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Abstract

Response surface methodology (RSM) based on desirability function ap-
proach (DFA) is applied to obtain an optimal design of the impeller geometry
for an automotive torque converter. The relative importance of six design
parameters including impeller blade number, blade thickness, bias angle,
scroll angle, inlet angle and exit angle is investigated using orthogonal design
approach. The impeller inlet angle, exit angle and bias angle are found to ex-
ert the greatest influence on the overall performance of a torque converter,
with two flow area factors being considered, namely 17% and 20%. Then,
RSM together with central composite design (CCD) method is used to
in-depth evaluate the interaction effect of the three key parameters on con-
verter performance. The results demonstrate that impeller exit angle has the
strongest impact on peak efficiency, with larger angles yielding the most fa-
vorable results. The stall torque ratio maximization is attainable with the in-
crease of impeller bias angle and inlet angle together with smaller exit angle.
In the end, an optimized design for the impeller geometry is obtained with
stall torque ratio and peak efficiency increased by 1.62% and 1.1%, respec-
tively. The new optimization method can be used as a reference for perfor-
mance enhancement in the design process of impeller geometry for an auto-
motive torque converter.

Keywords

Automotive Torque Converter, Response Surface Methodology, Desirability
Function Approach, Central Composite Design, Optimization

1. Introduction

Torque converters are widely used in vehicle power transmission systems and

DOI: 10.4236/0japps.2020.107032

Jul. 27, 2020 455

Open Journal of Applied Sciences


https://www.scirp.org/journal/ojapps
https://doi.org/10.4236/ojapps.2020.107032
https://www.scirp.org/
https://doi.org/10.4236/ojapps.2020.107032
http://creativecommons.org/licenses/by/4.0/

X. Chen, J. Chen

transfer the torque and power from engine to transmission by the hydraulic op-
eration of transmission oil. Despite of its ability to provide good acceleration
performance and absorb excessive vibration, its mechanical efficiency is rela-
tively low. Nowadays, a few new techniques are in use to overcome the low effi-
ciency. The application of the locking clutch of the turbine to the impeller and
the optimized design of shape of torus and blades to enhance the hydraulic per-
formance are the two representative methods. The first technique is very effec-
tive at the wider range of vehicle speed, but not easy to obtain an optimized
shape since a large number of design parameters are involved. Typically, several
torque converters are designed and tested by computational fluid dynamics
(CFD) and experiment until the target performance is met [1]. In an automatic
transmission, the output torque and power of the engine is imparted to the
transmission oil by the impeller of the torque converter. The impeller provides
the pressure rise and increases the angular momentum of the oil through the ro-
tation and the flow turning [2]. Therefore, it is very important to understand the
influence of impeller geometrical parameters on performance characteristics of a
torque converter. This knowledge will greatly help designers to improve the
torque converter performance.

It is generally been accepted that while the accuracy of CFD analyses has not
yet achieved a level that is equivalent to experimental techniques, its ability to
correctly predict the direction of any changes is reliable [3]. In recent years, CFD
has been widely used in turbomachinery design and optimization. Rutter et al [4]
investigated the hydraulic performance of a centrifugal pump within the elec-
trical submersible pump (ESP) unit in single-phase flow using CFD technique.
Zhao, et al. [5] optimized a double-channel pump’s impeller by combined using
CFD, multi-objective genetic algorithm (MOGA) and artificial neural networks
(ANN). Shojaeefard, et al. [6], and Bellary, et al [7], improved the performance
of a centrifugal pump impeller based on CFD simulations. Hur, et al [8] ana-
lyzed the flow and performance of a partially-charged water retarder by CFD.
Many researchers have also studied the flows in torque converters by using CFD
codes employing various methods [9] [10] [11]. In order to improve the conver-
ter performance, it is required to obtain detailed understanding and relationship
between the governing parameter and its effect on the performance, including
efficiency, torque ratio and the input capacity factor. Kubo, et al [12] analyzed
the effects of the turbine bias angle and the impeller flow passage contraction ra-
tio on the internal flow characteristics and the occurrence of loss. Shin, et al [13]
investigate the effect of the flow section area, flow rate, impeller blade angle and
scroll angle of impeller and turbine on the performance of a torque converter.
The analytical and numerical results obtained a refined relationship between
geometry and performance. Shin, et al [14] [15] investigated the effect of
reactor blade geometry with varying thickness ratios, scroll angles and slot an-
gles on the performance of a torque converter. However, the existing studies

are limited to investigate the influence of only one or two geometrical para-
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meters individually each time, and reports in the literature regarding their com-
binations effect on the torque converter performance characteristics can hardly
be found.

