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Abstract

Turbochargers are used to increase the output power of the engine and make use of the exhaust gases to rotate the
impeller which is coupled to the turbine wheel by a shaft. The turbine wheels being manufactured by the process of
casting are subjected to possess unbalance in them, which is mainly with respect to the mass distribution. The uneven
distribution of material across the wheel back face acts as a stress raiser which may lead to wheel burst in critical
conditions. Balancing machines with grinding units are used to balance the turbine wheel with the right amount of
material being removed in the units of gram millimeter which is termed as the balance capacity. To achieve
maximum material removal, higher values of balance capacity need to be achieved without compromising the stress
values of the wheel. Various parameters are considered for achieving the target. The tool used for obtaining the
optimum value of the parameters is the design of experiments. The response surface optimization is used in which the
design of experiments generates design points for each parameter and gives the optimum value of the parameters to
achieve the expected balance capacity and also ensure that the stress is within the acceptable range.

Keywords: Balancing, turbine wheel, imbalance, stress analysis, balance capacity, design of experiments, response
surface optimization

1. Introduction generating number of design points over a random
range of the parametric values. The DoE type optimum
space filling is preferred over the other types due its
advantages of generating maximum design points for
good variation and the percentage of accuracy which
helps achieve optimum values. The response surface
optimization generates responses between the input
and output parameters by using the data generated
from the DoE in 2D and 3D forms. The combinations of
RSM with the used DoE are best utilized with Standard
response and Kriging types of RSMs.

The optimization tool allows us to set various
objectives for optimization using minimize, maximize
and seek target options where we can define the limits
for each parameter. The type of optimization needs to
be selected for multiple variables. The optimum values
are highlighted in the chart which can be used as input
for the next analysis with optimized values and
minimum errors.

Turbochargers boost the engine power by employing
the energy of the exhaust gases to rotate the turbine
wheel. The wheel being manufactured by casting
process is made up of material Inconel, known for its
properties like high temperature and pressures
resistance in addition to corrosion and oxidation
resistance. The casting process causes defects in the
wheel and unbalance is one of it. Uneven mass
distribution causes high stresses in the critical regions
of the wheel, affecting the turbo performance and
safety included.

The parameters considered are the depth of cut,
grinding wheel diameter, tip radius and groove
location. Since the value of these input parameters can
be altered, they are termed as controllable. The output
parameters, also termed as fixed parameters are the
groove stress and balance capacity. Response surface
optimization is used to obtain optimum values of these
parameters by generating design points for each
parameter.

The design of experiment helps to achieve a
relation between the input and output parameters by

2. Methodology

The balance groove is created on the back face of the
turbine wheel using a grinding wheel on a balancing
machine. This is replicated analytically in ANSYS

*Corresponding author Nitin Pagar is working as Assistant

Professor, Sanika Karande is PG Student and Sai Pavan Kumar is
working as Senior Engineer

Workbench software by generating a grinding wheel
profile and then moving it through various planes
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(base plane, grinding wheel plane, align cutter plane,
set groove radius plane, depth of cut plane) to create
the groove on the wheel by material removal.

The next step after profile creation is the meshing
of the critical locations in order to minimize the stress
values. The critical locations include the groove, back
face, internal machining radius, external machining
radius, pressure root radius and suction root radius.
The following figure 1, shows the critical locations of
the turbine wheel.

. Groove

I suction_root
[ Pressure_root
[ Back face

[ External_machining_radii
[ Internal_machining_radii

Figure 1 Turbine Wheel: Critical locations

The structural analysis of turbine wheel is done by
applying boundary conditions and the load. The
boundary conditions include displacement on the shaft
end of the wheel and cylindrical supports. The load
applied is the rotational force in RPM. The rotational
speed range is between 75,000-1,25,000 RPM. Figure
2(a) shows the boundary conditions applied, whereas
2(b) shows the direction of rotational load applied.

(a) (b)
Figure 2 Boundary conditions and loads applied

After applying the structural boundary conditions and
the load, the stress analysis is done which shows the
stress variations across the turbine wheel. The stress
value is found to be highest at the groove location due
to the material discontinuity. The high stress region is
indicated in red color and the low stress region in dark
blue. The stress variation helps in understanding the
placement of groove on the wheel back face. The
centrifugal forces act on the wheel creating high
stresses. The area of wheel at the centre being
minimum, the stresses are highest at that location.
Thus placing a groove near to the centre would act as a

stress raiser and it is recommended to create a groove
away from centre towards the edge of the wheel. But
care also needs to be taken so to avoid exceeding the
groove outer limits.

