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The friction transmission model of wet clutch is established to analyze the friction transmission mechanism of its engagement. The
model is developed by applying both the average flow model and the elastic contact model between the friction disk and separator
plate. The key components during wet clutch engagement are the separator plate, friction disk, and lubricant. The one-dimension
transient models of heat transfer in radial direction for the three components are built on the basis of the heat transfer theory
and the conservation law of energy. The friction transmission model and transient heat transfer models are coupled and solved
by using the Runge-Kutta numerical method, and the radial temperature distribution and their detailed parametric study for the
three components are conducted separately. The simulation results show that the radial temperature for the three components rises
with the increase of radius in engagement. The changes in engagement pressure, lubricant viscosity, friction lining permeability,
combined surface roughness RMS, equivalent elasticity modulus, difference between dynamic and static friction coeflicients, and
lubricant flow have important influence on the temperature rise characteristics. The proposed models can get better understanding

of the dynamic temperature rise characteristics of wet clutch engagement.

1. Introduction

Wet clutch is one of the most essential elements of automobile
transmission system and plays a crucial role in the vehicle
starting and shifting process [1]. Wet clutch is used for trans-
mitting engine power to the wheel by mechanical friction
between separator plate and friction disk. Consequently, the
sliding friction heating is produced on the friction pairs of wet
clutch and results in the severe temperature rise and thermal
stress in separator plate and friction disk. As a result, high
temperature will change the physical features of lubricant and
the local thermal ablation on surfaces of separator plate and
friction disk and even leads to the crack, warp, and sintering
of friction pair and the deterioration of lubricant [2-4].

So far, much research has been carried out in this field,
but most of publications only pay attention to analyzing
the temperature field and stress field by using the finite
element software. For instance, Zagrodzki and Truncone [5]
investigated the generation of hot spots during short-term

engagement and presented the theoretical analysis based on
finite element model of thermoelastic contact problem and
experimental stand tests. Their study shows that severe hot
spots can be produced during short-term clutch operation
with high initial sliding speed and some small geometric
imperfections of the disk, and the hot spots can be effectively
mitigated even if instantaneous sliding at high speed cannot
be avoided. Jen and Nemecek [6] developed an analytical
model to simulate the temperature rise of plates within
wet clutch for one engagement. And the temperature rises
predicted by the model were validated with the experimental
data. Tatara and Payvar [7] developed a general thermal
numerical model in two dimensions to simulate the heat
transfer in a grooved wet clutch and characterized one cycle
by three stages including an engagement period, a locked
stage, and a cooling period. The finite difference technique
was employed to solve the heat conduction equation. Jang
et al. [8] developed a model to investigate the effect of radial
grooves and waflle-shape grooves on the performance of



a wet clutch and investigated the effects of groove geometry
on the temperature and the engagement characteristics. Yang
et al. [9] proposed the research methods of thermomechan-
ical coupling problem of wet multidisc clutch and investi-
gated the thermo-mechanical coupling phenomenon and the
failure mechanism of separator plate of wet multidisc clutch.
Their results show that the circumferential tensile thermal
stress appeared in the region close to the inner edge, and the
radial tensile thermal stress appeared in the region close to the
outer edge. Zhang et al. [2,10] developed a three-dimensional
model of the friction pair by using the nonlinear FEM
software ABAQUS and investigated the factors to influence
the distribution of temperature field and stress field for one
engagement. Results indicated that high relative rotary speed
resulted in higher rise of temperature and stress on interior
areas and increased the radial stress gradient on the contact
surfaces, and the temperature field and stress field on the
friction disk were more uniform than those on the steel
disk. These previous works achieved certain understanding of
the temperature field of wet clutch. Natsumeda and Miyoshi
[11] carried out theoretical analysis on the engagement of
wet clutch on the basis of two-dimensional average flow
model for the analysis of oil film squeeze motion and mainly
analyzed the effect of temperature on the frictional torque of
wet clutch engagement. However, few studies focus on the
dynamic friction thermal mechanism of wet clutch to predict
the temperature rise characteristics and controlling factors,
which are important for the thermal characteristics of wet
clutch.

