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Abstract: Based on the thermoelastic instability theory, the
variation trend of film thickness on the surface of transfer case
friction pair is studied, and the basic process in which the
thickness of lubricating oil film changes due to thermoelastic
instability was obtained. According to this process, the critical
speed of transfer case friction pair is used to reflect transfer
torque stability. Based on above, firstly, the dynamic simulation
model of the transfer case is established from which the dynamic
characteristic equation of the transfer case under the combined
action of asperity torque and viscous torque is obtained. Secondly,
according to the result that the thickness of the transfer case
lubricating oil film is affected by the joint action of lubricating oil
pressure, contact pressure and thermal expansion, the condition of
thermoelastic instability of the transfer case torque transmission
is discussed. The result shows that the critical speed of the
thermoelastic instability increases correspondingly with the
increase of the thickness of the oil film. The critical curve divides
the engagement process into the stable region at the upper part of
the curve and the unstable region at the lower part of the curve, so
as to calculate the thermoelastic instability region of the torque
transfer of the transfer case. Finally, in order to further analyze
the influence of thermoelastic instability on the characteristics of
the transfer case, three factors, namely the surface roughness of
the friction plate, the lubricating oil viscosity and the thermal
conductivity of the dual steel disc, are mainly selected for
analysis, and the thermoelastic instability is taken into account.
The conclusion is expected to be used in the engineering practice
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1 Introduction

Transfer case is the critical part of four-wheel drive vehicle.
The way to quickly and accurately realize the torque
distribution of front and rear axle and left and right wheels
determines the ability of vehicle to get out of trouble under
bad working conditions. The thermoelastic instability of
the friction pair in the transfer case occurs due to the
friction heat. The way to judge the critical speed of the
thermoelastic instability plays a critical role in preventing
torque transfer from overheating and failure. The dynamic
transfer characteristics of this part have been studied by
scholars at home and abroad

For example, scholars such as JANG and KHONSARI
[1], on the one hand, they took the influence of friction
material thickness into account, and established a
comprehensive analysis model of the thermoelastic
instability in the wet clutch. On the other hand, they
derived and solved the control equation of the
thermoelastic instability [2]. Then study the influence of
different groove forms on the wet clutch, and establish a
three-dimensional control equation for numerical solution
[3]. MARKLUND [4-5] studied the working conditions of
wet clutches under boundary lubrication conditions. The
team of Professor Li Heyan [6-9] from Beijing Institute of
Technology has conducted theoretical modeling and
analysis using thermoelastic instability theory to
investigate the effect of oil film thickness and local high
temperature region on thermoelastic instability under fluid
lubrication. At the same time, LI [10] and others studied
the transient thermoelastic of wet multi-plate clutches.
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Nomenclature

fN Number of friction plate appp Oil pressure ( Pa )
 friction coefficient U relative rotation speed ( rpm )

appF Thrust plate pressure ( N ) pA Piston area( 2m )
 fluid viscosity ( 2N s/m ) a Inner diameter ( m )
b Outer diameter d Thickness of the friction plate ( m )
h The initial oil film thickness ( m )  Friction material permeability
(h) flow factor  asperity density ( 3kg/m )

 oil density E young modulus ( GPa )
 the asperity tip radius ( m ) 0 angle between grooves
 the standard deviation of asperity roughness gN number of grooves

f Patir flow factor H film thickness ratio

gw groove width ( m ) fs Chang flow factor

sk Thermal conductivity  coefficient of thermal expansion
f Frictional coefficient  diffusivity of material
 Surface characteristic parameter  time index of temperature disturbance

 wave number in x-direction  spatial index of temperature disturbance in
y-direction

1h . 2h the amplitudes of the surface wave '
hp hydrodynamic pressure

v wave speed  the displacement potential

p pressure flow factor
s shear flow factor

c asperity contact factor 'T the disturbance temperature

V the poisson’s ratio n wave number

LEE [11-13] analyzed the thermoelastic instability in
functionally graded materials and the thermoelastic
instability of dry friction systems. SEONG [14] studied
the transient thermoelastic plastic instability in friction
systems.

In China, Chen Hufang [15] deduced the thermoelastic
instability characteristic equation of friction plates for the
problem of thermoelastic instability leading to the failure
of wet multi-plate friction clutch power transmission. Yun
Ruide [16] based on the classic Hertz contact mechanics
theory and fractal contact model, taking the multi-scale
contact state into account and establishing a contact model.
Professor Ma Biao [17] of Beijing Institute of Technology
used thermoelastic instability theory to study the
inhomogeneous temperature field during the engagement
process.

