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Abstract

In this study, we numerically investigated the effect of friction pad geometry on drag
torque reduction in the disengaged state of a wet clutch used in an integrated mechanical
limited-slip differential (mLSD)-disconnector module. A paper-based friction pad was
considered, and three-dimensional computational fluid dynamics (CFD) simulations were
performed for a periodic sector using ANSYS Fluent 2021 R1 under oil-filled single-phase
conditions. The numerical approach was validated against previously reported numerical
results, showing an average deviation in dimensionless drag torque of less than 0.5%. The
effects of friction pad geometry on lubricant flow behavior, wall shear stress, and drag
torque were then evaluated. Based on these results, full factorial combination analysis
and piecewise cubic Hermite interpolating polynomial (PCHIP) methods were applied
to derive an optimized groove geometry that reduces drag torque while limiting the
reduction in friction pad area. The selected PCHIP-based geometry reduced drag torque
by approximately 4.10% relative to the reference geometry while limiting the friction pad
area loss to within 2.50%. These results show that drag torque can be reduced by forming
an effective oil discharge path through appropriate groove geometry design, providing
a practical CFD-based optimization approach for improving wet clutch efficiency while
maintaining the effective friction pad area.

Keywords: drag torque; friction pad geometry; parametric optimization; wet clutch;
computational fluid dynamics

1. Introduction

Driven by greenhouse gas emission regulations and the growth of the electric vehicle
(EV) market, automotive powertrains are rapidly transitioning from internal combustion
engine-based systems to electrified powertrain architectures. In electrified drivetrains,
stable torque delivery, high drivetrain efficiency, and compact packaging are key design
requirements [1,2]. A mechanical limited-slip differential (mLSD) improves handling
and driving stability by controlling torque transmission between the driving wheels [3],
whereas a disconnector reduces unnecessary power transmission and rotational losses by
disconnecting the drive shaft from the power transmission path under specific operating
conditions [4]. To satisfy these functional and packaging requirements, an mLSD-integrated
disconnector can be used as a compact drivetrain module that combines limited-slip
differential and power-disconnection functions, as shown in Figure 1. In this module, a
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wet multi-plate clutch is used as a key component for power connection and disconnection.
However, even in the disengaged state, a thin oil film remains in the clearance between the
friction plate and the separator plate, as shown in Figure 2. The relative rotation between the
plates shears this oil film and generates drag torque leading to residual torque transmission
and mechanical power loss in the drivetrain [5-10]. Therefore, reducing drag torque in the
disengaged wet clutch is important for improving the efficiency of the mLSD-integrated
disconnector.

Differential Cover

Shim - Inner - Outer - Inner - Outer

Figure 1. Schematic view of an mLSD with multi-plate clutch packs.
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Figure 2. Disengaged state of a wet clutch.

To reduce drag torque in wet clutch systems, previous studies have investigated the
effects of operating conditions, lubricant flow behavior, groove geometry, and optimization-
based design approaches [5-18]. These studies have shown that drag torque, particularly
under open or disengaged clutch conditions, is strongly affected by rotational speed,
plate clearance, oil viscosity, oil supply conditions, and the flow regime within the clutch
clearance [6-9,11-16]. In addition, groove geometry plays an important role in modifying
the lubricant flow path, pressure distribution, and wall shear stress, all of which directly
influence drag torque [5,10,13,15-18]. Based on this relationship, recent studies have
applied optimization-based design approaches to the design of groove geometry to further
reduce drag torque in wet clutch systems [17,18]. However, most previous studies have
focused on conventional wet clutch systems or specific groove profiles, and the application
of groove geometry optimization to wet clutches used in mLSD-integrated disconnectors
has remained limited. Moreover, in practical clutch design, reducing drag torque by simply
enlarging the groove can decrease the effective friction pad area, which is closely related
to the torque transmission capability in the engaged state. Previous studies on grooved
wet-clutch friction surfaces have shown that groove area, groove depth, and groove pattern
affect engagement characteristics, contact pressure, thermal behavior, and friction material
wear [19,20]. Li et al. [20] examined groove area ratios ranging from approximately 10% to
25% and showed that an increase in groove area can reduce the effective land area and alter
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the contact pressure, engagement time, and wear characteristics. Based on these findings,
the decrease in friction pad area relative to the reference geometry was conservatively
restricted to within 2.5% in the present optimization. However, friction pad area alone does
not fully represent engagement performance, which is also affected by contact pressure
distribution, thermal behavior, friction characteristics, and wear. Accordingly, friction pad
area was used as a first-order proxy for preserving engagement capability rather than as a
direct measure of engagement performance.