Figure 3 shows the stress plot of a turbine wheel
after structural analysis and the variation in stresses
across the turbine wheel.

Figure 3 Stress plot of turbine wheel

The balance capacity needs to be calculated from the
mass components of the solution. Individual masses in
the y and z component are needed along with the total
mass of the wheel excluding the shaft.

3. Calculations

The balance capacity of the wheel is calculated to
determine the amount of material to be removed in
order to balance the wheel and also the effect of
variation in different parameters on the balance
capacity. the unit used for measuring the balance
capacity is gram millimeter (gmm).

The Y-Component, Z-Component and total mass are
obtained after the completion of analysis.

TOTAL MASS = 0.50546E-03
The mass principal axes coincide with the global Cartesian axes
CENTER OF MASS (X,¥,2)=

14.960 -0.50910E-01 -0.52670E-01

TOTAL INERTIA ABOUT CENTER OF MASS V-Component  Z-Component

0.17675 -0.36409E-03 -0.37638E-03
-0.36409E-03  0.16286 0.17545E-03
-0.37638E-03  0.175458-03  0.16287
PRINCIPAL INERTIAS = 0.17677 0.1626% 0.16302
ORIENTATION VECTORS OF THE INERTIA PRINCIPAL AXES IN GLOBAL CARTESIAN
{ 0.898,-0.027,-0.027) ( 0.000, 0.718,-0.685) ( 0.038, 0.694, 0.719)

**% MASS SUMMARY BY ELEMENT TYPE *%%

TYPE MASS
1 0.4871328-03=—————> Total mass of wheel

Figure 4 Mass components for calculating balance
capacity

Figure 4 shows the mass components for balance
capacity. The balance capacity is calculated by using
the formula:

BC= (YC2 + ZC?) * Total mass * 1000000
Substituting the values,

BC =[(-0.50910E-01)2 + (-0.52670E-01)2]*505
BC = 2.70 gmm (gram millimeter)
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4. Analysis and Discussion

Response surface optimization of the turbine wheel is
carried out after the structural stress analysis and
determination of the balance capacity. The first step in
RSM is the design of experiments.

i) Design of experiments

The DoE tool generates design points for each
parameter selected and the values are taken randomly
between the range of the lowest and the highest limits
specified. The values for limits are obtained through
previous test results data.

Optimum space filling type DoE is used as it gives
more variation in the design points so an optimum
value can be obtained. The following Figure 5 shows
chart of design points for the parameters grinding
wheel diameter and the cutter tip radius.

Gredngatast (mm)

Figure 5 DoE Chart: optimum Space Filling

The following table shows design points for depth of
cut and radius. The design points for depth of cut are
obtained in the range of 1.111 and 1.2889 with the
random intermediate values. Similarly for the wheel
radius random design points are obtained between
19.278 and 23.722. The DoE is run for every design
points having random values to achieve the optimum
value point for which the response will be generated.

Table 1 Design points generated in DoE

s (Optmal Space Fling Desgn = Max
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ii) Response Surface

The response surface method generates response for
the design of experiments selected and gives the
output as a function of the input provided. The types of
RSM used for optimum results can be either Standard
response method or Kriging.

The main effect of the input parameters on the
output parameters can be understood from the graphs

below. The main effect plot for tip radius as input
parameter on the groove stress in Fig 6 shows that
increase in tip radius leads to decreasing groove stress
value. Larger tip radius increases groove area, thus
minimizing the stress values.
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Figure 6 Main effect plot for normal groove stress

The main effect plot for input parameter (depth of cut)
on the balance capacity which is an output parameter
is represented in fig.7. Increase in depth of cut removes
more material achieving higher balance capacity

values.

//

Depth of Cut (mm})

Balance Capacity (gnim)

Figure 7 Main effect plot for balance capacity

The 3D response chart shows a combined response of
various input parameters on the output parameter in
the form of a 3D curve which is generated based on an
equation. Fig 8 shows 3D response for tip radius and
depth of cut on the output parameter (normal groove
stress). The range of values can also be understood

through the 3d response charts.
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Normal Groove Stress

G, . <
u’tel' T’ N ‘Q““\\
p/ k 5 C\)
gy, v
Diyg o 9
¢ I)),']) AV

Figure 8.3D response chart for normal groove stress
iii) Optimization

The objectives of optimization are defined wherein the
stress is to be minimized seeking the target of the safe
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limit and the balance capacity to be maximized. The
method of optimization can be either set to Screening
or Multi Objective Genetic Algorithm (MOGA).

