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Abstract: The clutch temperature rise characteristics in successive shifting conditions are crucial to
its thermal stability and thermal safety. In the present paper, a comprehensive numerical model is
proposed to investigate the temperature change of separator discs during successive shifting with
the consideration of convection heat transfer in disengaged friction pair gaps, which is validated by
repeated shifting experiments on the SAE#2 test bench. Since the second separator disc near the piston
has the widest disengaged gaps and double-sided heat input, its temperature rise and temperature
drop are the highest. The temperature rise gradually equals the temperature drop with the increasing
working cycle, then the maximum clutch temperature no longer increases. The longer the shifting
interval, the better the heat dissipation is, thus the lower the accumulated temperature rise. Moreover,
the increasing lubrication oil temperature reduces the convection heat transfer and increases the
temperature rise in an engaging process, but the accumulated temperature rise does not increase due
to the widened friction pair gaps. This paper can obtain the temperature rise characteristics of a wet
multi-disc clutch concerning its disengaged gaps during successive shifting, which is a promising
candidate for investigating its overall performance.

Keywords: wet multi-disc clutch; successive shifting; friction pair gaps; convection heat transfer;
temperature rise

1. Introduction

Determining the power transfer efficiency and gear shifting quality directly, the wet
multi-disc clutch is widely used in vehicle automatic transmissions, the typical structure of
which is shown in Figure 1. To improve the torque transfer capability and thermal stability
of the wet clutch, considerable research efforts have been devoted to the mechanism of the
friction torque [1] and the distribution of the temperature field [2].

The generation and variation mechanisms of the friction torque have been intensively
investigated. Yu et al. [3,4] proposed a multi-field coupling numerical model to study the
contact and lubrication mechanisms of friction pairs, and the influence of the operating
parameters on the friction torque was revealed. Bao et al. [1] investigated the influence of
the friction pair number and applied pressure on the friction torque through a kinematic
coupling model. Li et al. [5] studied the influence of surface parameters on the friction
performance of a carbon fabric wet clutch. Wang et al. [6] compared the clutch engaging
characteristics influenced by the groove shape and groove depth. Further, Wang et al. [7]
designed a new conical groove and researched its friction performance experimentally. The
influence of radial and waffle grooves on the friction stability of a paper-based wet clutch
was experimentally compared [8].
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Figure 1. Structure of the wet multi-disc clutch.

Due to the specific working mode of the wet clutch, large amounts of friction heat
are inevitably generated during the short engaging process, thus causing a considerable
and uneven temperature rise. A two-dimensional thermal model was proposed by Li
et al. [9] to obtain the temperature field of a carbon fabric wet clutch and the influence
law of thermal parameters on the clutch temperature rise. Additionally, Ma et al. [10]
and Wu et al. [11] studied the clutch temperature rise characteristics under the long-time
sliding condition. Yang et al. [12] and Yu et al. [13] investigated the uneven temperature
distribution of a wet multi-disc clutch considering the uneven applied pressure caused
by the thermal stress and mechanical stress, respectively. Furthermore, the finite element
method has been widely used to establish three-dimensional thermal models to study the
clutch’s uneven temperature field [14–16].

The abovementioned works of literature were mostly about the single engagement
process of a wet clutch, and the investigations regarding repetitive engagement mainly
focused on the brake disc and dry clutch. Grzes [17] established a computational finite
element model to investigate the temperature rise distribution of the brake disc during
repetitive brake application. Bao et al. [18] conducted twenty-five consecutive braking tests
of a friction brake, suggesting that the maximum temperature remained at a relatively stable
value during the last few braking actions; moreover, the same experimental phenomenon
was shown by Yanar et al. [19]. Pisaturo et al. [20] proposed a finite element model to
predict the critical temperature of a dry clutch during the repeated engagement. However,
for the wet multi-disc clutch, there are few studies on its successive shifting temperature
rise characteristics, which are also very important to its overall performance.

Herein, a comprehensive numerical model concerning the disengaged friction pair
gaps is developed to study the successive shifting temperature rise characteristics of a wet
multi-disc clutch. The simulation results are verified via the SAE#2 bench tests. Then, a six-
friction-pair wet clutch is selected to investigate the temperature rise characteristics during
repeated working cycles. Moreover, the influence of the shifting interval and lubrication oil
temperature on the dynamic thermal balance phenomenon is revealed.
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2. Numerical Model
2.1. Dynamic Model

Controlled by the axial movement of the piston, the friction discs and separator discs
can move axially during the clutch engaging and disengaging process, the axial force
analysis of which is illustrated in Figure 2.
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Figure 2. Axial force analysis for a wet multi-disc clutch.

