Design of Experiments methodology for optimizing the 
setting of the control points to improve performance of the 
Vane. As result, a distinct vaneshape as shown in the drawings 
was obtained. 
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VARABLE NOZZLETURBOCHARGER 

FIELD OF THE INVENTION 

0001. This invention relates generally to the field of vari 
able nozzle turbochargers and, more particularly, to an 
improved vane shape design for a plurality of pivoting Vanes 
in a variable nozzle assembly of a turbocharger. 

BACKGROUND OF THE INVENTION 

0002. A variable nozzle turbocharger generally comprises 
a centerhousing having a turbine housing attached at one end, 
and a compressor housing attached at an opposite end. A shaft 
is rotatably disposed within a bearing assembly contained 
within the center housing. A turbine or turbine wheel is 
attached to one shaft end and is carried within the turbine 
housing, and a compressor impeller is attached to an opposite 
shaft end and is carried within the compressor housing. 
0003 FIG. 1 illustrates a part of a known variable nozzle 
turbocharger 10 including the turbine housing 12 and the 
center housing 32. The turbine housing 12 has an exhaust gas 
inlet (not shown) for receiving an exhaust gas stream and an 
exhaust gas outlet 16 for directing exhaust gas to the exhaust 
system of the engine. A volute 14 connects the exhaust inlet 
and a nozzle which is defined between an insert 18 and a 
nozzle ring 28. The insert 18 forms an outer nozzle wall and 
is attached to the centerhousing 32 Such that it is incorporated 
in the turbine housing 12 adjacent the volute 14. The nozzle 
ring 28 acts as an inner nozzle wall and is fitted into the insert 
18. A turbine wheel30 is carried within the exhaust gas outlet 
16 of the turbine housing 12. Exhaust gas, or other high 
energy gas Supplying the turbocharger 10, enters the turbine 
wheel 30 through the exhaust gas inlet and is distributed 
through the volute 14 in the turbine housing 12 for substan 
tially radial entry into the turbine wheel 30 through the cir 
cumferential nozzle defined by the insert 18 and the nozzle 
ring 28. 
0004. A plurality of vanes 20 are mounted to the nozzle 
ring 28 using vane pins 22 that project perpendicularly out 
wardly from a mount on the vanes 20. Each vane pin 22 is 
attached to a vane arm 24, and the Vane arms 24 are received 
in a rotatably mounted unison ring 28. An actuator assembly 
is connected with the unison ring 26 and is configured to 
rotate the unison ring 26 in one direction or the other as 
necessary to move the Vanes 20 radially, with respect to an 
axis of rotation of the turbine wheel30, outwardly or inwardly 
to respectively increase or decrease the pressure differential 
and to modify the flow of exhaust gas through the turbine 
wheel 30. As the unison ring 26 is rotated, the vane arms 24 
are caused to move, and the movement of the Vane arms 24 
causes the vanes 20 to pivot via rotation of the vane pins 24 
and open or close a throat area of the nozzle depending on the 
rotational direction of the unison ring 26. 
0005. An example of a known turbocharger employing 
such a variable nozzle assembly is disclosed in WO 2004/ 
O22926 A. 
0006. The vanes are generally designed having an airfoil 
shape that is configured to both provide a complementary fit 
with adjacent Vanes when placed in a closed position, and to 
provide for the passage of exhaust gas within the turbine 
housing to the turbine wheel when placed in an open position. 
The shape of each vane is defined by a first surface defining a 
leading edge or nose having a first radius of curvature and a 
second Surface defining a trailing edge or tail having a Sub 
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stantially smaller second radius of curvature. The first and 
second Surfaces are connected by a third Surface defining the 
airfoil shape on a radially outer side of the vane and a fourth 
surface defining the airfoil shape on a radially inner side of the 
Vane. In this vane shape design, the third Surface is convex in 
shape, while the fourth surface is convex in shape at the 
leading edge and concave in shape towards the trailing edge. 
The four vane surfaces complement each other to define a 
continuous cross-sectional curve. As used herein, the Vane 
surfaces are characterized as “concave' or “convex relative 
to the interior (not the exterior) of the vane. The asymmetric 
shape of Such a vane results in a curved centerline, which is 
also commonly referred to as the camberline of the vane. The 
camberline is the line that runs through the midpoints 
between the vane inner and outer surfaces that connect the 
leading edge with the trailing edge of the Vane. Its meaning is 
well understood by those skilled in the relevant technical 
field. Because this vane has a curved camberline, it is a 
"cambered vane. 
0007. The use of such cambered vanes in variable nozzle 
turbochargers has resulted in some improvement in aerody 
namic effects within the turbine housing. Some useful vane 
shape designs are disclosed in U.S. Pat. No. 6,709,232 B1. 
These vane shape designs reduce unwanted aerodynamic 
effects within the turbine housing by maintaining a constant 
rate of exhaust gas acceleration as exhaust gas is passed 
thereover, thereby reducing unwanted back-pressure within 
the turbine housing which is known to contribute to losses in 
turbocharger and turbocharged engine operating efficiencies. 
0008 Although the use of cambered vanes provides 
improvements in efficiency, it has been discovered that there 
is a risk to get a reversion of aerodynamic torque acting on the 
vane. In particular, it has been observed that there is usually a 
negative torque when the nozzle throat area between adjacent 
Vanes is Small and that there is a positive torque when the 
nozzle throat area is large. The torque is defined as positive 
when the flow of exhaust gas has enough force to urge the 
Vanes into the open position. The aerodynamic torque rever 
sion affects the functionality of the actuator assembly and the 
unison ring which cause the Vanes to pivot. Having regard to 
operational controllability, it is preferable that the torque 
exercised on the Vane is always in one direction, preferably 
positive and tending to open the nozzle (i.e. increase the 
throat area of the nozzle) regardless of the Vane position. 
Further, it is preferable that the torque is made substantially 
constant to reduce torque hysteresis. 