Therefore, the purpose of this paper is to numerically
investigate the friction thermal mechanism in different
engagement stages of wet clutch based on the friction trans-
mission mechanism of wet clutch. The friction transmission
model and transient heat transfer models are coupled and
solved by using the numerical method. Key parametric
factors are conducted by the proposed models.

2. Model Development

According to the differences of generation mechanisms of
the transmitted torque and axial load [9], the engagement
of wet clutch is divided into three stages: squeezing fluid
stage, boundary lubrication stage, and asperity contact stage.
In squeezing fluid stage, engagement pressure is alone borne
by oil film, and transmitted torque only consisted of the
viscous shear torque of oil film. In boundary lubrication
stage, engagement pressure is together borne by the oil
film pressure and the asperity contact of friction pair, and
transmitted torque involves the viscous shear torque of oil
film and the asperity friction torque of friction pair, and
with wet clutch engaging, contact and friction of asper-
ities gradually play a dominant role in the formation of
pressure and torque. Finally, in asperity contact stage, the
asperity contact between friction pairs bears all of the
engagement pressure, and transmitted torque is completely
composed of asperity friction torque. Friction transmission
mechanism of wet clutch is modeled in the following,
respectively.
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FIGURE 1: Physical model of wet clutch engagement.

2.1. Oil Film Model. The engagement process of wet clutch
can be simplified as the physical model shown in Figure 1.
Before engagement, the oil film will separate the friction disk
and separator plate and perform cooling lubrication on the
both. At this time, the angular velocity is w, for the separator
plate and wy for the friction disk, and the engagement
pressure P, acts on the friction pair. For the reason of
simplicity, many reasonable assumptions were proposed in
the following analysis. For example, surface of wet clutch
friction was assumed to have isotropic roughness and the
asperity height was assumed to have a Gaussian distribution.
Although these reasonable assumptions would reduce the
accuracy of the model, the model could still be used to
analyze the controlling factors of temperature in engagement
of wet clutch. The one-dimension average flow model of wet
clutch lubricant oil film is established under the cylindrical-
coordinate system by use of the average flow model [12, 13]
and in consideration of the axial symmetric characteristics of
the friction disk and separator plate:

dp, dh
% ] = 12nr T 1)

d 3
- [ms, (K +120d)
The relation between the average gap h of friction pairs
and the oil film thickness / can be obtained by assuming that
the surface roughness peaks of both friction disk and separa-
tor plate follow the Gaussian probability density distribution
with mean value of zero:

dhy (1 h dh dh
@l () a oms @

The boundary condition of oil film pressure is as follows:

P,(r=a) =0,
P, (r=0)=0, (3)
h(t =0)=h,.

By utilizing the boundary conditions of oil film pressure
at the inner and outer diameters of friction pair, it can be
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obtained that the oil film pressure distributes along radial
direction through integration against r in (1):

3n , b -a r

In- -b
¢, (7 +120d) | ' 2In(ab) b

P, (r) =

(4)
dh
g (h) FTS

2.2. Asperity Contact Model. The actual contact area A at the
asperity contact part of the wet clutch friction pair can be
derived by the use of the G-W elastic contact model under
the assumed condition that the surface roughness peak of the
wet clutch friction pair follows the Gaussian density function:

A

c
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The asperity contact pressure P, is borne on the unit
actual contact area of the wet clutch friction pair:
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2.3. Engagement Pressure and Frictional Torque. According
to the characteristics of the wet clutch engagement process,
the engagement pressure is successively borne by the oil
film pressure and asperity contact pressure, and the bearing
capacity and transmitted torque composition of the wet
clutch are different under different engagement stages; thus,
the following can be obtained as per the balance conditions
of bearing capacity during engagement process of wet clutch:

n (b’ -a*) P, = “ P,dA + ” P.dA. (7)

The following can be obtained in accordance with the
transmitted torque composition during the engagement pro-
cess of wet clutch and in combination with the torque balance
conditions during the same process:

d 2
1 _ ([ [(¢f ) fcrpc] dA ®

3. Thermal Model of Wet Clutch

It is known through analysis on friction transmission mech-
anism of wet clutch that the transmitted torque during the
engagement process of wet clutch consists of viscous shear
torque of oil film and asperity friction torque of asperity
contact and that, with wet clutch engaging, the transmitted
torque of wet clutch gradually transitions from complete
viscous torque of oil film to complete asperity friction torque
of asperity contact. The changes in the transmitted torque
composition cause the changes in the friction heat mecha-
nism between friction pairs during the engagement process
of wet clutch, that is, gradual transition from sliding friction
power of complete viscous shear to sliding friction power of
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FIGURE 2: Model of thermal analysis for the friction pairs of wet
clutch.