For a Z-friction-pair wet clutch, the friction components are successively numbered
as 0, 1, 2, 3, . . . , Z − 1, Z, and Z + 1 from the piston to the final separator disc. The force
balance equations for each friction component can be indicated as:

Fv0 + Fc0 + Fk − Fp − Fd0 − Fimpact = m0
..
x0

Fv1 + Fc1 − Fv0 − Fc0 − Fd1 − Fs1 = m1
..
x1

Fv2 + Fc2 − Fv1 − Fc1 − Ff2 = m2
..
x2

...
Fv(Z−1) + Fc(Z−1) − Fv(Z−2) − Fc(Z−2) − Fd(Z−1) − Fs(Z−1) = m1

..
xZ−1

FvZ + FcZ − Fv(Z−1) − Fc(Z−1) − FfZ = m2
..
xZ

Fv(Z+1) + Fc(Z+1) − FvZ − FcZ − Fd(Z+1) − Fs(Z+1) = m1
..
xZ+1

(1)

The gaps between contiguous friction components can be denoted as:

δ0 = x0 − x1 − Hsd
δ1 = x1 − x2 − Hfd
δ2 = x2 − x3 − Hsd

...
δZ−1 = xZ−1 − xZ − Hfd
δZ = xZ − xZ+1 − Hsd

δZ+1 = xZ+1

(2)
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2.2. Lubrication Model

Based on the assumptions of uniform laminar flow and axisymmetric hydrodynamic
pressure, considering the permeability and surface roughness effect of friction material, the
average oil film pressure is presented as [3]:

p =
B

4A

(
r2 − R2

o

)
+

3η

A
∂hT

∂t

(
r2 − R2

o

)
+ ln

r
Ro

(
B

4A
+

3η

A
∂hT

∂t

)
R2

o − R2
i

ln Ri − ln Ro
(3)

Then, the hydrodynamic force of friction pairs can be deduced as follows by integrating
the average oil film pressure in the oil lubrication area.

Fv = π

{
B

2A
+

3η

A
dh
dt

[
1 + erf

(
h√
2σ

)]}[
R4

i − R4
o

4
−

(
R2

o − R2
i
)2

4(ln Ri − ln Ro)

]
(1− AredC) (4)

where the coefficients A and B are demonstrated as:

A = φrh3 + 12Ψdm (5)

B = φrρlh3
(

3ω2
f1 + 4ωf1ωf2 + 3ω2

f2

)
/5 (6)

In addition to friction pair gaps δ1 to δZ, the lubrication oil film also exists in gaps δ0
and δZ+1, leading to the generation of a hydrodynamic force between the piston and the
first separator disc and between the last separator disc and the baffle, which can be denoted
as follows by simplifying Equation (4).

Fv = π

{
ρlω

2
f1 +

3η

φrh3
dh
dt

[
1 + erf

(
h√
2σ

)]}[
R4

i − R4
o

4
−

(
R2

o − R2
i
)2

4(ln Ri − ln Ro)

]
(1− C) (7)

2.3. Contact Model

Considering the elastic–plastic deformation, the contact ratio of the real contact area
and the nominal contact area is defined as [4]:

C =
Ac

An
= κπ2(Nβσ)2

[
1
2

(
H2 + 1

)
erfc

(
H√

2

)
− H√

2π
e−

H2
2

]
(8)

where H = h/σ is the film thickness ratio.
The asperity contact pressure is presented as:{

pc = K′E′ · 4.4086× 10−5 · (4− H)6.804, H < 4
pc = 0, H ≥ 4

(9)

Therefore, the contact force can be integrated as:

Fc = π
(

R2
o − R2

i

)
pc AredC (10)

2.4. Sliding Model

The friction torque Mf is the sum of the contact torque Mc and the hydrodynamic
torque Mv, which are presented as [4]:

Mc =
2
3
πAredCµpc

(
R3

o − R3
i

)
(11)

Mν =
π

2
(1− AredC)η(φf + φfs)

∆ω

h

(
R4

o − R4
i

)
(12)
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The coefficient of friction µ is given as [21]:

µ = 23e
( −2.6V
(ln Toil−3.2)((28.3P)0.4−0.87)

