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ABSTRACT 

The radial and mixed-inflow turbines have been widely used for the turbocharger 
application. The design of a turbocharger turbine with good performance still presents 
a lot of challenges. Apart from the traditional requirements such as high efficiency and 
low stress, the turbine blade is also required to achieve certain performance targets at 
multiple operating points, high unsteady efficiency under pulsating flow condition, 
reduced moment of inertia (MOI) and high vibration characteristic. To meet these 
challenges, it is important to optimise the radial and mixed-inflow turbines for the 
aerodynamic performance at multiple operating points and the structural performance 
subject to MOI, stress and vibration constraints. In this paper we propose an approach 
based on 3D inverse design method that makes such a design optimisation strategy 
possible under industrial timescales. Using the inverse design method, the turbine 
blade geometry is computed iteratively based on the prescribed blade loading distribu
tion. The radial filament blading is always applied by the conventional design method 
to reduce the stress, while the inverse designed blade is three-dimensional (3D). 
A radial filament modification method is proposed to control the stress level of 3D 
blades. The turbine’s aerodynamic and mechanical performance is evaluated using 
CFD (5 operating points) and Finite Element Analysis (FEA). A linear regression is per
formed based on the results of the linear DOE study. The number of design parameters 
is reduced based on a sensitivity analysis of the linear polynomial coefficients. A more 
detailed DOE with around 60 designs is generated and Kriging is used to construct 
a response surface model (RSM). Multi-objective genetic algorithm (MOGA) is then 
used to search the optimal designs which meet multiple constraints and objectives on 
the Kriging response surface. The performance of the final optimal design is evaluated 
in both the aerodynamic and mechanical aspects based on CFD and FEA simulations. 
The numerical results show that the optimal design leads to better performance in 
almost all aspects including improved efficiency in the design point and high U/Cis (vel
ocity ratio), similar maximum stress, reduced MOI and increased vibration 
frequencies. 
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INTRODUCTION 

The main challenge for the multidisciplinary and multi-objective optimisation of turbo-
machinery blades are the time-consuming meshing, CFD, static structural and modal 
analysis which require a tremendous amount of computational resources (CPU time 
and computer memory). To accelerate and improve the optimisation process, surro
gate models have been widely used. The terms surrogate model, approximation 
model, response surface and metamodel are used as synonym in the literature. The 
surrogate model is constructed based on data from known designs (usually from DOE) 
and provides fast approximation and evaluation of objectives for different design 
parameters at new design points. The most commonly used surrogate models are 
polynomial approximation [1-5], artificial neural network (ANN) or radial basis func
tion (RBF) [6-11] and Kriging [12-13]. A detailed review of these methods can be 
found in Queipo et al [14]. 

In this paper, first-order (linear) polynomial, Kriging approximation and inverse 
design method will be used to optimise the aerodynamic and mechanical performance 
of a turbocharger turbine. 

OPTIMISATION METHODOLOGY 

The flowchart of the optimisation methodology used in this paper is shown in Figure 1. 

To generate a blade geometry using the inverse design method, the meridional geom
etry, the thickness distribution and the blade loading distribution are necessary 
inputs. The parametrisation of all these outputs and their ranges of the variation have 
to be specified first during the optimisation process. The output parameters including 
the aerodynamic performance parameters and the mechanical performance param
eters of any designs in the optimisation will be evaluated using CFD and FEA. 

A linear DOE and RSM model are generated based on the design parameters and per
formance parameters using first-order polynomial regression. The number of the 
design parameters is reduced based on the sensitivity analysis which compares the 
normalised coefficients of the linear polynomial and the most significant design 
parameters are selected whose variation have a larger effect on the performance 
parameters. 

A new DOE with more designs is then generated for the new selected design param
eters and their performance parameters are evaluated using CFD and FEA simulations. 
The Kriging approximation is used to build the Kriging RSM based on the new DOE 
results. 

Finally a Pareto front is generated through searching the optimal designs on the Kri
ging RSM quickly using MOGA and several optimal designs can be selected from the 
Pareto front. The performance parameters of these optimal designs are validated 
against CFD and FEA calculations. 
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Figure 1. Flowchart of the optimisation methodology. 

BLADE PARAMETERISATION 

The design parameters consist of 6 meridional geometry parameters, 10 blade loading 
parameters and 1 thickness parameter. 