In this study, the effects of friction pad and groove geometry on drag torque reduction
in the disengaged wet clutch of an mLSD-integrated disconnector were numerically inves-
tigated under oil-filled single-phase conditions. This condition was selected because drag
torque under open or disengaged clutch conditions is mainly governed by viscous shear
when the clutch clearance remains filled with lubricant, making it suitable for evaluating
geometry-induced changes in wall shear stress [11,15,16]. A three-dimensional CFD model
was developed using ANSYS Fluent 2021 R1 while considering the porous characteristics
of the friction pad [21,22]. A periodic sector including a single friction pad and groove
was also modeled to represent the repeated pad arrangement. The numerical model was
validated through comparison with the reference results of Razzaque and Kato [5]. Using
the validated model, lubricant flow through the groove was analyzed to examine how
friction pad and groove geometry affect oil discharge behavior, wall shear stress, and drag
torque. Four geometry parameters, 61, 65, 03, and w, were selected as design variables. To
evaluate the independent effect of each geometry parameter, one parameter was varied
at a time while the other parameters were fixed at their reference values, with the change
in friction pad area limited to within 2.5% for each case. Based on the parametric CFD
results, full factorial combination analysis and PCHIP methods were applied to derive an
optimized geometry that minimizes drag torque while considering the effective friction
pad area [23,24]. The results provide a practical groove design approach for reducing drag
torque while preserving the friction pad area.

2. Numerical Model and Optimization Methods
2.1. Numerical Model

In this study, a three-dimensional numerical model was developed using ANSYS
Fluent 2021 R1 to analyze drag torque under fully oil-filled, single-phase conditions, where
viscous shear in the lubricant film is the dominant drag torque mechanism. The present
analysis was limited to steady, incompressible, laminar flow at a separator plate rotational
speed of 1000 rpm. The continuity and momentum equations for the free-flow clutch
clearance and the porous friction pad are given by Equations (1)—(4).

Vau=0 1)
p(u-V)u = —Vp+ uVu )
V-uD =0 (3)

p(up-V)up = —Vp+ ,ueffvzu - %up,where Heff = H(1— &) >, up=ecu (4

where K, p, u, up, ¢, 1, Hefr and p are the permeability of the porous friction pad, pressure,
velocity vector in the free-flow clutch clearance, Darcy velocity vector in the porous friction
pad, porosity, dynamic viscosity, effective dynamic viscosity, and oil density, respectively.
The paper-based friction pad was treated as a porous medium to account for the flow
resistance within the friction material. Accordingly, the free-flow clutch clearance was
governed by the standard incompressible momentum equation, as given in Equation (2),
whereas the porous friction pad was governed by the Darcy-Brinkman-type momentum
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equation, as given in Equation (4). The porosity and permeability of the paper-based
friction pad were set to 0.55 and 5.0 x 107! m?, respectively, based on representative
values reported in previous studies [21,22].