−5.16)
+ 0.08

(
e−0.005Toil − 1

)(
e−0.2V − 1

)
+

0.01 ln(4V+1)
e0.005Toil

− 0.005 ln(28.3P) + 0.035
(13)

For the repetitive braking condition of a wet multi-disc clutch, the torque balance
equation is presented as:

If2
dωf2

dt
= MP −

Z

∑
i=1

Mfi −MR (14)

2.5. Spline Resistance Model

During the clutch working process, a spline friction force will generate and attenuate
the applied pressure [22,23], which is given as:

Ff(s) = sign
( .
x
) µsplineMf

Rf(s) cos αf(s)
(15)

Moreover, the spline damping force for a separator disc is denoted as:

Fd = cs
.
x (16)

2.6. Piston Impact Model

When the piston returns to its limit position in the disengaging process, its accumu-
lated kinetic energy will be exhausted during the impact motion between the piston and
the clutch hub, which affects the separation of friction pairs seriously. Thus, the impact
force is introduced to describe the impact motion, which is indicated as [24]:

Fimpact = K0ξn

1 +
3
(
1− e2)

4

.
ξ

.
ξ
(−)

 (17)

2.7. Heat Conduction Model

Based on the assumption of the axisymmetric temperature field, the explicit difference
format of the two-dimensional heat conduction equation is deduced as [11]:

Tk+1
i,j =

(
1− 4a

τ

ε2

)
Tk

i,j + a
τ

ε2

(
Tk

i+1,j + Tk
i−1,j + Tk

i,j+1 + Tk
i,j−1

)
(18)

where a = λ/ρc is the thermal diffusivity.
The heat flow input boundary condition is presented as:

λ
∂T(x, y)

∂x
= φ (19)

where x and y are the axial and radial directions of the discs, respectively.
For a separator disc, the input heat flow is indicated as [11]:

φst = γst · µ · P · ∆ω · r (20)

where the heat flux distribution coefficient of the steel material is denoted as:

γst =

√
λstρstcst√

λstρstcst +
√

λfcρfccfc
(21)
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The convection heat transfer boundary condition at the inner (outer) radius is pre-
sented as [14]:

λ
∂T(x, y)

∂y
= hi(o)(T∞ − T(x, y)) (22)

hi(o) = n1
λl

Di(o)

(vi(o)Di(o)

η/ρl

)n2

Pr
1
3 (23)

where Pr = η · cl/λl is the Prandtl number.
The convection heat transfer boundary condition in friction pair gaps is presented as:

λ
∂T(x, y)

∂x
= hb(Toil − T(x, y)) (24)

hb = hg +
Ared

1− Ared
hr (25)

where hr and hg are the convection heat transfer coefficients in the local oil film area and
groove area, respectively, which are given as [11]:

hr = 0.664
λl
r

(
ρl · v · Lr

η

) 1
2

Pr
1
3 (26)

hg = 0.064
λl
Lg

(
ρl · v · Lg

η

) 1
2

Pr
1
3 (27)

where Lr = 2δi and Lg = (Ro − Ri)/2 are the characteristic lengths of the local oil film and
oil in the grooves, respectively.

3. Simulation and Verification
3.1. Simulation Method

MATLAB/Simulink was used to simulate the repetitive clutch working cycles, and
the flow chart is shown in Figure 3. For the dynamic simulation, the forces and torques
are calculated first using the initial status or the simulation results of the previous time
step. Then, the dynamic parameters including the accelerations, velocities, displacements,
and rotating speed of the friction disc are obtained by solving the force balance equations
and the torque balance equation. Later, the gaps and their change rates are calculated
using the displacements and velocities, respectively. For the thermal simulation, the initial
temperature fields of each separator disc are built first. Then, the input heat flow and
convection heat transfer coefficients are deduced using the dynamic parameters. After
that, the temperatures of the boundary and inner nodes are calculated using the boundary
condition equations and the heat conduction equation, respectively. Finally, the calculation
process above is repeated until the simulation termination time.

