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Abstract: The temperature rise of the engaging clutch during shifting depends heavily on the
transmitted torque. Precisely estimating the clutch temperature not only improves clutch control but
also the optimal design of the clutch. However, the contact surface of the friction lining is closed, and
the surface temperature is often difficult to measure accurately. In this study, a theoretical model of a
two-dimensional transient temperature field for the friction disc has been established. In the radial
and axial directions under different launching conditions, the temperature field of a friction disc is
investigated. Four stages of clutch engagement have been determined, and finite-element analysis
has been used to study the temperature field of a single clutch and to determine its duration.Then,
the latest internationally developed distributed optical fiber sensing technology is used to perform
measurement tests on the designed dry clutch friction characteristic test rig. The distributed fiber-
optic temperature measurement technology can accomplish accurate temperature measurement
with fast response speed and can acquire temperature value on different radii of friction discs with
high spatial resolution. Such temperature sensing technology is very suitable for clutch working
conditions. By analyzing the simulation and experimental results of temperature variation of different
radii, different working conditions and different components, an important reference is provided for
the establishment of the clutch temperature model and the optimization of the clutch heat dissipation
structure design.

Keywords: friction disc; dry clutch; finite-element analysis; optical fiber sensors

1. Introduction

The friction clutch is an essential component for a vehicle as it plays an important role
in the process of power transmission. The clutch can engage and disengage the engine
from the gearbox, and it also transfer the torque from the engine to the wheels. Since the
clutch is engaged, the sliding contact between the surfaces of the friction plates helps in
converting the mechanical energy into frictional heat resulting from the increase in the
temperature. After repeated engagements, the temperature field could increase beyond
the range of 250 °C∼300 °C, causing a sharp decline in the friction coefficient and even
resulting in clutch failure [1–3]. In order to improve the performance of the dry clutch
transmission, it is important to implement deep investigation relative to the temperature
distribution after repeated engagements.

Early theoretical models of the temperature field of friction discs were established
based on a one-dimensional analysis [4–6]. The equations of the one-dimensional transient
temperature model were derived to calculate the temperatures at various depths inside the
contacting bodies during the slipping period. These studies assumed that the variation in
the heat flux with respect to the radius could be neglected and that the frictional heat energy
is transferred only along the axial direction. Based on the same assumptions, the surface
temperature of a friction disc was calculated by using different methods under single and
multiple contact conditions [7,8]. In both of these models, the heat-flux variation along the
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radial direction was neglected in order to reduce computation time. The temperature fields
of dry clutches are usually modeled using finite-element analysis [9]. Abdullah, O. I [10]
emphasized the importance of studying the temperature distribution. They conducted sim-
ulations under three typical launch maneuvers to estimate the heat flux and developed an
axisymmetric finite-element model of the dry-clutch discs. The results of the longitudinal
vehicle dynamics have been used in a FEA to predict the temperature field during repeated
clutch engagement. Furthermore, the temperature distribution and the heat generated in a
dry clutch were studied using a three-dimensional finite-element model [11]. The same
authors established a three-dimensional transient temperature model based on two differ-
ent assumptions: uniform pressure and uniform wear [12]. In general, the complexities of
the slipping processes and boundary conditions of the 2D models are major obstacles in
obtaining the solutions of the equations. Moreover, the solutions to the temperature fields
were obtained using commercial software such as ANSYS [13]. However, the investigations
cannot be obtained from the transmission-control unit of a real vehicle. In this study,the
solutions to the FE model were obtained by using a numerical method with the help of
programming in MATLAB. Thus, we could optimize the algorithm used to calculate the
clutch temperature and finally propose an online calculation method to optimize the clutch
control by estimating the temperature when the vehicle is driven. As the frictional behav-
iors of the disc-brake system and dry clutch are similar, studies on the thermal behavior
of a brake disc could be referred. In [14,15], some mathematical methods were applied to
obtain the temperature distribution of a disc-brake system such as Green’s function and
the FE method. An integral-transform method was applied to solve the theoretical model,
and an analytical solution of the temperature field was deduced in [16,17]. In this study,
the theoretical model of a two-dimensional transient temperature field was established and
was simulated using the FE method. Different stages of engagement were considered by
applying different boundary conditions.