complete asperity friction. Therefore, during the engagement
process of wet clutch, the heat flux density g between friction
pairs is correspondingly composed of the heat flux density
of viscous shear and asperity contact friction, which can be
indicated as

2
7 MWy

q= (‘/’f —‘/’fs) h

+ frP.| - w,g- 9)

During the engagement process of wet clutch, the friction
heat generated between friction pairs dissipates on the sep-
arator plate, friction disk, and lubricant, which causes tem-
perature rise of the separator plate, friction disk surface, and
lubricant. Therefore, the study on the dynamic temperature
rise characteristics of wet clutch is mainly to analyze the
temperature variation role of the separator plate, friction disk,
and lubricant.

To facilitate the analysis and calculation, the following
assumptions are made: (1) the thermal radiation effect of
friction pair is not taken into account and the heat exchange
between separator plate A and inner and outer cylindrical
surfaces of friction lining B is ignored because the engage-
ment time of wet clutch is short; (2) the axial conduction of
temperature on the separator plate A and friction lining B is
ignored because the both are thin-wall parts; (3) the central
plane of core plate C can be deemed as a thermal isolation
plane and the temperature gradient between the friction
linings and core plate is ignored because the heat conductivity
coeflicient of friction linings is relatively small while the
heat conductivity coeflicient of core plate is relatively large
and the core plate is of symmetric structure; (4) only the
radial heat conduction of temperature on separator plate and
friction disk, heat transfer between friction pairs, and forced-
convection heat transfer on friction surface are considered.
Meanwhile, to study the radial temperature distribution role
of friction pair, the friction pair is divided equally into 3 zone
nodes along radial direction (r; outer zone, r, middle zone,
and r; inner zone), and the average temperature of each zone
is taken as the zone node temperature. The simplified model
of thermal analysis on wet clutch friction pair is shown in
Figure 2. The heat transfer control equations for the separator
plate, friction disk, and lubricant in the engagement process



4
100 4Outer zone
90 . 4 Mid(ﬁe zone
i 7 Inner zote
p\ 80
El
2 70
o)
Q.
5
= 60
50
40 1 1 1 1 1 1 1 1 1 1 )
0 01 02 03 04 05 06 07 08 09 1 11
Time (s)
—— P, =08x10°Pa
Py = 0.6 x10°Pa
(a) Separator plate
51 Outer zone
50 +
5 49 Middle zone
s |\ /o _—=
2 a8
o)
a,
g
= 47 ¢ Inner zone
46 |
45 1 1 1 1 1 1 1 1 | | J
0 01 02 03 04 05 06 07 08 09 1 1.1

Time (s)

—— Py =08x10°Pa
Py =0.6x10°Pa

(c) Lubricant

Mathematical Problems in Engineering

75

Outer zone
2ol Tl
7 Middle zone
—7nner zone
06\ 65
)
2 60}
oy
a,
g
= 55
50 +
45 ) 1 1 1 1 1 1 1 1 1 1 )
0 01 02 03 04 05 06 07 08 09 1 1.1
Time (s)
—— P,=08x10°Pa
Py =0.6x10°Pa
(b) Friction disk
3000
2500 - Outer zone
g 2000
°§ Middle zone
g 1500 +
o 2
=} :
S :
& 1000 Hf
500 ff Inner zone ™
0 L L L L L L L R . Ly
0 01 02 03 04 05 06 07 08 09 1 1.1

Time (s)

—— P, =08x10°Pa
Py =0.6x10°Pa

(d) Sliding power

FIGURE 3: Effect of engagement pressure on temperature.

of wet clutch are established, respectively, by the use of the
heat transfer theory.