The traditional one-factor-at-a-time approach has been widely used for evalu-
ation or optimization of these parameters [16] [17] [18]. The major disadvantage
of this approach is that it fails to consider any possible interaction between fac-
tors, and therefore it may lead to misinterpretation of results. However, design
of experiments (DOE) and CCD statistical approaches enable the simultaneous
study of several factors and assessment of their statistical significance, as well as
the evaluation of interaction effects. DOE method is widely used to find the im-
portance level of the design parameters with respect to the optimization target
and obtain the best combination of design variables. Park, et al [19] studied a
methane-fueled gas engine generator with addition of hydrogen using DOE me-
thod. Wu, et al [20] studied the influence of volute geometrical variations on
hydrodynamic characteristics of a high speed circulator pump by using CFD
technology and DOE method. Taghavifar, et al [21] applied DOE evaluation to
introduce the optimum injection strategy-chamber geometry of diesel engine.
CCD method is widely applied to evaluate the interaction effect and explore the
optimum combination of key parameters. Sagbas [22] optimized ball burnishing
process using rotatable central composite design (CCD) together with desirabil-
ity function approach. Hatami, ef al [23] applied CCD approach to obtain an
optimal design of the vane geometry for a variable geometry turbine. Although
several studies [24] [25] [26] were reported using various methods to optimize
torque converters, application of DOE combined with CCD to optimize a torque
converter is scarce.

In this present paper, the main objective is to improve the overall perfor-
mance of automotive torque converters by means of impeller geometry optimi-
zation using DOE and CCD methods. A new parametric geometric design me-
thod of impeller is proposed by using parametric equations and Creo software. A
DOE array is used to reduce the number of analyses required at each flow area
factor, with two area factors being investigated, namely 17% and 20%. The DOE
post-processing analysis is also used to rank the relative importance of the geo-
metric parameters for both area factors. Then, the CCD method is applied to
in-depth evaluate the interaction effect of the three most important parameters
and the optimization is done to have the best overall performance of a torque

converter.

2. Parametric Model of Impeller
2.1. Torus Design

The impeller parametric design starts with the definition of the torus shape.
Various design parameters including active diameter, aspect ratio and two arc
radii are needed to determine the shell profile of an automotive torque converter

torus. As the flow area in the circular path, in the proposed torque converter
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model, is assumed constant, only the design parameter area factor f, isused to
determine the design path and core of torus. Consequently, by defining the im-
peller inlet radius R, and outlet radius R,, along with the shell and core, the

torus profile of impeller can be obtained as shown in Figure 1.

2.2. Blade Design

Each impeller blade profile (Figure 3(c)) is formed by a three dimensional (3D)
curve of the shell and a 3D curve of the core. The 3D curve can be calculated
from the torus and a two dimensional (2D) design curve using conformal trans-
formation principle. Figure 2 shows the schematic representation of a 2D design
curve. With the origin at the starting point of the curve, the coordinate of £, is

(0, 0). The curve expression can be written with the following equation:
Ax* +By* +Cx+Dy+Exy =0, (1)
where A4, B, C, D and E are the coefficients of the variables. It should be noted

that the value of Dis 1.0 and the parametric equation of the 2D design curve can

be obtained as

Ax + By} +Cx, +y, + Ex,y, =0, (2)

Ax; + By, +Cx, +y, +Ex,y, =0, (3)
tan(a, —90)+C =0, (4)

(Ex, +2By, +1)tan(a; —90)+24x, + Ey, +C =0, (5)

where ¢, is the exit angle of impeller, and ¢, is the inlet angle of impeller. In
the present study, four design parameters including exit angle ¢, inlet angle
a,, offset size d, and conic factor f, are provided to calculate the 2D design

curve. The coordinates of P, and £, can be obtained as

y. =x, tan(a, —90), (6)
y. =y, —(x, —x,)tan(a, —90), (7)
X =%/2+(x, - x,/2) f., (8)
n=n2+(v=n/2) fo 9)

where Pc(xc, yc) is the intersection of the two tangent lines that across the
curve’s starting and ending points, respectively (Figure 2). According to the de-
finition of 2D design curve, x, value and y, value equal to the length of torus
Jand offset size d, respectively.