In most of the previous studies on clutch temperature, a theoretical approach was
employed that was rarely experimental. This is because it is difficult to place a sensor on
the surface of a rotating friction disc in order to obtain the temperature signal [18,19]. A
thermocouple is used as temperature sensors, and the key to temperature measurement
is the arrangement of sensors in the clutch system. In [20,21], the authors opened a
hole in the back of the test disc and inserted the thermocouple into the hole in order
to measure the internal temperature of the platen at different thicknesses and different
circumferential positions. In [22,23], the surface temperature distribution of friction disc
was measured by using an infrared thermometer, and the thermal effect of a pin-on-disc
tribology test was analyzed. Infrared thermometer has better accuracy and response speed
than a thermocouple, but it often need a specific test rig to realize the measurement. For the
measurement of the friction surface temperature, there is also research [24] using a thin-film
thermocouple (TFTC) as a temperature sensor, which is directly attached to the friction
contact surface. Theoretically, the result from this TFTC measurement is closest to actual
temperature of the contact friction interface, and it does not need to destroy the original
structure; however, the thin-film thermocouple sensor is prone to failure under high sliding
speed. Therefore, TFTC is not suitable for the temperature measurement of the clutch
system. Distributed fiber optical temperature measurements are a new type of temperature
sensing technology and have developed greatly during these years. By using light as
a carrier for sensitive information and using optical fiber as a medium for transmitting
signals, fiber-optic sensors can detect temperature, pressure and strain. Compared with
traditional measurement methods, fiber-optic sensors are characterized by fast response
speed and high precision, and they are now being widely applied in many engineering
fields such as aerospace engineering and safety monitoring [25,26]. In [27], the researchers
first attempted to apply fiber optic sensors to the temperature measurement of dry clutch.
By drilling several radial bores in the pressure plate, the sensing fiber was threaded in
these bores and theoretically offered more than 700 measurement points. In [28], a keyhole-
shaped bore has been used to replace the old round bore; the new bores could provided
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better measurement accuracy and had less influence on the heat flux according to the FE
simulation. The test pressure plate and friction lining were custom-made for the test bench,
and machining holes required high accuracy; thus, this makes it difficult to apply on actual
clutch production.

In this investigation, a dry clutch temperature numerical model is analyzed. In order
to validate the accuracy of the clutch temperature numerical model, an experiment is
designed and conducted under different working conditions. The distributed optical fiber
sensing device is used as a sensor to measure the temperature change of the clutch friction
disc surface. It could be used for temperature measurement of any real clutch system,
and the device is able to reflect the temperature variation of various components inside
the clutch system. The experimental results, which are in reasonable agreement with the
theory, prove that the interface temperature constantly increases and reaches high values
after repeated clutch engagement.

2. Analysis of Clutch Engagement Process

The frictional work generated during the engagement process is the main factor
causing the increase in the temperature. To calculate the frictional work, a simplified
dynamic model of the clutch is established, as shown in Figure 1. When a vehicle is started,
the slipping process can be divided into two phases [3].

GearboxClutchEngine

Te, ωe 

Ie In 

Tc Tn, ωn 

Differential 

final drive

Figure 1. Simplified dynamic model of dry clutch.

First phase: The driving and driven parts of the clutch begin to contact until the
transmission torque Tc gradually increases from 0 to Tn in a time duration ta. (Significance
of all parameters are listed in Nomenclature) The transmitted torque is insufficient to
overcome the resistance torque to start the vehicle; therefore, all the input energy from the
engine is transformed into frictional work. The resultant value is as follows,

W1 =
∫ ta

0
Tcωedt (1)

Second phase: The transmitted torque Tc overcomes the resistance torque Tn, and the
vehicle starts. At this time, the rotation speed of the driven plate ωn gradually increases
from 0 to the engine speed ωe during the time duration ta to tb. Hence, the frictional work
during this stage is given as follows.

W2 =
∫ tb

ta
Tc(ωe −ωn)dt (2)

As the clutch starts to engage, the frictional work causes heat generation, resulting
in temperature increasing. Based on the simulation and experiment results, the change in
temperature of the friction plate of the clutch during engagement and separation can be
divided into four stages: (a) sharp increase, (b) slight change, (c) rapid decrease and (d)
slight change.
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(a) The stage of sharp increase in the temperature: The friction disc speed ωn gradually
increases from zero to ωe. The slipping generates a large amount of heat will lead to a
sharply increasing the temperature of the friction plate of the clutch.