SUMMARY OF THE INVENTION 

0009. It is, therefore, desirable that a variable nozzle tur 
bocharger be provided with improved vane performance 
when compared to conventional turbochargers. 
0010. A common method of designing the shape of a vane 
for use in a variable nozzle assembly of a turbocharger com 
prises the following steps: 
0011 starting out from a proven vane shape; 
0012 making certain changes to the proven shape; 
0013 applying computational fluid dynamics (CFD) 
analysis for Verifying the effect of the changes; and 
0014 if required, repeating the steps of making changes 
and applying CFD analysis until the desired vane perfor 
mance is obtained. 
0015. It goes without saying that the above trial-and-error 
method is tedious and does not always achieve an optimal 
result. 
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0016. The inventors approached the design problem dif 
ferently by applying a method, which comprises the follow 
ing steps: 
0017 defining a camberline curve of the vane by using a 

first Bézier curve which has at least six control points; 
0018 defining a thickness curve by using a second Bézier 
curve which has at least five control points; 
0019 setting the shape of the vane based on the camber 
line curve and the thickness curve; and 
0020 applying computational fluid dynamics analysis and 
a Design of Experiments (DOE) methodology for optimizing 
the setting of the control points to improve performance of the 
Wale. 

0021 DOE is usually applied in quality engineering for 
understanding the variability in manufacturing factors on a 
manufacturing process or the performance of the product. 
What DOE offers is a methodical approach which can give the 
maximum amount of information while conducting the least 
number of experiments in order to understand these relation 
ships. 
0022. The inventors applied the concept of DOE to the 
development of a new vane. Here, the critical point for the 
successful application of DOE was to identify the factors that 
influence the Vane performance. In fact, it is the camber and 
the thickness of the vane that is most crucial. However, the 
problem was to express the camber and the thickness by a set 
of parameters which is manageable with DOE. Among the 
vast number of possibilities, the inventors chose to reproduce 
the shape of the Vane by means of two Bézier curves, one for 
defining the camberline and the other for defining the thick 
ness of the vane, and to use the control points of the Bézier 
curves as the factors to be optimized with DOE. 
0023 The minimum number of control points for the first 
and second Bézier curves are six and five, respectively. If the 
number of control points is less, it is not possible to reproduce 
a vane having an appropriate airfoil shape with Sufficient 
flexibility. If the number of control points is more, the opti 
mization process can be refined, but data interpretation 
becomes more difficult. 
0024. By applying the above design method, the inventors 
arrived at a vane having a distinct shape that is believed to be 
novel. This vane is defined by a first Surface defining a leading 
edge, a second Surface defining a trailing edge, a third Surface 
connecting the first and second Surfaces on a radially outer 
side of the Vane, and a fourth Surface connecting the first and 
second Surfaces on a radially inner side of the Vane, wherein 
the midpoints between the third surface and the fourth surface 
define a substantial part of the camberline of the vane, and 
wherein the thickness at a specific point of the vane is twice 
the distance between the specific point and the camberline in 
a direction perpendicular to a chord connecting the leading 
edge with the trailing edge. 
0025. The vane shape is distinct in that the camberline falls 
within the bounds of a virtual envelope defined by first Bézier 
curves, wherein each first Bézier curve has six control points 
Y1, Y2.Y3,Y4,Y5,Y6 which are setto be equally spacedover 
the length of the chordinascending order towards the trailing 
edge, each control point Y1, Y2, Y3, Y4, Y5, Y6 is shifted 
from the chord by a distance which is x-times the length, and 