The 2D design curve can be easily constructed by having the torus and the
four design parameters defined. After the definition of 3D curves of shell and
core, another design parameter bias angle S is used to obtain the blade profile.
Given the impeller blades are constant-thickness stamped sheet metal, the blade
thickness ¢is defined. Once the torus shape and five-blade design parameters in-
cluding exit angle ¢, inlet angle «,, offset size d, conic factor f,, bias angle

f and blade thickness ¢ are determined, the basic blade geometry of impeller is
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generated by means of parametric equations and Creo software. The schematic
representation of the construction of impeller blade is shown in Figure 3.

After the definition of the torus and a blade, the construction of the whole
impeller geometry is easy and is based on the rotation of the generic blade
around the axis; for doing so the number of blades z should be provided by the
user. The completed impeller parametric geometry is shown in Figure 4. The
design parameters considered for the parametric study are shown in Table 1,

provided that the torus of impeller is determined.
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Figure 1. Torus profile of impeller.
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Figure 2. Schematic representation of 2D design curve.
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Figure 3. Schematic representation of the construction of impeller blade: (a) 2D design
curve for impeller blade, (b) 3D curve of impeller, (c) blade profile of impeller, (d) blade
geometry of impeller.
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Figure 4. Impeller parametric geometry.

Table 1. Parameters of impeller.

No. Description Parameter
1 Exit angle of impeller at shell (*) a,
2 Inlet angle of impeller at shell (*) a,
3 Conic factor of impeller blade at shell £
4 Offset size of impeller blade at shell (mm) d,
5 Exit angle of impeller at core () a,
6 Inlet angle of impeller at core (*) a,,
7 Conic factor of impeller blade at core S
8 Offset size of impeller blade at core (mm) d,
9 Bias angle of impeller (*) B
10 Blade number of impeller z
11 Blade thickness of impeller (mm) t

3. Model Verification

3.1. Computational Approach

An automotive torque converter is selected as a reference to generate the para-
metric model. The reference torque converter has an active diameter of 250 mm
and the number of blades in the impeller, turbine, and stator are 31, 29, and 21,
respectively. STAR-CCM + software is used to generate the computational mesh
and perform the internal flow calculations in an appropriate way. The computa-
tional mesh is given in Figure 5 where only one blade passage is modeled for
each element to illustrate the mesh distribution in the computational field when
approximately 111,000 grid cells in total are used. The polyhedral cells with five
prism layers are used on the model. The leakage between the elements and also
between an element and the core flow are disregarded. A cyclic boundary condi-
tion is imposed on both peripheral boundaries outside a blade passage. A no-slip
wall boundary condition is also imposed on all the walls bounding the domain,

with a spin applied as necessary. The interfaces between elements have been
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handled by using the mixing plane method. A second-order upwind differencing
scheme is utilized and the SST 4-w model is also used for the turbulence. Steady
state simulations are performed for a range of speed ratios from 0.0 to 0.9 while

maintaining an impeller speed of 2000 rpm.

3.2. Comparison between Simulation and Experimental Results

Figure 6 compares the measured and calculated overall performance including
efficiency 7, torque ratio 7Tr, and impeller torque factor A, for the parame-
tric model of the torque converter. As indicated here, the tendencies of the expe-
rimental data correlated relatively well with the calculated results, confirming
that the parametric model and computational method are valid in general. It is
of note that the CFD underestimates the impeller torque factor A; atlow speed
ratios. The discrepancy between measurements and calculations are reasonable

because of the overestimated incidence losses at low speed ratios.

4. Design of Experiments (DOE)

4.1. Influence of Flow Area

When the circuit size is determined with satisfying the performance require-
ments, the flow cross-section can be determined with a rule of thumb that the
flow area is uniform throughout the blades. In the present study, three toque
converter parametric models with different flow areas are designed and simu-
lated to investigate the effects of flow area on their overall performance including
efficiency and impeller torque factor. For comparison, the flow area is altered to
17%, 20%, and 23% of area of a circle represented by the converter diameter (£ =
17%, 20%, and 23%). The design parameters are unchanged as much as possible
except the area factors and simulation models with varying area factors are
shown in Figure 7.

In Figure 8, the performance analysis shows the significant increases of im-
peller torque factor with the flow area increases, whereas efficiency calculation
does not show significant increase as shown in Figure 9. It can be concluded that
the impeller torque factor is more sensitive than efficiency to the torque conver-

ter’s flow area.