(b) The stage of slight change in temperature: The driving and driven plates are
synchronous, i.e., the friction plate is in direct contact with the driving plates, and there is
no slippage between the plates during this stage. Hence, a slight amount of heat energy is
generated in this period. In addition, only the edge of the friction plate is exposed to air.
The heat dissipation conditions of the friction plate are restricted, and the temperature of
the friction plate changes slowly in this period.

(c) The stage of rapid decrease in temperature: The driving and driven plates separate
from each other, and the entire surface of the friction disc is exposed to air. The speed
of friction disc decreases gradually to zero. The convective heat-transfer coefficient is
approximately proportional to the speed [29]. As the friction plate rotates, the convective
heat-transfer coefficient is relatively high. The heat-dissipation conditions of the friction
plate are favorable and the temperature of the friction plate decreases sharply.

(d) The stage of slight change in temperature: The friction disc stops running, which
will slow down the speed of air circulation. Thereafter, the convective heat-transfer coeffi-
cient decreases. Therefore, the temperature of friction plate changes slowly in this period.

3. Theoretical Analysis

In order to calculate the temperature distribution of the friction plate (as shown in
Figure 2) under frequent launching conditions, a finite-element model of the friction disc
has been established. Some assumptions are made as follows:

1. The material properties are isotropic and independent of the temperature.
2. The contact pressure is uniformly distributed over all the friction surfaces.
3. The convective heat-transfer coefficient varies linearly with the speed.
4. Radiation is neglected because of the short launching time.
5. The wear on the contact surface is negligible.

Y

Z

X

r

Ɵ

 δ

Z

c

e

Figure 2. Schematic of the friction plate.

In order to determine the temperature distributions, both analytical and numerical
techniques have been applied. Based on the actual heating condition of the friction disc of
the clutch, it can be assumed that the heat-conduction model of the friction disc satisfies the
axisymmetric geometry, axisymmetric load, axisymmetric boundary conditions and con-
straints, which implies that the circumferential temperature of the friction disc is the same.
Hence, the 3D model (Figure 2) of the friction disc can be simplified as a 2D axisymmetric
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heat-conduction model (Figure 3). The axisymmetric two-dimensional heat-conduction
equation of the friction disc is as follow.

∂2T
∂r2 +

1
r

∂T
∂r

+
∂2T
∂Z2 =

ρc
k

∂T
∂t

(3)

The boundary and initial conditions of the non-stationary problem are established
as follows.

k
∂T
∂Z Z=0

= q(r, 0, t), R1 ≤ r ≤ R2, t ≥ 0

k
∂T
∂Z Z=δ

= q(r, δ, t), R1 ≤ r ≤ R2, t ≥ 0

k
∂T
∂r r=R1

= −h(T∞ − T(R1, Z, t)), 0 ≤ Z ≤ δ, t ≥ 0

k
∂T
∂r r=R2

= h(T∞ − T(R2, Z, t)), 0 ≤ Z ≤ δt ≥ 0

T(r, Z, 0) = T∞, R1 ≤ r ≤ R2, 0 ≤ Z ≤ δ, t ≥ 0

(4)

A mesh was created for the cross section of the friction disc, and the boundaries were
added as follows.

Figure 3. The heat flux density, boundary conditions and the finite element grid of the friction disc.

Multiplying both sides of Equation (3) by r. The standard form of this function can be
written as follows.

Π =
k
2

∫∫
Ω

r
[(

∂2T
∂r2 +

∂2T
∂Z2

)]
dzdr +

∫∫
Ω

ρcrT
∂T
∂t

dzdr+
∫
Γ

k
∂T
∂n

Trds (5)

The boundary conditions can be divided into three categories:

Γ = Γ1 + Γ2 + Γ3 (6)

where Γ1, Γ2 and Γ3 are the given temperature, intensity of the heat flux and convective
heat-transfer condition at the boundary, respectively.

In this study, the domain is divided into triangular meshes, as shown in Figure 3.
The temperature and the derivative of the temperature can be expressed as a linear combi-
nation of the basis function associated with this node in each unit as follows.

∂T
∂t

=
n

∑
l=1

Nl
∂Tl
∂t

(7)
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Finally, based on the above equations, the expression can be written as follows.