In the field of transfer torque transmission, scholars
such as OKAMOTO [18] studied the variation of friction
coefficients of friction plates with different factors during
the engagement process. Scholars such as ZHAO [19]

took the influence of fluid dynamics on the asperity
surface into consideration and established a dynamics
model of spiral groove friction plate. According to the
structural characteristics of wet multi-disc clutch,
Professor Ma Biao [20] et al. studied the influence of
relevant factors such as the surface asperity contact of the
friction pair, the material permeability, and the centrifugal
force of the lubricating fluid.

Based on the research results analyzed by many
scholars, the previous research on the transfer case mainly
focused on the groove form and material properties of the
transfer case friction pair. According to the previous
research, the importance of the torque transmission
stability of the transfer case friction pair is obtained
[21-23]. Therefore, it is necessary to calculate the critical
speed of the transfer case when the thermoelastic
instability occurs to obtain the influence of the
thermoelastic instability on the transfer function of the
transfer case, so as to provide reference and basis for the
optimal design of the transfer case.
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2 Mechanical Model of Transfer Case

When the pressing mechanism gradually acts on the friction
pair, oil film thickness that between friction pairs is
decreasing, so the engagement process of the transfer case
is divided into three stages:

The first stage is the fluid lubrication stage. A certain oil
clearance exists between the friction pairs, so there is no
asperity torque between the two objects. The second stage is
the mixed friction stage, the lubricating oil film and the
asperity surface share the friction torque. In this case, the
total friction torque at this stage is comprised of the viscous
torque and the asperity torque produced by the friction pairs.
The third stage is the asperity torque stage, that is, the
pressure is borne by the asperity contact, The working
process is shown in figure1.

Figure 1 Principle diagram of transfer case

2.1 Mathematical Model of Transfer Case
During the process of sliding friction of the transfer case,
the work done by friction is converted into heat and the
heat is absorbed by the friction pairs.

First of all, the radius is r , area is 2dA rdr ,
friction torque is drprdAprdT appapp  22 . Therefore,
the formula for calculating friction torque is:

2 3 322 ( )
3

b

f app f appa
T N r p dr N b a p      .

The torque transmitted by a number of friction pairs is:

3 3

2 2

2( ) sgn( )
3( ) f app p

b aT N p A
b a

 



(1)

The dynamic equations of the transfer case is:
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2.2 Asperity Torque of Transfer Case
The applied pressure appF acting on the thrust plate, is
composed of the oil film bearing capacity F and the
friction plate asperity contact force cF . appF is expressed
as:

app c c
A A

F F F pdA p dA dA rd dr      (3)

According to GW Model:
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Taking into account of the symmetry of the friction plate,
Eqs. 3 can be further expressed as:
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2.3 Total Torque of Transfer Case
The viscous torque VT and asperity torque cT constitutes
total torque, thus the formula can be expressed as:
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Taking into account the symmetry of the annular
friction plate, Eq. (6) can be further expressed as:

 
3 3

4 4

sgn
3

4
f

c V f g c

fs
f g

b aT T T N N p

b aN N
h

  

 
 






  




(7)

3 The Characteristics of Transfer Case Oil
Film

3.1 Surface Deformation Caused by Hydrodynamic
Pressure
There is a film of lubricating oil thickness 0h between the
friction pairs, so a form of surface wave is used to
represent the thick film of lubricating oil film:

'
1 2sin ( ) cos ( )h h x vt h x vt      (8)

So the total lubricant film thickness is：

'
0h h h  (9)

Taking surface roughness into consideration, it assumes
the surface roughness of the friction plate meets Gaussian
height distribution. The average gap Th becomes :

2(1/ 2)[1 ( )]
2 2 2

H
T

Hh H erf e 


   (10)

The formula /hH  represents the dimensionless
nominal film thickness. In order to identify the
deformation caused by lubricating oil pressure, the
pressure distribution on the surface of the friction should
be obtained. According to the theory of Patir and Cheng
and Reynolds equation:

3 3 1 1( ) ( )
12 12 2 2

p h P h s
c

h p h p h
x x z z x x
   
 

      
   

     

(11)
Parameter '

hp represents the lubricating oil pressure
caused by asperity surface disturbance.
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(12)

The three influence factors ignore the influence of
higher-order terms as:

' ' '
' ' '

0 0 0
p po p s so s c co c

h h h
h h h

              (13)

Insert Eqs. (9)、(12) and (13) into (11), and solve to get
hydrodynamic pressure:

'
'

2 3
0

6 h
h

dhp
dxh





(14)

Where:
'

0

0

co s
h

po

H
H
 





 (15)