Turbine

Stator

Figure 5. Torque converter grid model.
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Figure 6. Comparison of the CFD calculation analysis
with experimental results.
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Figure 7. Simulation models with varying area factors: (a) £ = 17%, (b) £ =
20%, and (c) £, = 23%.
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Figure 8. Effects of flow area on impeller torque
factor of torque converters.
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Figure 9. Effects of flow area on efficiency of
torque converters.
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4.2. Factors and Levels in DOE

DOE is a collection of mathematical and statistical techniques to reduce the
number of experiments in order to find the effect of parameters affecting a re-
sponse in a process, thereby aiming for a reduction in both costs and time [27]
[28] [29]. A DOE method sets out configurations (or arrangements) to be con-
ducted using an appropriate orthogonal array; the terminology used in these ar-
rays includes “factors”—an item that is to be varied during the simulations, “lev-
el”—the number of times a factor is to be varied during the simulations and
“configuration number”—the number of simulations that are required to be run
to complete the analysis [30]. The selection of an appropriate DOE array is de-
pendent on the number of factors and the levels of the factors to be analyzed. As
mentioned above, 11 design parameters are used to obtain an impeller parame-
tric model. Blade scroll angle y is introduced as another design parameter to
investigate the effect of the impeller geometry on the performance of a torque
converter. The scroll angle is defined as the angle between the two planes con-
taining the intersection of the design path and the entering and leaving edges of
the blade when that blade does not lie in one axial plane. Impeller blades with
varying scroll angles are shown in Figure 10.

The scroll angle can be determined by four design parameters including exit
angle ¢, inlet angle «,, conic factor f,, and offset size d, provided that the
torus is defined. Matlab software is used to develop a simple-to-use GUI to cal-
culate scroll angle as shown in Figure 11.

The blade scroll angles at shell and core can be represented by the blade scroll
angle on the design path. Similarly, the inlet angles and exit angles at shell and
core can be represented by the inlet angle and exit angle on the design path. Fi-
nally, the 11 design parameters of impeller are translated into 6 parameters in-
cluding exit angle ¢, inlet angle «,, scroll angle y, bias angle £, blade
thickness # and blade number z The selected factors and levels in DOE are listed
in Table 2. The underline sign in the table indicates the base value of impeller

design parameters.

4.3. DOE Evaluation

For this paper, six main geometrical parameters mentioned above are selected as
design variables (factors) and five different values (levels) are assigned for each
design parameter. So 25 (L,[5°]) configurations with different combinations are
generated for DOE. Stall torque ratio 77, and peak efficiency 7" are used as
the dynamic characteristic and economic characteristic, respectively, to evaluate
the performance of torque converters. Two area factors including 17% and 20%
are considered. The final design matrix in DOE is presented in Table 3 along
with the responses predicted by CFD.

One aspect of the DOE method is utilized response averages, calculated for
each response and area factor in relation to a specific geometry parameter varia-

ble, to provide detail relating to the influence of the geometric factors on the
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performance of a torque converter. For example, to calculate the response aver-

ages relating to the 27 blade number, the average of the stall torque ratio and

peak efficiency would be calculated from case number 1, 2, 3, 4 and 5. The cal-

culated response average values for each level and for all parameters are shown
for each area factor in Table 4, Table 5.

Figure 10.

4

Rotation

B scrollangleCalculation

D:\ScrollAngleCalculation'\ScrollAngleC \Shell.xlsx

Scroll Angle Calculation

Impeller blades with varying scroll angles.

=] o (]

—Design parameters ———
Length torus [ 62.5939 mm

Offset size d -1.0818 mm

Exitangle aoJ 113
Inletangle @2 50 °
Conic factor fe 0.6

— Output

Scroll angle 1.72 ¢

Sho
’7 [ Torus " 2D curve ” 3D curve ‘

End-

e

Figure 11. GUI interface used for scroll angle calculation.

Table 2. Factors and levels in DOE.

Factors Levels

1 2 3 4 5

z 27 29 31 33 35

#/(mm) 0.9 1.0 1.1 1.2 1.3

BIC) -15 0 15 3 4.5

y () -0.28 0.72 1.72 2.72 3.72

o, /(°) 103 108 113 118 123

a, (%) 45 50 55 60 65
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Table 3. Design matrix and results in DOE.