It is shown in Figure 2 that the five control points A, B, C, D and E are used to create 
the hub curve and the shroud curve is created similarly using A’, B’, C’, D’ and E’. Both 
hub and shroud curves are created by the cubic spline method. The radial coordinate 
of point B’ (maximum tip radius) is fixed (38 mm) while the axial coordinate of point 
B is also fixed (0 mm). Point D is fixed in both axial and radial directions to make sure 
all the blades have the same blade length and shaft radius as the baseline. The 6 
design parameters used to define the blade meridional geometry are the inducer 
width W1, the exducer width W2, the LE angle α1, the TE angle α2, the hub and shroud 
control points Yhub and Yshr. 

Figure 2. Meridional plane parameters. 
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The blade shape is computed iteratively based on prescribed blade loading using 
inverse design method. The blade loading is defined by LE/TE rVθ and the derivative of 
rVθ along the meridional direction (∂rVθ/∂m). The streamwise blade loading (∂rVθ 

/∂m) is defined by a three-segment method (more details can be found in [15]). The 
10 blade loading parameters are rVθTE,hub, rVθTE,shr, NChub, NCshr, NDhub, NDshr, 
SLOPEhub, SLOPEshr, DRVTLE,hub and DRVTLE,shr. 

The blade thickness is controlled by one non-dimensional factor called thickness 
parameters which is greater than 0.9 and less than 1.2. The shroud thickness of the 
blade remains the same and the hub thickness is multiplied by the thickness param
eter. The thickness between the hub and the shroud sections is recalculated through 
linear interpolation. 

3D radial turbine blades designed using the inverse design method show 2-3% higher 
efficiency than the conventional radial fibre design (validated against numerical and 
experimental results by Zangeneh-Kazemi [16]). However, their stress values are 
much higher than the material strength. To reduce the stress level of the 3D blades, 
a blade modification method called Radial Filament Modification method 1 (RFM1) is 
introduced. Basically, the wrap angle distribution at the LE and shroud of the blade 
remains the same and are mapped radially to all the other part of the blades. By doing 
this, the stress level of 3D blades will be reduced significantly. 

For an optimisation process, it is desirable to explore the design space as much as pos
sible, this requires a wide variation of all the design parameters in order to increase the 
change that the global optimal design can be found. However, if the range of design 
parameters is too big, a large number of poor designs have to be evaluated which will sig
nificantly increase the complexity and the cost of the optimisation process. Therefore, the 
range of all the 17 design parameters are carefully selected and are shown in Table 1. 

Table 1. Variation ranges of design parameters. 

Design parameter Min Max 

W1 (mm) 7 11 

W2 (mm) 15 24 

σ1 0° 40° 

σ2 0° 10° 

Yhub (mm) 16.5 21 

Yshr 0.2 0.4 

rVθTE,hub 0 0.04 

rVθTE,shr 0.06 0.1 

NChub 0.05 0.2 

NCshr 0.05 0.4 

NDhub 0.6 0.85 

NDshr 0.6 0.85 

Slopehub 1 2.5 

Slopeshr -5 -1 

DRVTLE,hub -1 -0.1 

DRVTLE,shr -1 -0.1 

Thickness 0.9 1.2 
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STEADY CFD ANALYSIS 

The computational domain used for the steady CFD simulation is shown in Figure 3. 
The nozzle mesh is unstructured and generated using ANSYS Meshing. The inflation 
layers are applied on all the nozzle walls with a near wall element distance of 
0.001 mm to capture the boundary layer effects. The rotor mesh is structured (hexa
hedron) and generated using ANSYS TurboGrid. The first element offset is also 
0.001 mm. There are 20 layers of elements in the shroud clearance whose value is 
0.5 mm. The total number of elements is around 2,200,000. 

The nozzle domain is stationary and the rotor domain is rotating with a constant 
speed. Inlet boundary conditions are total pressure and total temperature. Inlet abso
lute flow angle is 40° from the tangential direction which is determined by a given 
volute geometry. Outlet boundary condition is atmospheric static pressure (1.0 bar). 
Rotational periodical boundary conditions are applied on all the periodic surfaces of 
the nozzle and rotor domains. The Stage (or mixing plane) method is used for the 
interface between the stator and the rotor. The Stage model performs 
a circumferential averaging of the fluxes through the interface and passes it to the 
component downstream. The turbulence model used is the shear stress transport 
(SST) k-ω. The working fluid is assumed to be ideal gas with gamma = 1.4. RANS 
equations are solved iteratively to obtain the whole flow field. T-S Efficiency (η50k, 
η60k, η70k, η80k and η90k) and turbine mass flow parameter (MFP50k, MFP60k, MFP70k, 
MFP80k, MFP90k) for five different RPM are used to evaluate the turbine aerodynamics 
performance and flow capacity. 