The elastic deformation of the friction pair caused by
the hydrodynamic pressure is expressed as:

' '
'

3 3
0

2 12h h
h

p dh
E dxE h


  

 
(16)

3.2 Deformation of Friction Plate Caused by Asperity
Contact Pressure
A proportionality factor cE is introduced in the paper.
Therefore, c c r n c c/P E A A E A （ ） . rA and nA mean
the real and nominal area of asperity contact, cA is
calculated as follows:

2(1/ 2)1 1[ ( ( ) 1)]
22 2

H
c

HA e H erf


   (17)

Using Gaussian distribution statistics method, the
asperity contact area including disturbance is obtained as:

'
'

0
c c

hA
h

  (18)

Where:
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(19)
The surface deformation of the friction plate caused by

the contact pressure is expressed as:

'
' '2 2 2c c c c
c

o

p E A E h
E E E h





   

   (20)

3.3 Thermal Surface Deformation
The two-dimensional displacement potential ( ) for the
friction pair is solved first:

2 '(1 ) TV    (21)

'T is the disturbance temperature in the dual steel disc:

'T T sin( )t y
o e e x ny vt     (22)

 is the time index of temperature disturbance. The
spatial index of temperature disturbance in y-direction ( )
and the wave number in y-direction ( n ) are expressed as:

2 2 2
2 2

2

2 2 2
2 2

2
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2 2
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2 2
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(23)

Using the boundary conditions, the two-dimensional
displacement potential ( ) is further expressed as:
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Where: ( )sX x vt  
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The thermal stress on the friction plate surface is:
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(26)

The surface deformation of the friction pair caused by
thermal stress is:
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(27)

3.4 Total Perturbation Deformation
The total perturbation deformation is generated by the
combined action of hydrodynamic pressure deformation

'
h , a asperity contact pressure deformation '

c and
thermal deformation '

th , The total disturbance
deformation is:

' ' ' '
h c th      (28)

Combine Eqs. (16),(20), and (27)
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(29)
Where: cE 

3.5 Thermoelastic Instability Analysis
The surface wave disturbance 'h causes three deformation
components, including hydrodynamic pressure '

h ,
asperity contact pressure '

c , and thermal expansion '
th .

Hence:

' ' ' ' '
h c thh        (30)

If the disturbance film thickness 'h between the friction
pairs is greater than the sum of the deformations, the
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friction pairs will be thermoelastic stable. In the opposite
case, the system will experience thermoelastic instability
and thermal ablation of the friction pair. In this situation,
the stability parameter 0  . The threshold of
instability critical speed is obtained by identically
satisfying Eqs. (30). This condition corresponds
to 0  .

Use Eqs. (29), set 0  , the following dimensionless
equations emerge:

2 2

/ /

1 1 1 11 , 1
2 2 2 2

v v

v n v

   



   

       

，

(31)

The relationship between critical speed and oil film
thickness is obtained by solving the following equations:

2

1 2 3 4
2

1 2 3 4

[ ] [1 ] 0

(1 ) [ (1 ) ] [1 ] 0

cr cr

cr cr

s n s n s nv s v

s s s v s nv

  

    

    

      
(32)

Where:

2

1 22
00 0

3 43
00

2 2

12 2
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ss T

h c

fs s
h kk h h

s s
hh

  

  

 


 
 

(33)

Parameters 1s and 2s are related to the thermal
deformation caused by the viscous shear and the asperity
contact pressure, respectively. parameters 3s and 4s are
linked to the mechanical deformation caused by the
hydrodynamic pressure and the asperity contact pressure,
respectively.

4 Results, Validation and Discussion of
Transfer Case Characteristics

4.1 Critical speed analysis
The characteristics of a certain type of SUV vehicle
transfer case are analyzed. The friction pairs of parameters
are shown in table 1. The simulation results of critical
speed and the thickness of the oil film in the friction pairs
are shown in Figure 2 and Figure 3.

Table 1 Related parameters of friction pairs

Parameters Numerical Value (Unit)
a 0.057 ( m )

b 0.066 ( m )
 6E-6
d 5E -4 ( m )
 4E-12

gw 1.5E-4 ( m )
0h 6E-5 ( m )
gN 32

fN 8
E 200 ( GPa )

cE 3.1E7 ( Pa )
 3E7 ( 3kg/m )
 0.035 ( 2N s/m )
 5E -4 ( m )

sk 40 ( -1W/(m K) )

 1.71E-5 ( -1K )
 8.58E-5 ( 2m / s )

Figure 2 shows the relationship between the thickness
of the oil film 0h and the critical speed cr based on the
change of the stationary wave. The solid line represents
the predicted value of the critical velocity of the dual steel
disc (Equation 46), and dashed line indicates the critical
velocity of the friction plate (Equation 47). It can be
observed that the curve divides the diagram into two
different regions. All critical velocities below the shown
curve feature thermoelastic stability, and engaging speeds
greater than the critical value will accelerate the
generation of thermoelastic instability.