X falls within the following ranges: 
0026 -0.1 sxs0.1 for control point Y1, 
0027 -0.033sxs-0.027 for control point Y2. 
0028 0.09sxs0.13 for control point Y3, 
0029 0.04sxs0.054 for control point Y4, 
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0030) 0.03 sexis 0.05 for control point Y5, and 
0031 -0.1s Xs:0.1 for control point Y6. 
0032. Furthermore, the vane shape is distinct in that the 
thickness of the Vane is given at each specific point of said 
third surface or said fourth surface by a thickness curve that 
falls within the bounds of a virtual envelope defined by sec 
ond Bézier curves, wherein each second Bézier curve has five 
control points T1, T2, T3, T4, T5 which are set to be equally 
spaced over the length of said chord in ascending order 
towards the trailing edge, each control point T1, T2, T3, T4, 
T5 is shifted from the chord by a distance which isy-times the 
length, and y falls within the following ranges: 
0033 0.03 sys 0.09 for control point T1, 
0034 0.09sys0.18 for control point T2, 
0035 0.02sys0.05 for control point T3, 
0036 0.03 sys 0.056 for control point T4, and 
0037 0sys0.025 for control point T5. 
0038 Ifa plurality of vanes each having the above distinct 
shape is positioned annularly around a turbine wheel in a 
variable nozzle assembly of a turbocharger, a turbocharger 
with improved Vane performance is obtained when compared 
to conventional turbochargers. 
0039 Vane performance can be further improved when X 
and y meet at least one of the following equations: 
0040 Xs:0.12, preferably Xs:0.11 for control point Y3, 
0041 Xs:0.04 for control point Y5, 
0042 ys 0.7, preferably ys0.5 for control point T1, and 
0043 ys 0.16, preferably ys0.13 for control point T2. 
0044) With regard to the first surface defining the leading 
edge and the second Surface defining the trailing edge, it is 
preferable that each of the first surface and the second surface 
have the shape of a truncated ellipse. 
0045. As mentioned above, the third surface defining the 
radially outer side of the vane and the fourth surface defining 
the radially inner side of the vane define a substantial part of 
the camberline (that is, exclusive of the small part of the 
camberline defined by the first surface at the leading edge and 
the second Surface at the trailing edge). The length of this 
substantial part of the camberline is preferably not less than 
0.8 times, more preferably not less than 0.9 times the length of 
the chord which connects the leading edge with the trailing 
edge. 
0046. Further, each vane has a pivot point located at a 
position which preferably meets the following expressions: 
0047 0.25<Mp<0.45, more preferably 0.30<Mp<0.40, 
and 
0048 -0.10<DYp<0, more preferably -0.06-DYp<-0. 
02, 
0049 wherein Mp is the distance between the pivot point 
and the leading edge in the direction of the chord divided by 
the length of the chord, and DYp is the distance between the 
pivot point and the chord in a direction perpendicular to the 
chord divided by the length of the chord, with negative values 
of DYp representing a pivot point which is more on the 
radially inner side of the vane. 
0050 Still further, the length of the chord is preferably 
19.5 mm or less, more preferably 19.0 mm or less, most 
preferably 18.5 mm or less. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0051. The invention will be more clearly understood with 
reference to the following drawings wherein: 
0.052 FIG. 1 is a partial cross-sectional view of a turbo 
charger employing a variable nozzle assembly; 
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0053 FIG. 2A is cross-sectional view of a vane according 
to a first embodiment of the invention, and FIG. 2B is a 
diagram showing a camberline curve and thickness curves of 
the Vane; 
0054 FIG. 3A is cross-sectional view of a vane according 
to a second embodiment of the invention, and FIG. 3B is a 
diagram showing a camberline curve and thickness curves of 
the Vane; and 
0055 FIG. 4A is cross-sectional view of a vane according 
to a comparative example, and FIG. 4B is a diagram showing 
a camberline curve and thickness curves of the Vane. 