Figure 3. CFD computational domain. 

STATIC STRUCTURAL AND MODAL ANALYSIS 

The blade geometry used in the steady CFD simulation is just a single blade which is 
not enough for the static structural and the modal analysis of the turbine wheel. To get 
accurate evaluation of the stress value and vibration characteristics during the tur
bine’s rotation it is necessary to create the whole turbine wheel geometry from the 
single turbine blade by using Pro/ENGINEER which is a commercial CAD software now 
known as PTC Creo. Variable radius fillet is generated between the blade root and the 
hub to reduce the stress concentration. The minimum fillet radius has to be greater 
than 1mm due to the manufacture restrictions and the adjacent fillets must not con
tact each other. To reduce the MOI of the rotor the back face is scalloped by removing 
metal between the blades in the inducer region, which will reduce the turbine effi
ciency by ~1-3%. 
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The mesh is generated by using ANSYS Meshing as shown in Figure 4. And the total 
number of unstructured elements is around 150,000. Only one blade mesh is refined 
(element size = 0.6 mm) to save computational resources and time since the whole 
wheel geometry is axisymmetric. The mesh in the hub fillet and the blade trailing edge 
is refined further (element size = 0.3 mm) since they are locations where the max
imum stress occurs. 

Figure 4. Mesh and boundary conditions for FEA. 

The material used to manufacture the turbine is Inconel 713C. The wheel MOI can be 
obtained directly through ANSYS Mechanical once the geometry is imported. For the 
static structural analysis, the boundary conditions applied are the rotational velocity 
(A in Figure 4) and the cylindrical support (B in Figure 4) provided by the shaft con
nected to the compressor. The rotating speed is 130,000 rev/min which is the max
imum working speed of the turbine. For the model analysis, the boundary condition 
applied is only the cylindrical support without pre-stress consideration. 

The turbine mechanical performance parameters including the maximum principle 
stress, 1st and 2nd model natural frequencies and MOI will be obtained. 
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6 LINEAR DOE AND SENSITIVITY STUDY 

The 25 design points are generated for the 17 design parameters with 25 different 
levels (the ranges specified in Table 1) using OLHS and allow several designs to 
diverge and fail to create geometries. Finally 19 designs converge and generate blade 
geometries using the inverse design method which is sufficient for the linear regres
sion. The design matrix including the design parameters and the performance param
eters of all 19 designs is called the linear DOE. 

To reduce the number of design parameters (n = 17), a sensitivity analysis is per-
formed by comparing the value of normalised polynomial coefficient j â  ð i 

 th
Þ which is 

shown in Equation (1). Where x̂i is the i  design parameter (normalised to 0-1) and ŷj 

is the jth performance parameter (normalised to 0-1). 



The normalised coefficients A~ j 
i is defined ~ j by Equation (2). The range of A  

i is from 
-100 to 100. For a particular performance parameter yj (j is constant), the greater 
the absolute value of A~ j

i is, the more significant the corresponding design parameter 
x is. i 

The most significant design parameters are selected based on the summation of all 
the absolute values of A~ j

i. The number of the significant parameters selected is directly 
related to the size (or the dimension) of the design space and the computational cost. 
The larger this number is, the more likely the optimal design can be found while more 
sampling points and computational resource are needed. Therefore, the 8 most signifi
cant design parameters are selected which are W2, W1, α1, NChub, Yhub, NDhub, 
SLOPEshr and rVθTE,shr. The variation of these 8 design parameters have much larger 
effect on the performance parameters compared to the other design parameters. Dif
ferent weighting numbers can be applied for different performance parameters during 
this summation process and this will result in different collections of most significant 
design parameters. In this study the weighting numbers for different performance 
parameters are assumed to be identical. 

7 KRIGING APPROXIMATION AND MOGA OPTIMISATION 

In the previous section, the number of design parameters has been successfully 
reduced from 17 to 8 by a sensitivity analysis based on the linear DOE results. A more 
accurate approximation method (Kriging) will be used for these new 8 design param
eters and MOGA will be used to search the design space to obtain the optimal design 
which meets multiple objectives and constraints. 