∂Π
∂Ti

= ∑
e∈Ω

k
n

∑
j=1

(
∂Ni
∂z

∂Nj

∂z
+

∂Ni
∂r

∂Nj

∂r
)Tjdzdr + ∑

e∈Ω

∫∫
e

ρc
n

∑
j=1

Ni Nj
∂Tj
∂t rdzdr

+ ∑
e∈∂Ω

∫
Γ2

q f lux Nirds + ∑
e∈∂Ω

∫
Γ3

h

(
n

∑
j=1

NjTj − Tf

)
Nirds = 0

(8)

Equation (8) describes the evolution of temperature filed in the time domain and
establishes the temperature relationship between each point at every moment any given
time. In order to solve the ordinary differential Equation (8), the backward differentiation
method is applied. This method has advantages such as simplicity in calculation and
stability during the solving processes. Assuming that T(t) is the temperature at t and
T(t− ∆t) is the temperature at t− ∆t, the following equation can be written as follows and
will be solved by the finite element method.

K{T(t)}+ C
{

T(t)− T(t− ∆t)
∆t

}
= {P(t)} (9)

4. Design of Experiments
4.1. Fiber Optic Temperature Measurement

In this test, the temperature sensing fiber is placed along the radial groove of the
friction disc, as shown in Figure 4; some glue is used in the groove to fix a certain length
of the optical fiber tube, and then the fiber is threaded into the tube. Each fiber tube with
about 25 mm in length is regarded as a temperature measuring unit, and they can measure
the temperature change of 12 points with a spatial resolution of 2 mm.

Power 

supply
Thermocouple

Signal acquisition 

module

Wireless module
Friction disc

Fiber Tubes

Figure 4. Arrangement of the optical fiber.

The radial groove on the surface of the friction disc is used to temporarily store friction
debris and heat dissipation. The depth of the groove on the new friction disc used in this
test is 2 mm, and the groove depth will become smaller as the friction disc wears. A fiber
optic protection tube with an outer diameter of 2 mm and an inner diameter of 1 mm is
inserted into a bending-resistant and high-temperature resistant fiber and then fixed in the
groove with some glue. The minimum distance between the optical fiber and the contact
frictional interface is about 0.5 mm. Due to the axisymmetric shape of the friction disc
structure, the surface temperature is theoretically different in radial and axial direction,
and there is no temperature gradient on the ring of the same thickness and the same radius.
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Therefore, more measurement units along the circumferential direction are not required.
In this test, only two temperature measuring units are mounted for the flywheel-friction
disc interface and the pressure plate-friction disc interface.

In order to validate the theoretical model, an experiment is designed to measure the
temperature of the friction disc along the circumferential and radial directions. Table 1 lists
the detailed parameters of the friction disc.

Table 1. Parameters for experiments.

Items Symbol Unit Value

Thermal conductivity k W/(m·°C) 43
Heat capacity c J/(kg·K) 1412
Density ρ kg/m3 2412
Convective heat transfer Coefficient h W/(m2/K) 50
Transmitted Torque Tc N·m 71∼88
Working Pressing Force F N 1940∼2380
Coefficient of Friction µ N 0.27
Inner radius R1 mm 121
Outer radius R2 mm 215
Input speed ω r/min 200–1000
Resistance moment Tf N·m 200–600

Figure 4 shows the temperature-acquisition system. The signal-input module, temperature-
signal acquisition module, wireless-transmitting module and power-supply module are fixed
tightly onto the shock absorber of the friction disc by high-temperature glue. The thermocouples
are placed between the cracks on the surface of friction disc. Sixteen thermocouples are
distributed in the circumferential and radial directions of the friction disc. Moreover, four
thermocouples are installed along the same radial line at distances of 19, 35, 55 and 75 mm
from the inner radius of the friction disc. The four radial lines are separated by 90◦.

The friction disc of the clutch is installed on the MASMEC comprehensive test machine
for the experiments. The clutch slipping time, engaging time, separating time, resistance
torque and input speed are set on the test bench. In this study, the experiment is conducted
under eight different working conditions. Table 2 lists the specific parameters. Tf is the
resistance moment. ω represents the input speed. tp denotes the time required for a
single clutch engagement and separation, including the clutch slipping time, engaging
time and separating time. N represents the clutch engaged and separated times.