Factors Responses
Case number fi=17% f.=20%
z /(mm) p£I1C) 7 I1(°) o, /(°) a, (%)
Tr, 7" (%) Tr, 7" (%)
1 27 0.9 -1.5 -0.28 103 45 1.715232 79.865 50 1.809 260 78.503 70
2 27 1.0 0 0.72 108 50 1.702 694 80.233 73 1.810 344 80.110 81
3 27 1.1 1.5 1.72 113 55 1.748 850 81.292 62 1.866 738 82.279 18
4 27 1.2 3 2.72 118 60 1.769 172 80.974 52 1.880 240 81.483 16
5 27 1.3 4.5 3.72 103 65 1.798 510 79.840 45 1.918 926 79.157 27
6 29 0.9 0 1.72 118 65 1.744 180 81.482 67 1.831 391 81.165 12
7 29 1.0 1.5 2.72 123 45 1.713 947 79.865 50 1.817 788 84.493 67
8 29 1.1 3 3.72 103 50 1.795 316 80.233 73 1.865 114 79.053 13
9 29 1.2 4.5 -0.28 108 55 1.777 395 81.292 62 1.897 089 80.721 67
10 29 1.3 -1.5 0.72 113 60 1.693 166 80.974 52 1.772 419 80.656 17
11 31 0.9 1.5 3.72 108 60 1.768 039 79.840 45 1.866 011 80.304 73
12 31 1.0 3 -0.28 113 65 1.750 658 81.482 67 1.844 729 81.120 89
13 31 1.1 4.5 0.72 118 45 1.733 369 83.626 48 1.842 111 83.468 03
14 31 1.2 -1.5 1.72 123 50 1.694 157 79.178 20 1.805 450 84.588 20
15 31 1.3 0 2.72 103 55 1.755 297 79.719 79 1.843 188 80.388 25
16 33 0.9 3 0.72 123 55 1.714 483 80.939 80 1.826 645 83.849 77
17 33 1.0 4.5 1.72 103 60 1.806 527 80.095 42 1.924 480 79.972 57
18 33 1.1 -1.5 2.72 108 65 1.709 343 80.472 92 1.775 109 78.728 82
19 33 1.2 0 3.72 113 45 1.681 214 83.000 76 1.762 818 82.019 11
20 33 1.3 1.5 -0.28 118 50 1.709 789 83.692 89 1.787 212 82.959 86
21 35 0.9 4.5 2.72 113 50 1.754 020 81.025 56 1.871 894 83.023 52
22 35 1.0 -1.5 3.72 118 55 1.696 652 82.713 15 1.747 687 82.212 35
23 35 1.1 0 -0.28 123 60 1.707 872 79.185 77 1.805 092 83.913 13
24 35 1.2 1.5 0.72 103 65 1.734 484 80.007 38 1.851 991 79.621 78
25 35 1.3 3 1.72 108 45 1.746 645 82.465 14 1.808 241 80.599 8
Table 4. Response averages and percentage contributions for area factor 17%.
Factors
Responses Influence level
z t/(mm) L1C) y 1) o /(%) a, (%)
K, 1.746 891 1.739 190 1.701 710 1.732 189 1.761 371 1.718 081
K, 1.744 801 1.734 095 1.718 251 1.715 639 1.740 823 1.731 195
Stall torque ratio
Tr, K, 1.740 304 1.738 950 1.735 022 1.748 072 1.725 581 1.738 535
K, 1.724 271 1.731 284 1.755 255 1.740 356 1.730 632 1.748 955
K 1.727 934 1.740 681 1.773 964 1.747 946 1.725 794 1.747 435
k, 80.441 37 80.630 80 80.640 86 81.103 89 79.984 37 81.764 68
k, 80.769 81 80.878 10 80.724 54 81.156 38 80.860 97 80.872 82
Peak efficiency
P k, 80.769 52 80.962 30 80.939 77 80.902 81 81.555 23 81.191 59
k, 81.640 36 80.890 70 81.219 17 80.411 66 82.497 94 80.214 14
k 81.079 40 81.338 56 81.176 11 81.12571 79.801 94 80.657 22
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Table 5. Response averages and percentage contributions for area factor 20%.