The accuracy of the Kriging RSM is directly related to the number of the sampling 
points and the sampling method. The more points are used to build the Kriging RSM, 
the more accurate the model will be. In total 60 designs are generated by the OLHS 
method for the 8 new selected design parameters. The values of other design 
parameters are set as medial value or same as the baseline value since they have 
little effect on the performance parameters. The 53 of 60 designs converge and gen
erate blade geometries using the inverse design method. Radial Filament Modifica
tion method 1 is performed for these 53 blade geometries to get RFM1 blades. CFD 
and FEA calculations are run for these 53 new RFM1 blades. A Kriging RSM then can 
be constructed using the design and performance parameters of these 53 designs. 
The performance parameters of any new designs in the optimisation can be evalu
ated quickly through the Kriging RSM instead of the expensive CFD and FEA 
simulations. 

The constraints used in the optimisation are summarised in Table 2. The objectives 
are to maximise η70k and minimise Stress. The flow chart of MOGA optimisation 
based on RSM is illustrated in Figure 5. NSGA-II is used to search the design space 
based on the constraints and objectives specified above. The performance param
eters are evaluated through the Kriging approximation model which is much faster 
compared to the time consuming CFD and FEA simulations. The population size is set 
as 100 and the number of generations is set as 120. In total 12,000 designs are gen
erated and their aerodynamic and mechanical performance values can be evaluated 
in 10 minutes. 
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Table 2. Constraints used in the optimisation. 

Constraints 

η50k > 0.599 

η60k > 0.665 

η80k > 0.633 

η90k > 0.547 

MFP50k > 23.3 

1st freq > 7479 

2nd freq > 13535 

MOI < 8.8342x10-5 

Figure 5. The flow chart of MOGA optimisation based on RSM. 

A Pareto front is plotted in Figure 6. The Stress value is normalised by a constant 
value. Three optimal designs (design 5571, 7222 and 10535) are selected from 
the Pareto Font and their performance parameters are validated by CFD and FEA 
simulations. The comparison of performance improvements for design 5571, 
design 7222 and design 10535 compared to the baseline is shown in Figure 7. As 
it can be seen that design 5571 has the best efficiency but wor.st mechanical per
formance. Design 7222 has the best mechanical performance but worst efficiency. 
A clear trade-off between the aerodynamic performance and the mechanical per
formance is demonstrated. The error between the prediction value and CFD/FEA 
validation value for most of the performance parameters are between 0.8 and 
4.4%. Design 10535 is selected and further analysis will be performed in the fol
lowing section. 

270 



Figure 6. 2D scatter plot of η 70k versus Stress (scaled) for Kriging 
approximation. 

Figure 7. Comparison of performance improvements for design 5571, design 
7222 and design 10535. 

8 RESULTS 

8.1 Comparison of meridional geometry and performance maps 
The meridional geometry comparison between the baseline and design 10535 is shown 
in Figure 8. As it can be seen that the most obvious differences for design 10535 are 
the increased α1 and reduced W2 which are helpful to reduce MOI. The reduced blade 
exducer height W2 of design 10535 is helpful to increase the blade stiffness. The MFP 
and ηt-s comparison of the baseline and design 10535 are shown in Figure 9. The MFP 
of design 10535 is slightly higher at U/Cis < 0.6 and slightly lower at U/Cis > 0.6 com
pared to the baseline. The ηt-s of design 10535 at U/Cis < 0.64 keeps almost the same 
as the baseline and is much higher (up to 5 percentage points) at U/Cis > 0.64.  
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Figure 8. Comparison of meridional geometries. 

Figure 9. Comparison of MFP and t-s efficiency. 

8.2 Comparison of internal flow field 
In this subsection, the internal flow field details of the baseline and design 10535 at 
RPM = 80k (U/Cis = 0.79) where the efficiency improvement is much higher than that 
at design point (RPM = 70k). 

The blade surface (suction side) streamlines comparison for the two designs is shown 
in Figure 10. One can see that design 10535 has a much better streamline distribution 
attached on the blade surface, since it has less secondary flow whose direction is from 
the hub to the shroud compared to the baseline. 