Candidate points are obtained highlighting the
effect for each parameter. The yellow stars indicate
optimum results, the dash indicates a possibility with
lower impact and Red Cross indicates impossibility of
existence. This helps in selecting optimum value of the
parameters.

Table 2 Candidate points for optimization

CanddsieFontl | CenddsisPontl | CaddaisFortl | Canddsiefontd  CandidaiePomis
B - Grindingabes! ) s 2764 ek 53154 ek 53154 2.8
P8 - Cuterdpradus (ne) k221 - 3.5 ¢ 332 332 1928
B41-set_groove. D1 fom) BI2 B% B3 B3 1815
P42 -depih_cutFDI ) 05389 0.7293 0731 0731 054181
P43 - gupiare. D1 e Er) 5.8 45385 538 8851
P23 - uimesnadius fm) k1588 B ¢ 1682 % 1661 - 1713
P25 - Cutouierads mm) - 039 - W9t X 2m X 213 - 046

5. Results

The behaviour of the output parameters with respect
to the input parameters is determined by using
response surface optimization. The effect of the two
critical input parameters, tip radius and depth of cut is
shown graphically on the output parameters, groove
stress and balance capacity respectively.

The increase in value of tip radius increases the
groove area thus minimizing the groove stress value.
The analysis is performed for four different tip radii.

Tip Radius vs Groove Stress
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Graph 1 Tip radius vs groove stress

Depth of Cut vs Balance Capacity
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Graph 2 Depth of cut vs Balance capacity

The graph 2, shows the effect of depth of cut on the
balance capacity of the turbine wheel, again obtained
through response surface optimization. Increase in the
depth of cut value, removes more material from the
turbine wheel back face thus increasing the balance
capacity which is desired to achieve optimum
balancing of the turbine wheel.

The variation in the values of parameters needs to
be within the acceptable limits which are achieved by
the previous data of the organization based on various
tests. Thus it is mandatory to maintain the values of
parameters within these acceptable limits for the safe
and efficient operation of the component. The
following fig 9 shows percent variation of the
parameters from the acceptable limits.

Percent variation from acceptable limits
70 63.63
60
50
0
E" 40 33.33
§ 30
o
£ 20
10 3.16
0 -1.56 [—]
10 Grinding Depth of Cut  Tip Radius Groove
° wheel Location
diameter
Parameters

Figure 9 Percent variation of parameters from
acceptable limits

The analysis is carried out for all the critical parameter
and a correlation is obtained in order to understand
the relation and variation between the parameters.
This helps in reducing the iteration time and increasing
accuracy. Fig 10 shows the parametric co-relation.

SN Constant Parameter Parameter Variations Groove Stress | Balance Capacity

1 Depth of Cut Grinding wheel diameter

2 Depth of Cut Tip Radius

3 Grinding Wheel Diameter Depth of Cut

Depth of Cut
4+ Grinding Wheel Diameter | O7o0¥e Location

«»«»J»J»
o 4nldmi b e 4
e ad ad

Figure 10 Parametric Co-relation

Conclusions

The intent of the paper was to understand the effect of
the critical input parameters and their variation on the
output parameters. The tool used for analysis is
response surface optimization. The balancing of
turbine wheel is carried out by material removal
process which involves creation of a balance groove on
the back face of the turbine wheel.
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The objective of the process was to achieve maximum
material removal (balance capacity) and minimizing
the groove stress value within the acceptable limits to
ensure safety and efficient functioning of the
turbocharger. The parameters like depth of cut, tip
radius, grinding wheel diameter and groove location
play important role in achievement of the stated output
parameters required for good results. The variation in
these parameters leads to change in the output
parameters. To study this variation response surface
optimization is used.

The design points are generated for each parameter
in design of experiments which have a range of
minimum and maximum values with random points.
Responses are generated for each of these design
points and one with minimum errors and good
variations are selected for optimization. The candidate
points generated in the optimization process highlight
the optimum value of parameters which is selected as
the final input for the analysis.

The response surface optimization process used for
this analysis suggests effective methods for obtaining
optimum results with minimum errors. The time
required for iterations is also greatly reduced. Another
outcome is the co-relation between various parameters
and the effect of variation in them which is highlighted
through main effect plots and 3D responses.

The percentage variation of parameters from
acceptable limits is also highlighted. This helps in
efficient balancing of the turbine wheel assuring its
safety.
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