As shown in Figure 3, the computational domain was defined as a single clearance
between one friction plate and one separator plate, including one friction pad and the
adjacent groove. This local domain was modeled instead of the entire multi-plate clutch
pack to focus on the oil shear flow contributing to drag torque. Because the friction pad
geometry is periodically repeated in the circumferential direction, a 1/20 sector of the
clutch was used to represent the repeated pad arrangement. Periodic boundary conditions
were applied to both circumferential sides of the sector. The friction plate wall was set as
stationary, whereas the separator plate wall was assigned a rotational speed of 1000 rpm to
reproduce the relative motion in the disengaged state. A no-slip condition was applied to
all solid walls. Pressure boundary conditions were applied to represent the oil supply and
discharge conditions. The inner radial boundary was defined as a pressure inlet with a total
gauge pressure of 4740.73 Pa, while the outer radial boundary was defined as a pressure
outlet with a gauge pressure of 0 Pa. The working fluid density and dynamic viscosity
were set to p = 829.5 kg/m3 and y = 0.01832 Pa-s, respectively. The convergence criterion
was set to a residual of 1.0 x 107°.

Rotation
l \/ ~ \ e Periodic Condition .
\ ! Outlet ]
; \ r,=43 :
o |
1045 N~ r=32.29 1
o \ : 0 N\ !
Friction Plate T ! N Inlet |
Separator Plate  “________________________________!
(a) (b)

Figure 3. Numerical model. (a) Computational domain and boundary conditions; (b) groove
geometry of the friction pad.

The groove geometry of the friction pad was parameterized using three angle variables
(61, 02, 63) and the groove width (w), as shown in Figure 3b. 01 represents the groove angle,
whereas 6, and 03 define the outlet side groove geometry. These parameters were analyzed
to determine how friction pad and groove geometry parameters affect oil discharge paths,
shear stress distribution, and drag torque characteristics. The reference geometry was
defined based on representative grooved wet-clutch friction plate configurations reported
in previous drag-torque studies [15,25,26]. The reference geometry is set to 6; = 38°,
6, =58°, 83 =30.8°, and w = 1.0 mm. All drag torque reduction rates and friction pad area
reduction rates were calculated relative to this reference geometry.

A mesh independence test was conducted using five mesh systems containing ap-
proximately 1.1 x 107, 1.7 x 107,2.1 x 107, 2.8 x 107, and 3.2 x 107 cells. Figure 4 shows
the variation in the calculated drag torque with mesh refinement. The drag torque de-
creased progressively as the number of cells increased, and the difference between the
coarsest and finest meshes was approximately 3.2%. In particular, the difference between
the 2.8 x 107 cell and 3.2 x 107 cell meshes was only 0.28%, indicating that further mesh re-
finement had a negligible effect on the calculated drag torque. Therefore, the 3.2 x 107 cell
mesh was selected for the subsequent simulations.
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Figure 4. Mesh convergence of the calculated drag torque.

2.2. Drag Torque and Friction Pad Area Evaluation

The drag torque is evaluated from the circumferential wall shear stress acting on the
separator plate surface. The circumferential component was obtained from the Cartesian
wall shear stress components using Equation (5).

Tg = — Ty Sin6 + 1, cos 0 (5)

where Ty, Ty, To, and 0 are the wall shear stress component in the x-direction, the wall
shear stress component in the y-direction, the circumferential wall shear stress, and the
circumferential coordinate, respectively. To quantify the overall circumferential wall shear
stress acting on the separator plate, the area-averaged value is defined as

1 g
Tp) = —— | TpdA 6
(o) =4 ) 6)
where A and (7y) are the separator plate surface area and the area-averaged circumferential
wall shear stress, respectively. The drag torque is then calculated by integrating the
circumferential wall shear stress over the separator plate surface using Equation (7).

T — / TrdA )
As

where r and T are the radial position and the drag torque, respectively. Because a 1/20
periodic sector was used in the numerical model, the torque calculated in the sector was
converted to the full clutch geometry by considering the number of repeated sectors.

To evaluate the influence of groove geometry, the relative changes in friction pad area,
drag torque, and area-averaged circumferential wall shear stress are defined with respect
to the reference geometry using Equations (8)—(10), respectively.