To simulate the repetitive working cycles of a wet multi-disc clutch, the control oil
pressure and the motor torque are input repeatedly. The variation of control oil pressure in
a clutch working cycle is shown in Figure 4a. From 0.25 s to 0.3 s, the control oil pressure
increases linearly from 0 MPa to 2.4 MPa. Subtracting the return spring force, the applied
pressure is about 2 MPa. From 1 s to 1.01 s, the control oil pressure declines rapidly from
2.4 MPa to 0 MPa. To accelerate the friction disc, the motor torque increases linearly from
0 N·m to 30 N·m from 1 s to 1.1 s, which is shown in Figure 4a. Besides, the motor torque
will linearly decrease to 0 N·m from 4 s to 4.01 s. The rotating speed of friction disc nf2
is shown in Figure 4b, the initial value of which is 3000 rpm. Because of the resistance
torque of drive end MR, the friction disc decelerates slightly from 0 s to 0.25 s. Then, the
friction disc is braked in the engaging process and accelerated to 3000 rpm again in the
disengagement status. The rotating speed of separator disc nf1 is always 0 rpm.
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3.2. Test Conditions

The successive braking experiment of a Cu-based six-friction-pair wet clutch was
conducted on the SAE#2 test bench, the structure of which was detailed in our previous
studies [3,4]. The successive engagement tests were carried out at 18 s, 14 s, and 10 s en-
gagement intervals for 10 cycles, respectively. Limited by the actual acceleration capability
of the motor, the minimum engagement interval was set at 10 s. The applied pressure was
2 MPa, and the initial rotating speed was 3000 rpm. During the entire experiment, the
lubrication oil flow remained constant at 1290 mL/min, and the type of the lubrication oil
was 10 W/40-CF. Other input parameters of the simulation and test are listed in Table 1.
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Table 1. Parameters of the simulation and test.

Parameter Value Parameter Value Parameter Value

Ared 0.65 m0/(kg) 1 β/(m) 8 × 10−4

cs/(N·s/m) 0.0466 m1/(kg) 0.25 σ/(m) 8.4 × 10−6

cst/(J/(kg·◦C)) 487 m2/(kg) 0.32 Ψ/(m2) 2 × 10−12

cfc/(J/(kg·◦C)) 536 MR/(N·m) 5 × 10−4 µspline 0.1
cl/(J/(kg·◦C)) 2231 N/(m−2) 7 × 107 λst/(W/(m·◦C)) 45.9

dm/(m) 5 × 10−4 Ri/(m) 0.06 λfc/(W/(m·◦C)) 9.3
E′/(Pa) 4.84 × 109 Ro/(m) 0.073 λl/(W/(m·◦C)) 0.3
Hfd/(m) 2.5 × 10−3 Toil/(◦C) 100 ρst/(kg/m3) 7800
Hsd/(m) 2 × 10−3 η/(Pa·s) 0.0121 ρfc/(kg/m3) 5500

If2/(kg·m2) 0.248 ε/(m) 5 × 10−4 ρl/(kg/m3) 875

3.3. Model Verification

As shown in Figure 5, the simulation data from 0 s to 1 s were compared with the
experimental data. It can be found that the simulation curves of friction torque (before
the engaging moment at 0.488 s) and rotating speed had a good consistency with the
experimental curves. Because of the delay effect for the thermocouple in signal acquisition,
the simulated temperature curve was inconsistent with the experimental temperature curve;
but the simulated and tested temperature rises were basically the same, which were 25.5 ◦C
and 25.3 ◦C, respectively. Therefore, the presented numerical model has a good effect to
simulate the clutch dynamic and thermal characteristics.
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4. Results and Discussion

The simulation results of six repeated working cycles with a 4 s shifting interval are
shown in Figure 6. In the first working cycle, the engaging moment is at 0.488 s, but the
maximum temperature of the center point appears at 0.541 s because of the delay of heat
transfer. The maximum temperatures of the separator discs 1, 3, 5, and 7 in the first working
cycle are 113.2 ◦C, 125.5 ◦C, 124.5 ◦C, and 111.9 ◦C, and the temperature rises are 13.2 ◦C,
25.5 ◦C, 24.5 ◦C, and 11.9 ◦C, respectively. Because the separator discs 1 and 7 only have one
surface to input friction heat, their temperature rises are about half those of the separator
discs 3 and 5. Due to the attenuation effect of the spline friction force, the applied pressure
and generated friction heat gradually decay from the first friction pair to the sixth friction
pair. Thus, the temperature rises of the separator discs 1 and 3 are higher than those of the
separator discs 7 and 5, respectively.
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As shown in Figure 6(a2), the temperature drops mainly in the disengagement status
from 1 s to 4 s. The disengaged gaps are shown in Figure 6(a1), and the disengaged friction
pair gaps decrease from δ1 to δ6 in sequence. The temperatures of the separator discs 1, 3, 5,
and 7 at 4 s are 101.6 ◦C, 107 ◦C, 107.3 ◦C, and 106 ◦C, and the temperature drops are 11.6 ◦C,
18.5 ◦C, 17.2 ◦C, and 5.9 ◦C, respectively. It can be found that the temperature drops of the
separator discs 1 and 3 are also higher than those of the separator discs 7 and 5, respectively.
The reason for this phenomenon is that the heat dissipation in the disengagement status
is dominated by the convection heat transfer, which is positively related to the value of
friction pair gaps. Hence, the larger the gaps on both sides of a separator disc are, the
stronger the convection heat transfer is, and the more the temperature declines.