Factors
Responses Influence level
z t/(mm) B1C) y 1) o, /() a, /(%)

K, 1.857 101 1.841 040 1.781 985 1.828 676 1.858 806 1.808 043
Stall K, 1.836 760 1.829 005 1.810 566 1.820 702 1.831 359 1.828 002

torque
ratio K, 1.840 298 1.830 833 1.837 948 1.847 260 1.823 719 1.836 269
I, K, 1.815253 1.839 517 1.844 994 1.837 644 1.817 728 1.849 648
K, 1.816 981 1.825 997 1.890 900 1.832 111 1.834 780 1.844 429
k, 80.306 82 81.369 37 80.937 85 81.443 85 79.507 89 81.816 86
k, 81.217 95 81.582 06 81.519 28 81.541 31 80.093 17 81.947 10

Peak
. . k, 81.974 02 81.488 46 81.931 84 81.720 97 81.819 77 81.890 25

efficiency 7" /%

k, 81.506 03 81.686 79 81.623 48 81.623 48 82.257 71 81.265 95
k. 81.874 12 80.752 27 81.268 61 80.549 32 83.200 41 79.958 78

One other important aspect of the DOE method is the ability to calculate the
percentage contribution of a geometric parameter to a specified performance
characteristic. The percentage contributions are calculated from an analysis of
variance that effectively measures how far the performance characteristic values
for a specific geometry variable vary from the mean. The amount that the high
and low parameter levels vary from the mean provides a measure of that para-
meter’s influence on a particular performance characteristic. This is converted
into a percentage value to provide a measure of the contribution relative to the
other parameters. Again percentage contributions have been calculated for each
area factor. A summary of the percentage contributions for stall torque ratio
Tr, and peak efficiency 7" at area factors 17% and 20% is shown in Figure 12.

The percentage contributions provide a great deal of information regarding
the importance of the various geometric factors of impeller. As shown in Figure
12, exit angle ¢, has the strongest effect on peak efficiency at both 17% and 20%
area factors although this effect reduces for the stall torque ratio. It should be
noted that while the peak efficiency contributions for the bias angle [ are rel-
atively low, the contributions to the stall torque ratio at both area factors are
surprisingly large. The inlet angle o, and blade number z show a lesser con-
tribution while the blade thickness ¢ generally has a significantly lesser effect. It
can be concluded that the inlet angle «,, bias angle £, and exit angle ¢, ex-
ert the greatest influence on the overall performance of a torque converter.

The DOE array provides useful information in the form of the percentage
contributions, but not provide information on interaction effects between the
geometric parameters. Later, a CCD technique will be used to gauge the interac-

tive effect among these three dominant factors.

DOI: 10.4236/0japps.2020.107032

466 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2020.107032

X. Chen, J. Chen

| e f=17%

Contribution value C/ %

Factor

Figure 12. Percentage contributions of influence factors (1
-6 correspondtoz t, B, ¥, « and a, respectively).

5. Optimization Analysis
5.1. Central Composite Design (CCD)

The CCD consists of a two-level full or fractional factorial design (corner points),
an additional design (star points) and at least one point at the center of the de-
sign space (center points) (Figure 13). If the distance from the center of the de-
sign space to a factorial point is +1 unit for each factor, the distance from the
center of the design space to a star point is o with |a| >1. The a value
equals to (2™)"*, where m is the number of factors [31] [32]. In the present study,
m equals to 3 so that the o value is 1.682. Therefore, each factor is studied in
five different levels (—1.682, —1, 0, +1, +1.682), which is listed in Table 6.
According to CCD, 15 torque converter cases should be modeled and their
properties are presented in Table 7. It should be noted that nine points are con-
sidered for central points and two responses are considered for the optimization,
stall torque ratio and peak efficiency. The corresponding calculation results for
two area factors are presented in Figure 14 and Figure 15. Figure 14 reveals
that case 4 has the maximum stall torque ratio, but it has a low peak efficiency
and case 10 has the maximum peak efficiency. As seen in Figure 15, case 10 also
has the best peak efficiency, but it has the minimum stall torque ratio and case 9
has the maximum stall torque ratio. So, an optimization study is needed which is

performed using CCD technique in the present study.

5.2. Evaluation and Optimization

In CCD, a polynomial model with quadratic order is applied to responses (stall
torque ratio and peak efficiency). P-value Probs are estimated to be 0.0024 and
less than 0.0001 while R-squared values are 0.8002 and 0.9909 for Tr, and 7",
respectively, for 20% area factor. For 17% area factor, P-values are also estimated
to be less than 0.0001 while R-squared values are 0.9596 and 0.9957 for 77, and
1", respectively, which are meaningful. By using the quadratic equation for the
surfaces, the stall torque ratio and peak efficiency can be estimated by the fol-

lowing equations for different area factors.

DOI: 10.4236/0japps.2020.107032

467 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2020.107032

X. Chen, J. Chen

e a
CL-LD) o o (-L1,1)
1,-1,1 |
( ) | Fan (BB
-a Centeri points a
*— - . e e

P - 1L1-1)
GE-1,-1)
-~ Corner points

(1-1,-1) o  (LL-D
-a
Star points

Figure 13. CCD design points.