The streamlines for the tip leakage flow for these two designs are compared in Figure 
11. It can be seen that most of the tip leakage flow starts from the blade LE pressure 
side. The flow direction is from the pressure side to the suction side along the whole 
chord locations from the LE to the TE. A small leakage vortex is generated near the LE 
suction side and this vortex grows and mixes with any new leakage flow from the pres
sure side along the meridional direction. Design 10535 has a better leakage flow struc
ture since the strength of the leakage vortex and its entropy generation for design 
10535 is smaller than the baseline which can be seen in Figure 12. 
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Figure 10. Comparison of blade surface streamlines on the suction side @
 
RPM = 80k (left – baseline, right – design 10535).
 

Figure 11. Comparison of streamlines across the tip leakage @ RPM = 80k 
(left – baseline, right – design 10535). 

The comparison of static entropy contours for the two designs at three different 
streamwise locations is shown in Figure 12 and the last section is located at the TE. As 
it can be seen that most of the entropy is accumulated near the blade tip suction side 
where the tip leakage vortex locates. At the same streamwise location, the baseline 
has higher entropy than design 10535. Especially, in the TE, the baseline has two high 
entropy regions near the tip while 10535 only has one. 
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Figure 12. Comparison of streamlines associated with static entropy con
tours at different streamwise locations @ RPM = 80k (left – baseline, right – 

design 10535). 

8.3 Comparison of static structural and modal analysis results 
The comparison of stress contours for the two designs is shown in Figure 13. The stress 
distribution on the blade surface are very similar for these two designs. The stress level 
in the hub fillet of design 10535 is reduced compared to the baseline. The maximum 
stress occurs in the same location which is in the TE hub region. The maximum stress of 
design 10535 is 2.3% higher than the baseline and this can be easily reduced by 
increasing the fillet radius slightly near the TE. The frequency for 1st vibration mode of 
design 10535 is 10.6% higher than the baseline and the frequency for 2nd vibration 
mode of design 10535 is 1.4% higher than the baseline. 

Figure 13. Comparison of maximum principle stress (scaled) contours on the 
suction surface (left – baseline, right – design 10535). 

9 CONCLUSIONS 

A systematic optimisation methodology using the inverse design method, DOE, RFM1, 
Kriging approximation and MOGA is presented in this paper. The inverse design method 
is used to generate the 3D blade geometry and Radial Filament Modification method 1 
is used to modify the 3D blade shape to reduce the maximum stress. The number of 
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design parameters is reduced from 17 to 8 through a sensitivity analysis based on the 
linear DOE results. The Kriging is used to construct a more accurate response surface 
for the new selected design parameters. An optimal design, design 10535, is obtained 
by searching on the Kriging RSM using MOGA with multiple constraints and objectives. 
Design 10535 shows better aerodynamic and mechanical performance compared to 
the baseline design, especially the efficiency at high U/Cis and MOI (-11.0%). The 
improved performance of design 10535 is confirmed by detailed CFD and FEA analysis. 

The inlet to a turbocharger turbine encounters highly unsteady flow with varying pres
sure and temperature due to the pulsating nature of the exhaust gas from the internal 
combustion engine. It is very important to improve the cycle-averaged t-s efficiency 
which enables turbines to extract more energy from the exhaust gas during one pulse 
cycle. The pulsating engine exhaust gas with high pressure and temperature (low 
U/Cis region) carries more energy than high U/Cis region. Therefore, it is suggested 
that future work should involve improving the turbine efficiency at low U/Cis region 
while maintaining low MOI and stress. 
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NOMENCLATURE 

ANN artificial neural network 

CFD computational fluid dynamics 

DOE design of experiment 

DRVT streamwise blade loading parameter 

FEA finite element analysis 

LE leading edge 

MFP mass flow parameter 

MOGA multi-objective genetic algorithm 

MOI moment of inertia 

NC streamwise blade loading parameter 

ND streamwise blade loading parameter 

OLHS optimal Latin hypercube sampling 

RANS Reynolds-averaged Navier–Stokes 

RBF radial basis function 

RFM1 radial filament modification method 1 

RSM response surface model 

SLOPE streamwise blade loading parameter 

(Continued ) 
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(Continued ) 

SST shear stress transport 

TE trailing edge 

a polynomial coefficient 

m meridional coordinate 

rVθ swirl velocity 

U/Cis velocity ratio 

W1 inducer width 

W2 exducer width 

x: design parameter 

y: performance parameter 

Yhub hub control point 

Yshr shroud control point 

α1 LE angle 

α2 TE angle 

η efficiency 
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