DETAILED DESCRIPTION OF THE INVENTION 

0056. The inventors used a Taguchi approach for analyz 
ing variance to the Vane shape design. Taguchi methods are 
often chosen when a mathematically simplistic approach to 
DOE is preferred. 
0057. In detail, the inventors started out from a vane shape 
that had already been proven and tested to have a good per 
formance. FIG. 4A is an cross-sectional view of this vane. 
0058 As shown in FIG. 4A, the shape of the vane is 
defined by four vane surfaces 1 to 4 which complement each 
other to define a continuous cross-sectional curve. A first 
Surface 1 defines the leading edge or nose LEatone end of the 
Vane, and a second Surface 2 defines a trailing edge or tail TE 
located at an opposite end of the vane. The first surface 1 has 
a first radius of curvature at the leading edge LE which is 
larger than a second radius of curvature of the second Surface 
2 at the trailing edge TE. The first surface 1 and the second 
surface 2 are connected by a third surface 3 on a radially outer 
side of the vane and a fourth surface 4 on a radially inner side 
of the vane. 

0059. The vane of FIG. 4A has a length L of 19.98 mm, 
with the length L being defined as the length of a chord 
(straight line) that runs from the leading edge LE to the 
trailing edge TE. The surfaces on the radially outer side of the 
chord are substantially convex in shape, while the Surfaces on 
the radially inner side of the chord define convex and con 
cave-shaped sections. 
0060. The vane of FIG. 4A has a pivot point Pata position 
(Mp, DYp)=(0.453, O), wherein Mp is the distance between 
the pivot point P and the leading edge LE in the direction of 
the chord divided by the length L, and DYp is the distance 
between the pivot point P and the chord in a direction perpen 
dicular to the chord divided by the length of the chord, with 
negative values of DYp representing a pivot point which is 
more on the radially inner side of the vane. In other words, the 
pivot point P is located on the chord a bit closer towards the 
leading edge LE than towards the trailing edge TE. 
0061 The midpoints between the surfaces on the radially 
outer side of the chord and the surfaces on the radially inner 
side of the chord define the camberline of the vane. The 
approximate run of the camberline curve is shown in FIG. 4B 
as a dashed line. 