B A= Apes o
RA—7X100(/0) (8)
Aref
T—-T,
Ry = Tiff % 100 (%) 9)
()~ (e

where A, Amf, R4, Ry, R(Tg), Tmf, and <T9>ref are the friction pad area of each groove geometry,
friction pad area of reference geometry, relative change in friction pad area, relative change
in drag torque, relative change in area-averaged circumferential wall shear stress, drag
torque of the reference geometry, and area-averaged circumferential wall shear stress of the
reference geometry, respectively.
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2.3. Friction Pad Geometry Optimization

The effects of the groove design parameters were analyzed by varying 61, 05, 63, and
w. To evaluate the individual influence of each parameter, one parameter was varied while
the other parameters were fixed at the reference values. The design variable vector and the
range of each design variable are defined by Equations (11) and (12).

X = (61162/ 63/ ZU) (11)

0<6;,<60,18<80,<980<0;<60,08<w<1.2 (12)

where x is the design variable vector. These ranges define the overall design space used for
parametric analysis and geometry optimization. For each design case, the relative changes
in friction pad area and drag torque were calculated using Equations (8) and (9). These
relative changes were used to quantify the individual effect of each design variable.

To derive the optimum groove geometry without performing CFD simulations for ev-
ery combined geometry, two optimization approaches, namely a full factorial combination
analysis and a PCHIP-based interpolation approach, were applied based on the individual
parameter effects. In both approaches, the response of a combined groove geometry was
estimated using an independent effect superposition approach. The predicted relative
changes in friction pad area and drag torque were calculated by summing the individual
effects, as expressed in Equations (13) and (14).

4

Ra(x) =Y Rai(x) (13)
i—1

X 4

Rr(x) =) Ry;(xi) (14)
i=1

where i, R A RT, Ry, Rr;, and x; are the design variable index, the predicted relative
changes in friction pad area and drag torque for the combined groove geometry, the indi-
vidual effect of the i-th design variable on the friction pad area and the drag torque, and the
i-th design variable, respectively. The groove geometry was selected to reduce drag torque
while limiting the decrease in friction pad area to within 2.5%. The independent effect
superposition approach assumes that the effects of 81, 6, 3, and w are additive. Therefore,
interaction effects among the groove parameters are not explicitly represented in the present
optimization framework. Accordingly, the predicted responses of the combined geometries
should be interpreted as engineering approximations based on the independently evaluated
parameter effects.

A full factorial combination analysis was performed using the independent effect
superposition approach based on the single-parameter CFD results, rather than by perform-
ing direct CFD simulations for every combination. The number of evaluated combinations
is expressed as

N

N = n; (15)

i=1
where N and n; are the total number of evaluated combinations and the number of prede-
fined levels for the i-th design variable, respectively. The full factorial combination analysis
was used to identify the best geometry among the discrete candidate combinations.

The PCHIP method was then applied to estimate intermediate geometries between the
predefined design levels. In this approach, interpolation functions were constructed for the
individual effects obtained from the single-parameter CFD results. Therefore, geometries
that were not directly simulated could be evaluated within the same superposition frame-
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work. The PCHIP interpolation function, expressed using cubic Hermite basis functions,
and normalized coordinate are given by Equation (16) and Equation (17), respectively.

y(x) = hoo(t)yk + h1o(t) (X1 — X))y + hor () Y1 + i (8) (X1 — x)myer (16)

X — Xk

F— (17)

Yi+1 — Xk
where my, mygyq, t, X, Xg, Xk11, Y, Vi, and yx,q are the slopes at x; and x4, normalized
coordinate, interpolation point, lower and upper bounds of the interpolation interval, inter-
polated value, and function values at x; and xy.1, respectively. In this study, y represents
either the individual effect on the friction pad area or the individual effect on the drag
torque. For each design variable, the CFD-derived values of R4 ; and Rr; at the predefined
parameter levels were used as the interpolation nodes (xy, yx). Separate PCHIP functions
were constructed for the friction pad area and drag torque responses of 61, 6, 63, and w.
Within each interpolation interval, each response was evaluated using the cubic polynomial
defined by Equations (16)—(21). The predicted responses of a combined geometry were
then obtained by substituting the interpolated individual effects into Equations (13) and
(14). The Hermite basis functions in Equation (16) are given by

hoo(t) =213 =3t +1 (18)
hig(t) = 13 =212 4 ¢ (19)
hoy (£) = =213 + 3¢2 (20)

h(t) = £ — (21)