As shown in Figure 6(b2), the maximum temperatures of the separator disc 3 are the
highest in all working cycles, which are 125.5 ◦C, 130.6 ◦C, 131.3 ◦C, 131.5 ◦C, 131.5 ◦C, and
131.5 ◦C, respectively. Thus, the temperature change of the separator disc 3 is discussed in
detail. Moreover, the initial temperatures before each engaging process of the separator
disc 3 are 100 ◦C, 105.9 ◦C, 107 ◦C, 107.2 ◦C, 107.2 ◦C, and 107.2 ◦C, respectively. Thus, the
temperature rises of each engaging process are 25.5 ◦C, 24.7 ◦C, 24.3 ◦C, 24.3 ◦C, 24.3 ◦C,
and 24.3 ◦C, and the first five temperature drops are 19.6 ◦C, 23.6 ◦C, 24.1 ◦C, 24.3 ◦C, and
24.3 ◦C, respectively.

As the working cycle increases, the temperature difference of the separator disc and
lubrication oil expands, contributing to the increase of the convection heat transfer. Thus,
the temperature rise decreases and the temperature drop increases, eventually reaching
equilibrium. More specifically, the wet clutch comes into the dynamic thermal balance state
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in successive shifting cycles, which is characterized by the balance maximum temperature
Tm and the accumulated temperature rise ∆Ta.

4.1. Shifting Interval

As the shifting interval linearly increases from 2 s to 7 s in Figure 6(b2) and Figure 7,
the balance maximum temperatures are 151.2 ◦C, 137.5 ◦C, 131.5 ◦C, 128.4 ◦C, 126.7 ◦C,
and 125.9 ◦C, and the accumulated temperature rises are 25.7 ◦C, 12 ◦C, 6 ◦C, 2.9 ◦C, 1.2 ◦C,
and 0.4 ◦C, respectively. More exactly, when the shifting interval is 10 s, the maximum
temperature of each working cycle is around 125.5 ◦C, and the accumulated temperature
rise is 0 ◦C. Hence, as the shifting interval increases linearly, more heat is dissipated in
the disengagement status, and the accumulated temperature rise decreases exponentially
until zero.
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The experimental temperature changes are shown in Figure 8. It can be found that the
maximum temperature of each engaging process does not always rise with the increase of
engagement time, and the accumulated temperature rise does not appear. Thus, the balance
maximum temperatures are calculated as the average of the ten maximum temperatures,
which are 125.3 ◦C, 126.1 ◦C, and 122.9 ◦C, respectively. Although limited to the motor
acceleration capability, more experiments under smaller shifting intervals were not carried
out, but the simulated result at 10 s interval was well verified.
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4.2. Lubrication Oil Temperature

As the lubrication oil temperature linearly increases from 60 ◦C to 140 ◦C in Figure 6(b2)
and Figure 9, the maximum temperatures of the first engaging process are 75.7 ◦C, 100.7 ◦C,
125.5 ◦C, 149.1 ◦C, and 172 ◦C; thus, the corresponding temperature rise goes up from
15.7 ◦C to 32 ◦C, respectively. The reason for this phenomenon is that the higher the
lubrication oil temperature is, the lower the efficiency of convection heat transfer is, the
more the friction heat inputs into the separator disc in the engaging process.
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With the rise of the lubrication oil temperature, the balance maximum temperatures
are 81.6 ◦C, 107.8 ◦C, 131.5 ◦C, 155.3 ◦C, and 177.3 ◦C, but the accumulated temperature
rises are 5.9 ◦C, 7.1 ◦C, 6 ◦C, 6.2 ◦C, and 5.3 ◦C, respectively. It can be seen that the
accumulated temperature rise does not enlarge with the linear increase of the lubrication oil
temperature. This is because the disengaged friction pair gaps δ2 and δ3 on both sides of the
separator disc 3 also widen with the increase of the lubrication oil temperature, resulting in
the enhancing of convection heat transfer in the disengagement status, which are shown
in Table 2.
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Table 2. Disengaged gaps with different lubrication oil temperatures.