LL 

UL 

-0.1 

O.1 
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0062 For defining the shape of the camberline, the coor 
dinate system shown in FIG. 4A is used. The origin of this 
coordinate system is the leading edge LE. The X-axis coin 
cides with the chord, which defines the vane length Land runs 
from the leading edge LE to the trailing edge TE. The y-axis 
is normal to the x-axis and runs to the radially outer side of the 
Vane. The units of the X-axis and y-axis are scaled to the length 
L 
0063. As illustrated in FIG. 4B, the camberline curve has 
an S-shape and runs for the first 15% of the length L in the 
immediate vicinity of chord and for the rest of the length L on 
the radially outer side of the chord. 
0064. The inventors reproduced the camberline of the 
vane shown in FIG. 4A by using a first Bézier curve. As 
illustrated in FIG. 4B, the first Bézier curve (dashed line 
called “Camberline Bezier curve') had six control points Y1, 
Y2, Y3, Y4,Y5,Y6 which were set to be equally spaced over 
the length L in ascending order towards the trailing edge TE. 
0065. Then, the inventors made the attempt to reproduce 
the thickness curve of the vane, which is obtained by plotting 
the actual thickness That each specific point of the vane over 
the length L. As illustrated in FIG. 4B, the inventors approxi 
mated the thickness curve by means of a second Bezier curve 
(solid line called “Thickness Bézier curve only”). The second 
Bezier curve had five control points T1, T2, T3, T4, T5 which 
were set to be equally spaced over the length L in ascending 
order towards the trailing edge TE. 
0.066 FIG. 4B clearly shows that the second Bezier curve 
deviates from the actual thickness Th in the vicinity of the 
leading edge LE and the trailing edge TE. The inventors 
compensated for the deviation from the actual thickness Th 
by fitting thickness curves (dotted line called “Thickness 
Bezier curve+ellipses') of first and second truncated ellipses 
to the second Bézier curve at about 23% and 98% of the length 
L. respectively. The first ellipse had an aspect ratio of 4 and 
reproduced the Vane Surface 1 at the leading edge LE, and the 
second ellipse had an aspect ratio of 2 and reproduced the 
Vane Surface 2 at the leading edge LE. The remaining vane 
surfaces 3 and 4, which were reproduced by the second Bézier 
curve only, occupied about 75% of the length L. 
0067. After they had reproduced the shape of the vane 
shown in FIG. 4A by means of the Bezier curves shown in 
FIG. 4B, the inventors varied the chord length L and shifted 
the control points of the first and second Bezier curves in a 
direction perpendicular to the chord to create variance in Vane 
shape design. The variation ranges are shown in the following 
Table 1. In Table 1, the lower limit LL and the upper limit UL 
of the ranges are given as a fraction of the length L. Negative 
values for the control points Y1, Y2, Y6 indicate that the 
control points were shifted to a position on the radially inner 
side of the chord. It should be noted that the inventors maxi 
mized the part of the vane defined by the third and fourth vane 
surfaces 3, 4 by reducing the total length of the ellipses used 
for reproducing the Vane Surfaces 1, 2 at the leading edge LE 
and the trailing edge TE to less than 20% of the vane length L. 
or even less than 10% where appropriate. 
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0068. Then, a Taguchi cycle was performed as a first DOE 
cycle to identify those changes which influence turbocharger 
efficiency most. For this purpose, there was carried out a 
computational fluid dynamics (CFD) analysis for each 
selected Vane shape design. The Vane shape designs were 
analyzed on a variable nozzle assembly as shown in FIG. 1 
and for two different throat areas of 1 mm and 3 mm in a throat 
area range of 0 mm to 6 mm. 
0069. The Taguchi cycle revealed that turbocharger effi 
ciency could be increased by reducing the length L. This 
effect saturated at a length L of 18.5 mm. Furthermore, the 
first Taguchi cycle revealed that the control points Y3,Y5, T1, 
T2 and T4 have the most impact on efficiency. 
0070. In a second DOE cycle, the length of the vane shape 
designs was set to 18.5 mm and the positions of the control 
points Y3, Y5, T1, T2, T4 were refined within the variation 
ranges shown in the following Table 2. Again, the lower limit 
LL and the upper limit UL of the ranges are given as a fraction 
of the length L. 