For the full factorial combination analysis, an exhaustive enumeration procedure was
used. All discrete combinations of the predefined design-variable levels were generated,
and their combined responses were estimated using Equations (13) and (14). Combinations
exceeding the 2.5% friction pad area reduction constraint were excluded, and the feasible
combination with the largest predicted drag torque reduction was selected. For the PCHIP-
based optimization, separate interpolation functions were constructed for the area and
drag torque responses of each design variable using Equations (16)—(21). The interpolated
functions were evaluated over the prescribed design-variable ranges using a grid-search
procedure. The feasible point with the largest predicted drag torque reduction was selected
as the PCHIP-based optimum.

3. Results and Discussion
3.1. Numerical Model Validation

To validate the present numerical model, Figure 5 compares the dimensionless drag
torque and dimensionless flow rate obtained from the present simulation with the numer-
ical results of Razzaque and Kato [5]. The validation model was constructed using the
same geometric and operating conditions as those used in the reference study. As shown
in Figure 5, the present numerical results showed good agreement with the reference re-
sults [5]. The average deviation of the dimensionless drag torque was less than 0.5%. The
dimensionless flow rate showed a trend similar to that of the reference result. These results
indicate that the present numerical model can reasonably reproduce the dimensionless
drag torque and flow rate characteristics obtained by Razzaque and Kato [5] under the
same geometric and operating conditions. However, this comparison represents numerical
validation and does not constitute experimental validation of the specific mLSD-integrated
disconnector clutch geometry investigated in this study.
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Figure 5. Validation results compared with the numerical results of Razzaque and Kato [5].
(a) Comparison of dimensionless drag torque; (b) comparison of dimensionless flow rate.

3.2. Effect of Groove Geometry on Shear Stress and Drag Torque

The effects of the groove design parameters on the area-averaged circumferential
wall shear stress ((7p)), corresponding local distribution, and drag torque are shown in
Figures 6-8, respectively. Figure 6 quantifies the overall change in (7y), whereas Figure 7
identifies the regions where the local stress changed. Figure 8 presents the resulting change
in drag torque. The groove angles (61, 6, and 63) and the groove width (w) were varied
independently. For the reference geometry, (7g) and drag torque were 402.89 Pa and 0.0381
N-m, respectively. To facilitate comparison among the groove geometries, both quantities
were expressed as relative changes with respect to these reference values. Because drag
torque is calculated as a radius-weighted surface integral of 7y, Figure 8 reflects both the
magnitude and radial distribution of the wall shear stress presented in Figures 6 and 7.

R, (%)

£=0.55, K=5x107"® m?, RPM=1000
—m— Shear Stress

oA

15 30 45 60

R,, (%)

3
° £=0.55, K=5x10"'3 m2, RPM=1000 £=0.55, K=5x10""° m2, RPM=1000
2] —m— Shear Stress 2] —— Shear Stress
14 1
—_ _—
X X
= 04 ~ 0
= =
& ~
-14 1
24 2
0 10 20 30 40 50 60 20 20 60 80 100
0, (°) 0,(°)
(a) (b)

£=0.55, K=5x10"'> m?, RPM=1000
—m— Shear Stress

0.9 1.0 11 1.2

0, (°) C w(mm)
(c) (d)

Figure 6. Effect of groove geometry on relative change in wall shear stress. (a) Effect of 6; on shear

stress; (b) effect of 0, on shear stress; (c) effect of 63 on shear stress; (d) effect of w on shear stress.
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Figure 7. Wall shear stress distributions for representative groove geometries. (a) Reference geometry;
(b) 681 =0°; () 81 = 60°; (d) 63 = 0°; (e) 3 = 60°; (f) w = 0.8 mm; (g) w = 1.2 mm; (h) CFD-evaluated
optimized geometry.