Under the conditions of cylindrical-coordinate system,
the one-dimensional transient equation of heat transfer of
separator plate A in radial direction can be established:

1d1, d&°T
= kA - _A + A .
r dr dr?
The one-dimensional transient equation of heat transfer
of friction disk B in radial direction is established:

1dTy &,
=ky| === 5.
B(r ar drz)

dT
PaCa d_tA

(10)

Cﬂ
pBBdt

(1)

During the engagement process of wet clutch, there
is forced-convection heat transfer between lubricant and
separator plate and friction disk, whose thermal boundary
condition can be indicated as

pucsQ = 2 (T~ T) + (Ty-T)]. (1)

Because the physical property parameters such as specific
heat capacity ¢, density p, and heat conductivity coefficient k
of the separator plate and friction disk are different, the heat
generated by friction during the engagement process of wet
clutch is not equally distributed between the separator plate
and friction disk; the distribution depends on the heat flux
distribution coefficient p [2] determined by material density
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FIGURE 4: Effect of lubricant viscosity on temperature.

¢, specific heat capacity f3, heat conductivity coefficient k, and
other parameters:

kipaca \
B= 9a _ <ﬁ> . (13)
qs kg ppcs
The convective heat transfer coefficient h, is affected

by many factors such as temperature, pressure, and relative
angular velocity during the engagement process. To facilitate
the study, only the effect of relative angular velocity w,; is con-
sidered herein; thus, the convective heat transfer coefficient
[14] can be indicated as

Weel

0.5
,7) '

4. Results and Discussion

The Runge-Kutta numerical integration method is used in
this paper to calculate numerical integration through com-
bining (4) and (8), by which the oil film thickness h and
relative angular velocity w, of friction pair at each moment
can be obtained; the step size for numerical calculation is
0.001s, and the iteration termination condition is relative
angular velocity w,; = 0.001. The viscous torque T}, asperity
friction torque T,, and total transmitted torque T can be
obtained with the oil film thickness and change rate of relative
angular velocity; thus, the heat flux density of friction pair
at each moment can be gotten by the use of (9). Finally, by
using the heat transfer control equations (10), (11), and (12) of
wet clutch, the average temperature of 3 zones of separator
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FIGURE 5: Effect of friction lining permeability on temperature.

plate, friction disk, and lubricant during the engagement
process of wet clutch can be obtained. If it is assumed that
the angular velocity w, of separator plate is zero constantly,
the initial angular velocity of friction disk is wy, the friction
disk gradually compresses the separator plate, and the initial
temperature of wet clutch is 45°C during simulation, the
initial condition of simulation is as shown in Table 1.

4.1. Influence of Engagement Pressure. As shown in Figure 3,
the engagement pressure directly affects the temperature
of friction disk, separator plate, and lubricant. With the
increase of the engagement pressure, the engagement time
is shortened, and the rise rate and maximum of temperature
in each zone of friction pair and lubricant increase. This is
because the transmitted torque and heat flux density will be

increased along with the increase of engagement pressure.
Meanwhile, the engagement time contraction reduces the
lubricant volume inflowing to the friction pair and thus
increases the temperature of the friction pair and lubricant.

4.2. Influence of Lubricant Viscosity. Figure 4 shows the
role of the influence of changes in lubricant viscosity in
the temperature rise characteristics of wet clutch. A larger
lubricant viscosity will result in a shorter engagement time
as well as a higher temperature rise rate and maximum
temperature for each zone of friction pair and lubricant. The
influence of lubricant viscosity on the outer zone temperature
of friction pair and lubricant is more apparent. This is because
the viscous shear torque increases at squeezing stage and
boundary lubrication stage due to the increase of lubricant
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FIGURE 6: Effect of combined surface roughness RMS on temperature.

viscosity and thus the corresponding viscous shear heat flux
density increases. Meanwhile, the viscosity of lubricant is
relatively large with bad mobility, which further weakens the
cooling effect of lubricant.

4.3. Influence of Friction Lining Permeability. As shown in
Figure 5, the permeability of friction lining has important
influence on the temperature rise characteristics of friction
pair and lubricant at the squeezing stage and boundary
lubrication stage during engagement of wet clutch. With the
increase of friction lining permeability, the temperature rise
rate for each zone of friction pair and lubricant increases obvi-
ously; however, the influence on the maximum temperature
of friction pair and lubricant is relatively small. This is because
the lubricant is easier to permeate into cellular structure of

friction lining material with the increase of friction lining
permeability, which largely shortens the squeezing period,
and the friction pair can enter the boundary lubrication stage
of heat dissipation mutually by the viscous shear heat flux
and asperity friction heat flux more early, which apparently
increases the heat generation rate of wet clutch.