Table 2. Specific parameters under different working conditions.

Case Tf (N·m ) ω (r/min) tp (s) N

I 200 200 36.5 30
II 200 400 23.5 30
III 400 500 23.5 30
IV 400 600 23.5 30
V 400 800 36.5 25
VI 600 600 23.5 30
VII 600 800 36.5 12
VII 600 1000 36.5 2

4.2. Dry Clutch Friction Temperature Measurement Test Rig

The dry clutch friction characteristic test bench is shown in Figure 5. It consists of
a mechanical transmission system, a servo motor control system and a data acquisition
system. It can realize the pressure input or the clutch bearing displacement input by
hand wheel, with different motor speed or torque input by servo motor control system.
Data acquisition systems are able to acquire signals of pressure, speed, friction torque and
friction surface temperature simultaneously. In the experiment, by rotating the hand
wheel to control the displacement of the clutch bearing, the diaphragm spring is pushed
to separate and combine the pressure plate and the friction disc. Alternatively, by using
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a spring with a force sensor, a certain value of the pressing force input can be performed.
The servo motor is connected with the flywheel and the pressure plate assembly, which
can realize different speed inputs through the system controller to completely simulate the
working condition of the dry clutch system. The relevant performance parameters in this
test are shown in Table 1.

Pressure plateForce Sensor Flywheel

Servo motorMotor driverHandwheel

Figure 5. Temperature measurement test rig.

5. Simulation and Experiment

Figure 6 shows the half section of the friction disc. Line c, line d and curve e are all,
respectively, along the axial, radial and circumferential directions. By solving the two-
dimensional transient temperature model, the distributions of temperature along the lines
c and d under the different working conditions are obtained. Thereafter, the simulation
results are compared with the experimental results under different working conditions in
order to validate the accuracy of the model.

0

X

Y

Z

Line c

Line d

Curve e

Figure 6. Half section of friction disc.
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5.1. Change in Temperature along the Line c

Due to the structural complexity of the friction disc, it is difficult to place the ther-
mocouples inside the disc. Therefore, the temperature data of the friction disc cannot
be obtained for the line c. Here, we only analyze the temperature change in the line c
based on the simulation results of the 2D model. The temperature changes with different
depths on the line c with time t is shown in Figure 7. The temperature of the friction disc
first increases and then subsequently decreases to a temperature higher than that in the
previous condition. The increasing rate of temperature clearly decreases with the increase
in Z. The decreasing rate of the temperature also decreases with the increase in Z. A large
amount of heat energy is generated on the surface during the slipping stage. The surface is
then directly in contact with air during the cooling stage. Thus, the boundary conditions
significantly affect the surface temperature.

0 5 10 15 20
50

55

60

65

70
R=176mmT [°C]

t [s]

Z = 0 mm

Z = 3 mm
Z = 2 mm
Z = 1 mm

Figure 7. Temperature variation at different height on the line c.

5.2. Change in Temperature along the Line d

Figure 8 shows the changes in temperatures on the contact surface of the friction disc
at different radii: (a) R = 196 mm, (b) R = 176 mm, (c) R = 156 mm and (d) R = 140 mm.
The circumferential angle is 90◦; the input speed is 400 r/min; the resistance torque is
200 N·m; and the clutch is engaged and separated 30 times. The black and red lines
represent the simulation and test values, respectively. The simulation results are in good
agreement with the experimental data. The maximum error is approximately 6 °C, and
the average error is within 3 °C, which lies in the acceptable range. With the increase in
the number of engagement and separation processes, the temperature constantly increases.
However, the increasing rate of the temperature declines gradually. Compared to the
experimental data, the simulation results have better periodicity, but both vary similarly.

Figure 9 shows the experimental data at different radii. It is evident that the tempera-
ture distribution is related to the radius of the friction disc. The outer temperature of the
friction disc is higher than inside, and temperature change outside the friction plate is much
more intense. The reason for this is that the outside surface of the friction disc generates
much more local heat during the slipping stage. Moreover, during the separating stage,
the driving and driven plates are separated, and the temperature of the friction-disc surface
is significantly different from that of the air around it and that of the friction-disc surface
directly in contact with the air; the temperature of the friction disc decreases rapidly.
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Figure 8. Temperature variation at different radii on the line d.

c

0 100 200 300 400 500 600 700
40

60

80

100

120

140

T [°C]

t[s]

R = 140 mm

R = 196 mm
R = 176 mm
R = 156 mm

Figure 9. Temperature variation at different radii.