As shown in Figure 6a, (7g) decreased as ] increased. Among the investigated
parameter ranges, 61 produced the largest decrease. The corresponding distributions in
Figure 7a—c show that the high-wall-shear-stress region on the separator plate surface was
strongly affected by 6;. Compared with the reference geometry, ; = 0° case exhibited a
broader region of relatively high stress, whereas the §; = 60° case showed a lower area-
averaged value. This change is consistent with the formation of a more favorable radially
outward oil discharge path. Figure 6b shows that the effect of 6, on (7g) was relatively
limited compared with those of the other design parameters. Although 6, changed the
outlet-side groove geometry, it was located opposite to the main radially outward oil flow.
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Therefore, 6, did not strongly modify the main oil discharge path, and its contribution to
reducing wall shear stress was smaller than those of 61, 3, and w. As shown in Figure 6c,
increasing 63 also reduced (ty). The distributions in Figure 7a,d,e show that the region
of high circumferential wall shear stress near the outer radial boundary decreased as 63
increased. This change was primarily observed near the groove outlet, indicating that 63
modified the outlet-side oil flow. The reduction in the high-stress region consequently
decreased (7y). Figure 6d shows that (7y) decreased monotonically as w increased from 0.8
to 1.2 mm. Increasing w enlarged the oil discharge passage, allowing lubricant to exit the
clutch clearance more readily. Consequently, the region of high circumferential wall shear
stress decreased, as shown in Figure 7a,f,g. However, unlike the groove angles, the groove
width directly changes the effective friction pad area. Therefore, the effect of w should be
interpreted together with the drag torque variation and the area constraint.

3 3
£=0.55, K=5x10""® m2, RPM=1000 £=0.55, K=5x107"* m2, RPM=1000
2] —&— Drag Torque 2] —a— Drag Torque
1 14
<) <)
<, < ]
=~ =~
~ =
1 -1+
2 -24
-3 T T T T T T T -3 T T T
0 10 20 30 40 50 60 20 40 60 80 100
0, (°) 0, (°)
(a) (b)
3 3
£=0.55, K=5x107"® m?, RPM=1000 £=0.55, K=5x10"' m?, RPM=1000
5] —m— Drag Torque 5] —a— Drag Torque
1 14
9 9
<, < o
=~ =~
& ~
1 -1
2 -24
-3 T T T T T -3 T T T T T
0 15 30 45 60 0.8 0.9 1.0 11 1.2
05 (°) w (mm)
(c) (d)

Figure 8. Effect of groove geometry on relative change in drag torque. (a) Effect of 1 on drag torque;
(b) effect of 0, on drag torque; (c) effect of 63 on drag torque; (d) effect of w on drag torque.

Figure 8 presents the drag torque variation caused by each groove design parameter.
As 01 increased from 0° to 60°, drag torque decreased by approximately 3.96%, as shown in
Figure 8a. The corresponding reductions for 6, 3, and w were approximately 1.18%, 2.87%,
and 2.41% over their respective ranges, as presented in Figure 8b—d. Among the design
parameters, 0; produced the largest drag torque reduction, whereas 6, had the smallest
effect. The drag torque trends generally followed the changes in (ty). Differences in their
reduction rates resulted from the radial distribution of Ty, which is considered in the drag
torque calculation.

Overall, these results indicate that drag torque can be reduced not simply by increasing
the groove area, but by forming an effective oil discharge path through appropriate control
of the inlet- and outlet-side groove geometries. The results also show that drag torque
reduction is closely related to the decrease in wall shear stress and the reduction in the high-
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wall-shear-stress region. However, because drag torque is an area-integrated quantity, it
should be evaluated by considering both the wall shear stress distribution and the effective
friction pad area.

3.3. Groove Geometry Optimization

Based on the results in Section 3.2, groove geometry optimization was performed
to reduce the drag torque of the wet clutch in the disengaged state while limiting the
reduction in friction pad area to 2.5%. Using the individual effects of 81, 6,, 83, and w, the
response of each combined groove geometry was estimated based on the independent
effect superposition approach described in Section 2.3. The full factorial combination
analysis was used as a discrete-level optimization baseline, whereas the PCHIP-based inter-
polation approach was used to evaluate intermediate geometries between the predefined
design levels.