Toil/(◦C) 60 80 100 120 140

δ0/(mm) 0.0024 0.0025 0.0026 0.0027 0.0028
δ1/(mm) 3.3873 3.3664 3.3474 3.3004 3.2221
δ2/(mm) 0.3252 0.3331 0.3392 0.3570 0.3845
δ3/(mm) 0.2488 0.2543 0.2585 0.2695 0.2884
δ4/(mm) 0.1996 0.2030 0.2064 0.2139 0.2271
δ5/(mm) 0.1774 0.1799 0.1827 0.1888 0.1993
δ6/(mm) 0.1571 0.1585 0.1606 0.1652 0.1730
δ7/(mm) 0.0024 0.0025 0.0026 0.0027 0.0028

5. Conclusions

In this paper, a comprehensive numerical model was developed to study the clutch’s
successive shifting temperature rise characteristics, and a positive correlation between
the convection heat transfer coefficient and the friction pair gaps was established. The
temperature change of separator discs at different positions was analyzed; moreover, the
phenomenon of clutch dynamic thermal balance during repeated shifting was revealed.
The conclusions are summarized as follows:

1. Because of the attenuation effect of the spline friction force on the applied pressure, the
generated friction heat and disengaged friction pair gaps both decayed from the first
to the last friction pair in sequence. Thus, both the temperature rise and temperature
drop of the second separator disc near the piston were the largest.

2. In the successive shifting condition, the convection heat transfer was enhanced with
the expansion of the temperature difference between the separator disc and the lubri-
cation oil. When the decreasing temperature rise equaled the increasing temperature
drop, the maximum clutch temperature no longer increased.

3. Because more heat was dissipated in the disengagement status with the increase of the
shifting interval, the accumulated temperature rise decreased exponentially until zero.
Moreover, with the increasing lubrication oil temperature, the efficiency of convection
heat transfer declined; the temperature rise in a single engaging process increased,
but the accumulated temperature rise was not enlarged due to the broadening second
and third friction pair gaps.
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Nomenclature
Ared non-groove area ratio Toil temperature of lubrication oil (◦C)
c specific heat capacity (J/(kg·◦C)) T∞ ambient temperature (◦C)
cs damping coefficient (N·s/m) vi linear velocity of inner annulus (m/s)
dm thickness of friction material (m) vo linear velocity of outer annulus (m/s)
Di inner diameter (m) v average velocity of lubrication oil (m/s)
Do outer diameter (m) V linear velocity difference (m/s)
e recovery coefficient x displacement (m)
E′ effective Young’s modulus (Pa) Ẋ velocity (m/s)
Fc contact force (N) Ẍ acceleration (m/s2)
Fd damping force (N) Z number of friction pairs
Ff, Fs spline friction force (N) αf pressure angle of inner spline (◦)
Fimpact impact force (N) αs pressure angle of outer spline (◦)
Fk return spring force (N) β asperity radius (m)
Fp control oil pressure force (N) ε spatial step (m)
Fv hydrodynamic force (N) δ gap of friction pair (m)
h nominal oil film thickness (m) ωf1 angular velocity of separator disc (rad/s)
hT average oil film thickness (m) ωf2 angular velocity of friction disc (rad/s)
Hfd thickness of friction disc (m) ∆ω angular speed difference (rad/s)
Hsd thickness of separator disc (m) η dynamic viscosity (Pa·s)
If2 inertia of drive end (kg·m2) κ plastic deformation coefficient
K0 stiffness of impact (N/m) λ thermal conductivity (W/(m·◦C))
K′ contact coefficient µspline spline friction coefficient
m0 weight of piston (kg) ξ local relative indentation (m)
m1 weight of separator disc (kg) ρ density (kg/m3)
m2 weight of friction disc (kg) σ standard deviation of roughness (m)
MR resistance torque (N·m) τ time step (s)
MP motor torque (N·m) φr pressure flow factor
n impact coefficient φf, φfs shear stress factors
N asperity density (/m2) Ψ permeability (m2)
P applied pressure (Pa)

Subscripts
Ri inner radius of friction pair (m)
Ro outer radius of friction pair (m) fc Cu-based friction material
Rf pitch radius of inner spline (m) st steel material
Rs pitch radius of outer spline (m) l lubrication oil
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