Figure 2 The relationship between oil film thickness and
critical speed

Figure 2 shows that as the thickness of the oil film
increases, the critical speed of thermoelastic instability
also increases accordingly. The main reason is that the
increase in the thickness of the oil film leads to the
reduction of friction heat which is generated between the
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friction pairs, resulting in a relatively small thermal
expansion of the dual steel disc. more heat is generated in
the lubricating oil as the film becomes thinner. By
contrast, as the film thickens, the viscous torque produces
less heat.

At the same time, the critical speed of the friction plate
surface is much lower than that of the dual steel disc,
because the oil film on the asperity surface generates
relatively more frictional heat. The principle explains that
the rougher the surface of the friction plate, the more
vulnerable it is to be affected by thermoelastic instability.
With the increase of oil film thickness, the roughness
effect gradually decreases. When the surface roughness
reaches 30 h , the simulation curves coincide because
the critical speed of the friction pairs reach the same
value.

Figure 3 The influence of different friction surface
characteristic parameters on the critical speed

Figure 3 shows the impact of friction surface
characteristic parameters  on critical speed. The critical
velocity decreases with increasing surface characteristic
parameters, because more frictional heat is generated at
larger surface characteristic parameters. The simulation
results also show that when 1  the critical speed of
friction plate is higher than that of dual steel disc with
lubricant film thickness lower than 3μmh  . The reason
is that when the thickness is less than 3μmh  , the
amount of elastic deformation caused by asperity contact
pressure is greater than the amount of thermal
deformation caused by the asperity contact pressure.
When 3μmh  , The amount of deformation caused by
asperity contact pressure is equal to the amount of thermal
deformation, so the critical speed of the asperity surface is
consistent with that of the smooth surface.

Figure 4 The boundary of stable area

Based on previous research[21-23], the simulation
obtained the relationship between the oil film thickness
and the critical speed, and the relationship between the oil
film and the thermoelastic instability of hydrodynamic
lubrication, as shown in Figure 4. It can be obtained from
the figure that the thickness of the oil film in the original
article decreases rapidly with the speed difference. The
friction pairs quickly transmit from the fluid lubrication
stage to the full asperity contact stage, while the
intermediate mixed lubrication stage is difficult to reflect.
Since the oil film of thermoelastic instability changes
slowly, the whole engaging process is divided into the
stable region on the upper part of the curve and the
unstable region on the lower part of the curve. It can be
seen from the figure that the variation trend of the
lubricating oil film in the previous paper has been in the
unstable region of the thermoelastic instability of
hydrodynamic lubrication. So the maximum torque
transmitted by the transfer case obtained in the original
paper will produce a certain degree of thermoelastic
instability, and friction plates are more prone to ablative
and warping. Therefore, in the actual torque transfer of
the friction pair, the region of thermoelastic instability
should be avoided.

figure 5 Comparison and analysis results of transfer torque
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According to the variation trend of the lubricating oil
film with the speed difference in figure 4, the simulation
obtains the friction torque transmitted by the original
model and the transfer case considering the thermoelastic
instability model during the engagement process. It can be
seen from the figure that the original model and the model
with thermoelastic instability under consideration not only
have a gap of 0.15s to reach the maximum torque, but
also the difference of the torque value transmitted by them
is about 30 N m . The torque value of the original model
is greater than that of the model considering thermoelastic
instability, which indicates that thermoelastic instability
has occurred in the original model. That is, in the actual
torque transmission process, it is necessary to actively
control the torque value transferred by the transfer case to
be greater than the simulation results of the thermoelastic
instability model, so as to ensure the stability of torque
transmission.

4.2 Test Verification
In order to verify the correctness of the transfer case
model, a test bench was built as shown in Figure 6. The
results obtained after related tests and data processing are
showed in Figure 7.

Figure 6 Multi-plate clutch test bed

Figure 7 Comparison of original model and critical speed
model and test

The test results in Figure 7 show that the trend of the
test value and the simulation value is generally the same.
When the other conditions are consistent, the data of the
test is slightly higher than the simulated result of the
modified model. If the friction pair is operated for a long
time, hot spots and thermal failure are prone to occur. In
the course of controlling transfer case, it is necessary to
ensure that the value of torque transmission is not more
than the revised model of the critical value.