18 %

1% 86
e S
= *
2 s

<12 S\ o
= =
3 k]
Q

S £
- o
= ~
i f53

N 14 [}

16 ]

123 4567 8910111213141
Case number

12345678 9101112131415
Case number

() (b)
Figure 14. (a) Stall torque ratio and (b) peak efficiency for all designed cases at 17% area
factor.
19 90
186
N o 3
& S
] 1 =
EREN 5 8
8 8
2 )
g 174 a&:’ 75
— L
= 17 =
2 £ n
166

2
3

1234567 89%9101121BMHMIB
Case number

(a) (b)

123456789011 2BMES
Case number

Figure 15. (a) Stall torque ratio and (b) peak efficiency for all designed cases at 20% area
factor.

Table 6. Factors and levels in CCD.

Factors Levels
-1.682 -1 0 1 1.682
a, /() 96.182 103 113 123 129.818
a, /(%) 33.182 40 50 60 66.818
BIC) -3.363 6 -2 0 2 3.3636
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Table 7. Design matrix and results in CCD.

Factors
Case number

o /(%) a, /(°) B1C)
1 103 40 -2
2 103 40 2
3 103 60 -2
4 103 60 2
5 123 40 -2
6 123 40 2
7 123 60 -2
8 123 60 2
9 96.18 50 0
10 129.82 50 0
11 113 33.18 0
12 113 66.82 0
13 113 50 -3.36
14 113 50 3.36
15 113 50 0

1) 17% area factor:
Try =3.142854 - 0.020606 x ¢r, —0.008621x &z, +0.069109 x
+0.000033x ¢, x r, —0.000614 x ¢, x 4+ 0.000228 x ot X 5 (10)

+0.000077634 x a;! +0.000057431x ez +0.000088982 x 3

n" =70.576115+0.063839x &t, —0.052123 % &z, +0.459299 x 3
+0.001304x @, x @, —0.003970x a, x B+0.000718x e, x B (11)
+0.000224 x &7 —0.001356 x &2 —0.053936x 3>

2) 20% area factor:
Tr, =2.133640-0.003426 x o;; —0.001724 x ar, +0.003084 x B
+0.000040423 x ¢, x &, —0.000061050 x ¢, x S+ 0.000203%x @z, x # (12)
—0.000002332 x ;" —0.000018698 x a2 +0.001840 % f3°

n" =6.418795+0.844738 x &, +0.751594 x az, +0.373003x 3
—0.002840x o, x ct, —0.004281x @, x B+0.001974x at, x B (13)
~0.002217 x &” —0.004945 x &2 —0.017527 % 3°

By applying the above formula one can approximate the stall torque ratio and
peak efficiency for all non-simulated cases.

As mentioned above, the interaction of each parameter with other parameters
should be considered at the same time on stall torque ratio and peak efficiency.
Therefore, the response surfaces are presented in Figure 16 and Figure 17 for

each area factor, respectively, to show this interaction on 77 and 7". These
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figures show the interaction between the three parameters for the optimized de-
sign. An increase in bias angle £ and inlet angle ¢, together with an de-
crease in exit angle ¢, yield higher stall torque ratio amounts although the ef-
fect of bias angle is more sensible than inlet angle and exit angle due to its high
slope in the surface in Figure 16(a), Figure 16(b), Figure 17(a) and Figure
17(b). As an important outcome, exit angle has the most significant effect on
peak efficiency, while bias angle and inlet angle may have optimum values that
maximize the peak efficiency (Figure 16(c), Figure 16(d), Figure 17(c), and
Figure 17(d)). It is of note that the minimum value of peak efficiency at 20%
area factor is lower than that at 17% area factor as shown in Figure 16(c) and
Figure 17(c). This phenomenon can be explained by the fact that the curvature
of the core increases with the increase of flow area of a torque converter, which

may result in larger flow losses.
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Figure 17. Response surface of stall torque ratio and peak efficiency for optimization at

20% area factor. (a) Exit angle and bias angle, (b) inlet angle and bias angle, (c) inlet angle
and exit angle, and (d) exit angle and bias angle.