4.4. Influence of Combined Surface Roughness RMS. As
shown in Figure 6, the larger the combined surface roughness
RMS (Root Mean Square) of friction pair is, the longer the
engagement time and the smaller the temperature rise rate
and maximum temperature of friction pair and lubricant will
be. This is because larger combined surface roughness RMS
of friction pair will result in rougher surface of friction pair
and early contact of individual asperity, which slows down
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FIGURE 7: Effect of equivalent elasticity modulus on temperature.

the squeezing velocity of lubricant between friction pairs and
decreases the viscous shear torque of lubricant. Meanwhile,
with the increase of the combined surface roughness RMS of
friction pair, the density of asperity contact points on friction
pair surface and the asperity friction torque will be smaller,
and the increase rate of sliding friction power will be slower.

4.5. Influence of Equivalent Elasticity Modulus. As shown
in Figure 7, the larger the equivalent elasticity modulus
of friction pair is, the shorter the engagement time and
the larger the temperature rise rate and maximum tem-
perature of each zone of friction pair and lubricant will
be. This is because of the notion that, with the increase
of the equivalent elasticity modulus of friction pair, the
asperity friction torque will increase correspondingly and

the asperity friction heat flux density will also increase under
the same contact conditions of asperity, causing increase in
the sliding friction power during engagement of wet clutch.
Meanwhile, because the engagement time is shortened, the
time of cooling effect of lubricant is also shortened, caus-
ing increase of maximum temperature of friction pair and
lubricant.

4.6. Influence of Difference between Dynamic and Static
Friction Coefficients. Figure 8 shows the influence of the
difference between dynamic and static friction coefficients
on the temperature rise characteristics of friction pairs
and lubricant of wet clutch. As shown in Figure 8, with
the decrease of the difference between dynamic and static
friction coefficients, the engagement time is shortened, and



Mathematical Problems in Engineering

95 ¢

9 | Outer zone

80 | Inner zone
75 ¢
70 ¢

65 |

Temperature (°C)

60
55
50

02 03 04 05 06 07 08 09 1 1.1
Time (s)

45 L
0 0.1

—— Small difference
Big difference

(a) Separator plate

51 . Outer zone

49 | Middle zone

48

Temperature (°C)

47 +

46

45 1 1 1 1 1 1 1 1 1 1 )
0 01 02 03 04 05 06 07 08 09 1

Time (s)

—— Small difference
Big difference

(c) Lubricant

9
750 Outer zone
70 | ___.._....-’Midde'z'(')'rie"
- Inner zone
:G 65 |
E
2 60}
oy
a,
g
= 55t
50 +
45 1 1 1 1 1 1 1 1 1 1 )
0 01 02 03 04 05 06 07 08 09 1 1.1
Time (s)
—— Small difference
Big difference
(b) Friction disk
3000
2500 F Outer zone
g 2000p |
b " \_Middle zone
BT NN
o0 L
Z 1000 - \/
500 q/ Inner zone
0 1 1 1 1 1 1 1 1 1 MO |
0 01 02 03 04 05 06 07 08 09 1 1.1
Time (s)
—— Small difference
Big difference

(d) Sliding power

FIGURE 8: Effect of difference between static and dynamic friction coefficient on temperature.

the temperature rise rate and maximum temperature of each
zone of friction pair and lubricant increase.

4.7 Influence of Lubricant Flow. As shown in Figure 9, the
change of lubricant flow only has small influence on the
sliding friction power during the engagement of wet clutch;
however, it certainly affects the temperature rise rate and
maximum temperature of friction pair in asperity contact
stage and has relatively large effect on the temperature rise
characteristics of lubricant. With the increase of lubricant
flow, the temperature rise rate and maximum temperature of
outer and middle zones of friction pair will decrease, while
the effect on the inner zone temperature is relatively small;
the temperature drop of lubricant is most obvious. This is

because larger lubricant flow will result in more lubricant
flowing through the gap between friction pairs in unit time,
larger thermal capacity of lubricant, larger convective heat
exchange amount between friction pair and lubricant, and
thus lower temperature rise rate and maximum temperature
of friction pair and lubricant.