TABLE 2 

Y3 Y5 T1 T2 T3 

LL O.09 O.O3 O.O3 O.09 O.O2 
UL O.13 O.OS O.09 O.18 O.OS 

0071. In addition, the effect of varying the location of the 
pivot point P on the vane operational controllability was 
analyzed by shifting Mp between 0.25 and 0.50 and DYp 
between -0.050 and 0.050. 
0072. As a result, the vane shape design shown in FIGS. 
3A and 3B was obtained. Due to an adequate choice of the 
chord length L, the control points Y1 to Y6 and T1 to T5, and 
the pivot point P, the torque acting on the Vane was shifted to 
higher positive values to reduce torque hysteresis, while 
keeping efficiency at the maximum in the chosen range of 
parameters. 
0073 Finally, a third DOE cycle was performed in order to 
further improve the operational controllability of the vane. As 
a result, the vane shaped design shown in FIGS. 2A and 2B 
was obtained. As compared with the Vane shape design shown 
in FIGS. 3A and 3B, the torque hysteresis was reduced for 
additional 30%. 
0074. Further specifics on the vane shape designs shown in 
FIG. 2 (first embodiment), FIG. 3 (second embodiment) and 
FIG. 4 (comparative example) are given in the following 
Table 3. 

TABLE 3 

FIG. 2 FIG. 3 FIG. 4 

L (mm) 18.5 18.5 1998 
Mp O.3577 O.35 O453 
DYp -0.05 -O.O25 O 
Y1 O O O 
Y2 -O.O2973 -O.O2973 -O.O2973 
Y3 O.1062 O. 1062 O.131 
Y4 O.049 O.049 O.049 
Y5 O.04 O.04 O.OS1 
Y6 O O O 
T1 O.04 O.04 O864 
T2 O-116 O.18 O.1641 
T3 O.1378 0.1378 O.1378 
T4 O.O45 O.045 O.04307 
T5 O.O178 O.O178 O.O178 

0075 For all of the vane shape designs given in Table 3, an 
ellipse having an aspect ratio of 4 was used for defining the 
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Vane Surface 1 at the leading edge LE and an ellipse having an 
aspect ratio of 2 was used for defining the Vane Surface 2 at the 
trailing edge TE. The remaining Surfaces 3, 4 occupied 
75.45% (between 22.8 and 98.2%) of the length L in case of 
FIG. 4, 90.74% (between 7.51 and 98.2%) of the length L in 
case of FIG.3, and 91.36% (between 6.89 and 98.2%) of the 
length L in case of FIG. 2. 
0076. A confirmation experiment was carried out with 
samples of the first embodiment and the comparative 
example. These samples had different heights of 8.5 mm and 
7.5 mm in the axial direction of the vane pin. For both heights, 
a hysteresis reduction of 70% was confirmed for the samples 
of the first embodiment. 

0077. A comparison between the vaneshape designs of the 
first embodiment and the comparative example reveals that 
the first embodiment has a smaller length L., a Smaller cross 
sectional area, a nose which is quite flat over 20% of the chord 
length L., a pivot point P which is displaced to the radially 
inner side of the Vane, and a mass center which is close to the 
pivot point. 
0078. Although the first embodiment is preferable over the 
second embodiment and the second embodiment is preferable 
over other vane shape designs used in the second DOE cycle, 
the invention is not limited to the first and second embodi 
ment. It is to be understood that all Vaneshape designs falling 
within the terms of the claims can be used in a variable nozzle 
assembly of a turbocharger to improve performance. 