5 Thermoelastic Instability Factors Analysis
and Discussion
In order to further analyze the influence of thermoelastic
instability on transfer case characteristics, three factors
are selected for analysis, including the surface roughness
of the friction plate, thermal conductivity of the dual steel
disc and lubricating oil viscosity. The influence of
thermoelastic instability on the critical speed and torque
transmission of the transfer case is also considered. The
simulation results are shown in Figure 9:
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Figure 8 The influence of different factors on critical speed and torque transmission

From the graph a in Figure 8, it is found that the critical
speed of the friction plate with high surface roughness is
much lower than that of the smooth surface, because the
rougher the surface of the friction plate, the more heat is
generated by the friction. Thus it can be predicted that the
rougher the surface of the friction plate, the more prone
to thermoelastic instability. As the thickness of the
lubricating oil film increases, the surface roughness effect
tends to decrease. And when the friction plate surface
roughness reaches to 30 h , the critical speed of the
smooth surface is consistent with that of the asperity
surface.

From the d diagram, surface roughness has a great
influence on the torque transmission of the transfer case.
The greater the surface roughness is, the smaller the
transmission gap between the two models. In the first 0.5s
of the joint, the torque transferred by the original model is
above the thermoelastic instability model, which is in the
state of thermoelastic instability. In the next process, as the
surface roughness increases, the critical speed between the
two models gradually approaches, which reveals the
greater the surface roughness is, the more likely the
frictional transfer torque will be in the stable region. If the
surface roughness is a fixed value, the transfer torque
which is greater than that of the thermoelastic instability
model is the unstable torque, which is prone to overload.

It can be obtained from Figure b that the viscosity of
different lubricants has no obvious effect on the critical speed.
The graph e shows that the influence of the viscosity of the
lubricating oil on the original model and the thermoelastic
instability model is mainly reflected in the value of torque
transmission. The maximum torque difference between the
two models is close to 30 N m , and it takes about 0.9s to
enter the thermoelastic stable region. The whole process
provides a great reference for the thermal load management
of the transfer case.

Figure c reveals that thermal conductivity has a certain
effect on the critical speed. The better the thermal

conductivity is, the larger the critical speed value is.
Figure f reveals that different thermal conductivities not
only affect the torque transfer, but also influence the time
they take to reach the area of thermoelastic instability
varies. With the increase of thermal conductivity, the
smaller torque is transferred, and the longer time it takes
to reach the region of the thermoelastic instability.

6 Conclusions

(1) thermoelastic instability is one of the main causes of
the instability of the transfer torque. The critical
speed is an important criterion to judge the stability of
the torque transmission of transfer case. through the
analysis of the joining process of the transfer case, the
mathematical model is established. Then the lubricant
film thickness of transfer case is analyzed by the joint
action of lubricating oil pressure, contact pressure and
thermal expansion. It is found that as the thickness of
the oil film increases, the critical speed of
thermoelastic instability also increases accordingly.
At the same time, the critical speed of friction plate is
much lower than that of the dual steel disc due to
frictional heat generation.

(2) Compared with the published torque transfer model,
the film thickness in the original paper decreases
rapidly with the speed difference, and the transfer case
transmit rapidly from the fluid lubrication stage to the
full asperity contact stage, while the intermediate
stage of mixed lubrication is difficult to be reflected.
Given that the variation trend of the oil film is
relatively slow, the whole joining process is divided
into the stable region of the upper part of the curve
and the unstable region of the lower part of the curve,
and finally the unstable region of the transfer torque is
obtained. In order to further analyze the influence of
thermoelastic instability on the features of the transfer
case, the three factors of friction plate surface
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roughness, lubricating oil viscosity and thermal
conductivity of the dual steel plate are mainly
analyzed. The greater the surface roughness is, the
smaller the transmission gap is between the two
models. The influence of the viscosity of the
lubricating oil on the original model and the
thermoelastic instability model mainly affects the
torque transfer, The maximum torque difference
between the two models is close to 30 N m . These
research results have theoretical and practical value on
the design of transfer case.
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Figures

Figure 1

Principle diagram of transfer case

Figure 2

The relationship between oil �lm thickness and critical speed



Figure 3

The in�uence of different friction surface characteristic parameters on the critical speed

Figure 4

The boundary of stable area



Figure 5

Comparison and analysis results of transfer torque

Figure 6

Multi-plate clutch test bed



Figure 7

Comparison of original model and critical speed model and test

Figure 8

The in�uence of different factors on critical speed and torque transmission
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