5. Conclusions

Numerical simulation of dynamic temperature rise char-
acteristics of wet clutch has been conducted. Effects of
parameters, such as engagement pressure, lubricant viscosity,
friction lining permeability, surfaces roughness RMS, equiv-
alent modulus, friction coefficient, and lubricant flow, on
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FIGURE 9: Effect of lubricant flow on temperature.

temperature rise in wet clutch engagement were separately
studied. Numerical results have led to the following conclu-
sions:

(3) With the increase of engagement pressure, the rise
rate and maximum of temperature on different zone

(1) During the engagement process of wet clutch, the
radial temperature distribution of separator plate,
friction disk, and lubricant will rise along with the
increase of radius.

(2) The changes in engagement pressure, lubricant vis-
cosity, friction lining permeability, combined surfaces
roughness RMS, equivalent elasticity modulus, differ-
ence between dynamic and static friction coefficients,
and lubricant flow have important effects on the
temperature rise characteristics of the engagement of
wet clutch.

in friction disk, separator plate, and lubricant obvi-
ously increase.

(4) With the increase of lubricant viscosity, the rise rate
and maximum of temperature on different zone in
friction disk, separator plate, and lubricant slightly
increase. However, the change of viscosity has signif-
icant effect on temperature of outer zone in friction
pairs and lubricant film.

(5) With the increase of friction lining permeability,
the rise rate of temperature in the squeezing and
boundary lubrication stages during engagement has
a significant increase, but the maximum temperature
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TABLE 1: Initial conditions for calculation.

Parameters Value
Inner radius of friction pairs a/m 0.064
Outer radius of friction pairs b/m 0.085
Thickness of friction lining d/m 0.001
Surface roughness o/m 8.41x107°
Permeability of friction lining ®/m” 4% 107"
Equivalent elastic modulus E/Pa 2.7 x 10°
Density of roughness peak A/m’ 7% 107
Asperity tip radius R/m 8§x107*
Initial film thickness hy/m 8.8x 107
Viscosity of lubricant #/Pa-s 0.0681
Maximum engagement pressure Py/Pa 6 x 10*
Initial angular speed w,/rad/s 1200
Mass moment of inertia I/kg-m” 0.56

of friction pairs and lubricant almost remains the
same.

(6) The combined surface roughness RMS and equivalent
elasticity modulus have the same effect on the temper-
ature rise characteristics. With the increase of them,
the rise rate and maximum of temperature both rise
obviously.

(7) With the decrease of the difference between dynamic
and static friction coefficients, the rise rate and maxi-
mum of temperature significantly increase.

(8) The change of lubricant flow has an important influ-
ence on the rise rate of temperature in asperity contact
stage and on the maximum temperature. And with the
increase of lubricant flow, the lubricant temperature
dramatically declines.

Nomenclature

r: Radial variable (m)

t: Time (s)

& Compressive strain

E: Elastic coeflicient for compressive strain

A, Nominal disk area (m?)

h: Oil film thickness (m)

hy: Initial film thickness (m)

d: Permeability of friction lining (m?)

d: Thickness of friction lining (m)

P, Hydrodynamic pressure (Pa)

n: Viscosity of lubricant (Pa-s)

hyp: Average gap between friction pairs (m)

o: Combined surfaces roughness RMS
between friction pairs (m)

erf(): Gauss error function

A: Asperity tip density

y: Asperity tip radius (m)

a: Inner radius of friction pairs (m)

b: Outer radius of friction pairs (m)

¢s> ¢ and ¢, Patir-Cheng factors [15, 16]

1

w,e: Angular speed difference between friction
pairs (rad/s)

f.: Dynamic friction coefficient,
f. =0.13+0.0081og w,

N,: Nusselt number

ks: Thermal conductivity of lubricant
(W/(m-K))
Angular speed (rad/s)

w
P.: Pressure (Pa)

h ¢+ Convective coefficient (W/m?*K)
q:  Heat flux (J/m?-s)

c:  Specific heat (J/(kg'K))

p:  Density (kg/m?)

k:  Thermal conductivity (W/(m-K)).

Subscript

A: Separator plate
B: Friction lining
o: Lubricant.
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