5.3. Change in Temperature along the Line e

Figure 10 shows the experimental temperature change on the contact surface of the
friction disc at radii 156 mm and at different locations along the circumference: (a) θ = 0◦, (b)
θ = 90◦ and (c) θ = 180◦. The input speed is 400 r/min; the resistance torque is 200 N·m; and
the clutch is engaged and separated 30 times. It can be observed that, in this work condition,
the hypothesis for circumferential temperature of the friction plate remains the same and
is approved. In the theoretical model of the two-dimensional transient temperature field
proposed in this study, we assumed that the boundary conditions are symmetrical along
the axial direction and that the circumferential temperature of the friction disc is the same.
Based on the experimental data, the assumption is reasonable.



Machines 2021, 9, 185 11 of 13

0 100 200 300 400 500 600 700
40

50

60

70

80

90

100

110

120
 =0°

 =90°

 =180°

R=156 mm

T [°C]

t[s]

Figure 10. Temperature variation of different points on curve e.

5.4. Change in Temperature under Different Working Conditions

Figure 11 shows the temperature distributions on the contact surface of the friction
disc (R = 176 mm; θ = 90◦). The red and blue lines represent the simulation results and
experimental data, respectively. Table 3 lists the detailed data.
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Simulation

Experiment

0 50 100 150 200 250 300 350 400 450
20

40

60

80

100

120

140

160
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I
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IV

T [°C]

t[s]

Simulation

Experiment

Figure 11. Temperature variation at different working conditions.

Table 3. Experimental data and simulation results under different working conditions.

Case I II III IV

T0 32 57 59 72
N 12 12 12 2
Tms 48.71 93 160.3 172.5
Tme 49.56 89.33 157.1 167.8
∆Tm 2 5 6 10
ω 200 400 800 1000
Tn 200 200 600 600

The increasing rate of the temperature is closely related to the working conditions:
the input speed ω and the resistant torque Tn. At the same input torque Tn, the higher the
input speed ω, the higher the temperature increasing rate. The higher the input torque and
speed, the higher the temperature of the temperature increasing rate.
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6. Conclusions

Based on the assumption of uniform pressure and the theory of heat transfer, a two-
dimensional transient temperature model of the friction disc of the clutch is established. By
the finite-element method, a numerical solution of the temperature with different work
conditions is obtained. The experimental data are in good agreement with the simulation
results. The error in their highest temperature is less than 5%, which validates the accuracy
of the proposed model. The change in the temperature is divided into four stages for a
single engagement and separation cycle: sharp increase, slight change, rapid decrease
and slight change. The temperature distribution on the friction disc varies along the radial
and axial directions and is similar to that along the circumferential direction. After repeated
engagements, the temperature easily increases beyond 150 °C, which is approximately
equal to the critical temperature of a normal clutch material. Thus, an online calculation
method is necessary to optimize the clutch control and to prevent clutch failure.

Author Contributions: Conceptualization, methodology, validation, writing—original draft prepara-
tion, formal analysis and investigation, F.M.; Resources, writing—review and editing and supervision,
J.X. Both authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Natural Scientific Foundation of China (NSFC) under
grant number 51275038.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Symbol Description Value
ωe Engine speed r/min
ωn Friction disc speed r/min
ω Input speed r/min
Tn Resistance torque N·m
Te Engine torque N·m
Tc Clutch torque N·m
Ie Moment of inertia of input kg·m2

In Moment of inertia of output kg·m2

p Contact pressure MPa
µ Coefficient of friction
γ Heat flux distribution coefficient
ρ Density kg/m3

c Heat capacity J/K
k Thermal conductivity W/(m/°C)
h Convective heat transfer coefficient W/(m2/K)
P Heat source vector
Q Intensity of heat flux W/m2

R1 Inner radius mm
R2 Outer radius mm
tp Time required for single clutch engagement and separation s

Tme Maximum temperature of experimental data °C
Tms Maximum temperature of simulation results °C
∆Tm Maximum difference between simulation °C

results and experimental data
Z Axial coordinate mm
θ Circumferential coordinate
δ Thickness of the clutch mm
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