1. A turbocharger with a variable nozzle assembly having a 
plurality of vanes (20) positioned annularly around a turbine 
wheel, wherein 

the shape of each vane (20) is defined by a first surface (1) 
defining a leading edge (LE), a second Surface (2) defin 
ing a trailing edge (TE), a third Surface (3) connecting 
the first and second surfaces on a radially outer side of 
the Vane, and a fourth Surface (4) connecting the first and 
second Surfaces on a radially inner side of the Vane, 

the midpoints between the third surface (3) and the fourth 
surface (4) define a substantial part of the camberline of 
the Vane, and 

the thickness at a specific point of the vane is twice the 
distance between the specific point and the camberline 
in a direction perpendicular to a chord Connecting the 
leading edge (LE) with the trailing edge (TE), 

characterized in that 
said camberline falls within the bounds of a virtual enve 

lope defined by first Bézier curves, wherein each first 
Bézier curve has six control points Y1, Y2, Y3, Y4,Y5, 
Y6 which are set to be equally spaced over the length (L) 
of said chord in ascending order towards the trailing 
edge (TE), each control point Y1, Y2, Y3, Y4,Y5,Y6 is 
shifted from the chord by a distance which is x-times the 
length (L), and X falls within the following ranges: 
-0.1 sxs0.1 for control point Y1, 
-0.033 sexis -0.027 for control point Y2. 
0.09sxs0.13 for control point Y3, 
0.04sxs0.054 for control point Y4, 
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0.03sxs0.05 for control point Y5, and 
-0.1 sxs0.1 for control point Y6; and 

the thickness (Th) of the Vane is given at each specific point 
of said third surface (3) or said fourth surface (4) by a 
thickness curve that falls within the bounds of a virtual 
envelope defined by second Bézier curves, wherein each 
second Bézier curve has five control points T1, T2, T3, 
T4, T5 which are set to be equally spaced over the length 
(L) of said chord in ascending order towards the trailing 
edge (TE), each control point T1, T2, T3, T4, T5 is 
shifted from the chord by a distance which isy-times the 
length (L), and y falls within the following ranges: 
0.03sys0.09 for control point T1, 
0.09sys0.18 for control point T2, 
0.02sys0.05 for control point T3, 
0.03sys0.056 for control point T4, and 
0sys0.025 for control point T5. 

2. A turbocharger according to claim 1, wherein X and y 
meet at least one of the following equations: 

Xs(). 12, preferably Xs:0.11 for control point Y3. 
Xs:0.04 for control point Y5, 
ys 0.7, preferably ys 0.5 for control point T1, and 
ys 0.16, preferably ys 0.13 for control point T2. 
3. A turbocharger according to claim 1, wherein each of the 

first Surface and the second Surface has the shape of a trun 
cated ellipse. 

4. A turbocharger according to claim 1, wherein the length 
of said third surface (3) or said fourth surface (4) is not less 
than 0.8 times, preferably 0.9 times the length (L) of the 
chord. 
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5. A turbocharger according to claim 1, wherein each vane 
is pivotable around a pivot point (P), said pivot point (P) being 
located at a position which meets the following expressions: 

0.25<Mp-0.45, preferably 0.30<Mp-0.40, and 
–0.10<DYp<0, preferably -0.06-DYp<-0.02, 
wherein Mp is the distance between the pivot point and the 

leading edge in the direction of the chord divided by the 
length of the chord, and DYp is the distance between the 
pivot point and the chord in a direction perpendicular to 
the chord divided by the length of the chord, with nega 
tive values of DYp representing a pivot point which is 
more on the radially inner side of the vane. 

6. A turbocharger according to claim 1, wherein the length 
(L) of said chord 19.5 mm or less, preferably 19.0 mm or less, 
more preferably 18.5 mm or less. 

7. A method of designing the shape of a vane (20) for use in 
a variable nozzle assembly of a turbocharger, said method 
comprising the following steps: 

defining a camberline curve of the vane by using a first 
Bézier curve which has at least six control points; 

defining a thickness curve by using a second Bézier curve 
which has at least five control points; 

setting the shape of the vane based on the camberline curve 
and the thickness curve; and 

applying computational fluid dynamics analysis and a 
Design of Experiments methodology for optimizing the 
setting of the control points to improve performance of 
the Vane. 