Figure 9 compares the optimization results obtained using the full factorial combina-
tion analysis and PCHIP-based interpolation approaches. In the full factorial combination
analysis, the geometry with 6; = 60°, 8, = 98°, 63 = 60°, and w = 0.800 mm showed the
largest predicted drag torque reduction among the discrete candidate combinations. The
predicted decreases in drag torque and friction pad area relative to the reference geometry
were 3.28% and 2.37%, respectively. In the PCHIP-based interpolation approach, the ge-
ometry with 61 = 60°, 8, = 59.60°, 63 = 50.55°, and w = 1.003 mm showed the largest drag
torque reduction. The predicted decreases in drag torque and friction pad area relative
to the reference geometry were 3.56% and 2.50%, respectively. Because this geometry
provided a larger drag torque decrease than the full factorial combination analysis result
while satisfying the area constraint, it was selected as the final groove geometry.
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Figure 9. Optimization results of groove geometry.

The selected geometry was then evaluated using the established CFD model. The

final CFD-evaluated geometry had a friction pad area of 83.59 mm?

, corresponding to a
reduction of 2.49% relative to the reference geometry. Therefore, the final geometry satisfied
the prescribed 2.5% friction pad area constraint. The direct CFD evaluation showed a
4.10% reduction in drag torque, compared with the PCHIP-predicted reduction of 3.56%.
The difference between the two reduction rates was 0.54 percentage points. The relative
difference between the PCHIP-predicted and CFD-evaluated drag torque values was 0.56%,
calculated relative to the direct CFD result. These results support the drag torque reduction
achieved by the selected geometry under the conditions investigated. However, interaction
effects among the design parameters were not separately quantified. Figure 7h shows the
wall shear stress distribution of the CFD-evaluated optimized geometry. Compared with
the reference geometry in Figure 7a, the optimized geometry exhibited a reduced high-wall-
shear-stress region on the separator plate surface, which is consistent with the reduction
in drag torque. This reduction was mainly attributed to improved radially outward oil
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flow through the groove and the resulting decrease in wall shear stress. At 8; = 60°, the
groove guided the oil inflow in a direction favorable for radially outward discharge. The
combination of 6, = 59.60° and 63 = 50.55° improved the outlet discharge path, while w =
1.003 mm provided a sufficient flow passage for oil discharge under the area constraint.
Finally, the PCHIP-based geometry selection showed that drag torque can be reduced not
simply by decreasing the friction pad area, but by forming an effective oil discharge path
and reducing wall shear stress.

The present results are limited to the fully oil-filled, single-phase, steady, laminar
flow condition investigated at 1000 rpm. Under partially filled or high-speed operating
conditions, free-surface deformation, aeration, and multiphase flow may alter the oil
distribution and drag torque characteristics. In addition, variations in oil supply rate,
rotational speed, temperature-dependent viscosity, and clutch clearance may change the
relative effects of the groove design parameters. Therefore, the quantitative results and the
optimized geometry obtained in this study should not be directly generalized beyond the
investigated operating condition.

4. Conclusions

In this study, the effects of friction pad groove geometry on drag torque in the dis-
engaged state of a wet clutch with a paper-based friction pad were numerically analyzed
under oil-filled single-phase conditions. A three-dimensional CFD model was developed
using ANSYS Fluent 2021 R1. The paper-based friction pad was modeled as a porous
medium to account for the flow resistance within the friction material. The numerical
model was validated by comparison with dimensionless drag torque and flow rate re-
sults of Razzaque and Kato [5]. The calculated dimensionless drag torque showed good
agreement with the reference result, with an average deviation of less than 0.5%. The
dimensionless flow rate also showed a similar trend to the reference result. These results
indicate that the present model can reasonably predict the shear-driven lubricant flow and
drag torque characteristics of a disengaged wet clutch.