With CCD, optimization is based on a parameter called “desirability”. Desira-
bility is an objective function ranging from 0.0 outside of the limits to 1.0 at the
goal. The numerical optimization finds a point that maximizes the desirability
function. The characteristics of the goal may be altered by adjusting the weight
or importance. For several responses and factors, all goals get combined into one
desirability function [23]. In this paper, two responses are defined as stall torque
ratio and peak efficiency. The goal of optimization is to find a set of conditions
that meet all the goals, not to get a desirability value of 1.0. Desirability reflects
the preferred ranges for each response (d/). The simultaneous objective function

is a geometric mean of all transformed responses:

1
1 n ;
D’:(dl'Xdz'X"'Xdi;)n:[Hdi’J (14)
i=1

where n is the number of responses in the measure (in this case, 7 = 2). If any of
the responses or factors fall outside their desirability range, the overall function
becomes zero. For simultaneous optimization, each response must have a low
and high value assigned to each goal. In this study, the goal parameter used is
“maximum” (for both stall torque ratio and peak efficiency) as follows:

d/ =0 Y, < Low,
d = [(X —Low, )/(High,. —Low, )]w’i , Low, <Y, < High, (15)
d/ =1 Y, > High,

where Y is the ith response value and wt is the weight of that response. Weight
adds emphasis to the goal. A weight greater than 1 (maximum weight is 10),
emphasizes the goal and less than 1 (minimum weight is 0.1), deemphasizes the
goal. In this paper, two responses are defined, the weights will be determined
according to the designer’s performance demand.

After optimization analysis by above surface formula, CCD proposes three op-
timized cases for each area factor (Table 8). Optimized cases 1 and 4 have the
maximum stall torque ratio while optimized cases 2 and 5 have the best peak ef-
ficiency. Optimized cases 3 and 6 have the largest desirability when the weights
of responses are considered equal. It is clear that torque converters with 20% area
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factor have better performance characteristics than torque converters with 17%
area factor.

In the present study, optimized case 6 is selected as the final optimized case
which is designed and calculated. Table 9 compares the theoretical and calcula-
tion results. The CFD calculation results at the optimum parameter combination
confirm the effectiveness of the response surface model for optimum design pa-
rameters. Compared to the original model, the stall torque ratio and peak effi-
ciency of the optimized one have increased by 1.62% and 1.1%, respectively.
Figure 18 shows the performance comparison of the optimized design with the

original one which illustrates the improvement of performance.

6. Conclusions

A new parametric design method of the impeller for an automotive torque con-
verter has been used to conduct a parametric study covering 11 geometric para-
meters. The 11 geometric parameters can be represented by 6 design parameters
including the impeller blade number z blade thickness ¢ bias angle f, scroll

angle y,exitangle ¢, andinletangle «,.

Table 8. Optimized cases proposed by CCD.

No. f o, /(°) a, /(%) B /()  Predicted Tr, Predicted n" /%
1 17% 96.180 33.180 3.36 1.8232 79.458 8
2 17% 129.82 43.142 -0.233 1.698 5 85.172 5
3 17% 97.771 33.180 3.36 1.8129 79.677 1
4 20% 96.180 66.820 3.36 1.900 6 77.162 8
5 20% 129.82 38.104 -3.069 1.765 1 86.294 5
6 20% 122.57 54.098 3.36 1.841 6 83.659 3

Table 9. Comparison of the calculation and CCD proposed values for optimized case 6.

Responses Calculation data Predicted by CCD
Tr, 1.841 955 1.841 60
n /% 83.768 95 83.659 3
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Figure 18. Performance comparison of the optimized de-
sign with the original model.
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An L,[5°] DOE array has been successfully constructed for two responses in-
cluding stall torque ratio and peak efficiency. The analysis of the array identified
the dominant geometrical influences on the performance of the torque converter.
In general, the impeller exit angle ¢, inlet angle ¢, and bias angle [ are the
three strongest influences on the overall performance, with two area factors (17%
and 20%) considered.

CCD method has been employed to investigate the interactive effect among
the impeller inlet angle, exit angle and bias angle. Predictive equations are pre-
sented that can identify expected performance at specific arrangements different
from those analyzed. Results show that larger impeller bias angle and inlet angle
together with smaller exit angle bring about an increase of the stall torque ratio
while a larger exit angle is favorable to increase the peak efficiency. A final opti-
mized design of impeller is obtained based on desirability function approach to-
gether with the predictive equations. Compared with the original model, the stall
torque ratio and peak efficiency of the optimized model are increased by 1.62%
and 1.1%, respectively.

Performance prediction models with more prediction accuracy for a torque

converter can be used as a further research direction.
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