The effects of the groove design parameters 61, 6, 3, and w were evaluated using the
area-averaged circumferential wall shear stress ((Ty)), local wall shear stress distribution,
and drag torque. Under the present operating conditions and within the investigated
parameter ranges, increasing these parameters generally reduced (7y) by modifying the
oil discharge path. Among the design parameters, 6; produced the largest drag torque
reduction because it promoted radially outward oil discharge and reduced the region of
high-Tg on the separator plate surface. In contrast, 8, had the smallest effect because it
did not substantially alter the main oil discharge path. Increasing 03 reduced the high-
shear-stress region near the outer radial boundary adjacent to the groove outlet. Increasing
w enlarged the oil discharge passage, resulting in lower (7y) and drag torque. Over the
investigated ranges, drag torque decreased by approximately 3.96%, 1.18%, 2.87%, and
2.41% as 01, 05, 83, and w increased, respectively. These results indicate that drag torque
reduction depends on both the overall magnitude and radial distribution of 7.

Based on the parametric CFD results, full factorial combination analysis and PCHIP-
based interpolation approaches were applied to optimize the groove geometry while
limiting the decrease in friction pad area to within 2.5%. The full factorial combination anal-
ysis approach was used as a discrete-level optimization baseline. The predicted decreases
in drag torque and friction pad area relative to the reference geometry were 3.28% and
2.37%, respectively. The PCHIP-based interpolation approach was then used to evaluate
intermediate geometries between the predefined design levels. The selected PCHIP-based
geometry showed predicted decreases in drag torque and friction pad area of 3.56% and
2.50%, respectively. This geometry was selected as the final groove geometry because it
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provided a larger drag torque decrease than the full factorial combination analysis result
while satisfying the area constraint. The selected geometry was further evaluated using the
CFD model. The CFD result showed a 4.10% decrease in drag torque relative to the refer-
ence geometry. The relative difference between the PCHIP-predicted and CFD-evaluated
drag torque values was 0.56%, calculated relative to the direct CFD result. These results
show that drag torque can be reduced not simply by increasing the groove area, but by
forming an effective oil discharge path that decreases wall shear stress in the clutch clear-
ance. Therefore, the CFD-based parametric optimization procedure used in this study can
provide a practical design approach for reducing drag torque in wet clutch systems with
consideration of both shear stress reduction and friction pad area preservation.
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Abbreviations
A friction pad area of each groove geometry [mm?]
Aver friction pad area of the reference geometry [mm?]
Ag separator plate surface area [mm?2]
i design variable index
K permeability of the porous friction pad [m?]
my slope at xj
Mpeyq slope at xj,1
N total number of evaluated combinations
n; number of predefined levels for the i-th design variable
p pressure [Pa]
r radial position [m]
Ry relative change in friction pad area [%]
R individual effect of the i-th design variable on the friction pad area [%]
Ry relative change in drag torque [%)]
Rr; individual effect of the i-th design variable on the drag torque [%]
Ry, relative change in wall shear stress [%]
t normalized coordinate
T drag torque [N-m]
Ty drag torque of the reference geometry [N-m]
u velocity vector [m/s]
up Darcy velocity vector [m/s]
groove width [mm]
x design variable vector or interpolation point
X i-th design variable
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Xy lower bound of the interpolation interval

Xjet1 upper bound of the interpolation interval

y interpolated value

Yk function value at x;

Vi1 function value at xy,1

€ porosity of the friction pad

0 circumferential coordinate [rad]

01 groove angle [°]

0 outlet side groove angle parameter [°]

03 outlet side groove angle parameter [°]

U dynamic viscosity [Pa-s]

Heff effective dynamic viscosity [Pa-s]

P oil density [kg/m3]

Ty wall shear stress component in the x-direction [Pa]
Ty wall shear stress component in the y-direction [Pa]
Ty circumferential wall shear stress [Pa]

(Tg) area-averaged circumferential wall shear stress [Pa]
(To)ref area-averaged circumferential wall shear stress of the reference geometry [Pa]
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