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Abstract. The purpose of this paper is to study the air effects on transmission characteristics of hydro-viscous
clutch and reveal the distribution law of the ﬂow ﬁeld of the oil ﬁlm. The computational-ﬂuid-dynamics (CFD)
simulation model of oil ﬁlm with radial oil grooves between friction pairs is taken as the study object. Considering
the air effects, the pressure ﬁeld, two-phase distribution, transmission torque and temperature ﬁeld of the oil ﬁlm
are analyzed comparatively by using the CFD technology. The results show that the presence of air changes the
pressure and temperature distributions of the oil ﬁlm. With increase of the absolute rotational speed, the air
volume fraction increases and the radius value of the air-liquid boundary decreases under condition of constant
speed difference, which makes the coverage rate of the oil ﬁlm on the surface of the friction disks reduce and the
transmission torque of the oil ﬁlm decrease. These simulation results are attributed to the study of hydroviscous-drive and its applications. This paper also can provide a theoretical basis for the mechanism of power
transmission through oil ﬁlm in the presence of air effects.
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1 Introduction
Hydro-viscous clutch, based on Newton’s law of viscosity,
transfers the power through the viscous shear force of
the oil ﬁlm in the clearance between friction disk and steel
disk and regulates the output speed by adjusting the oil
ﬁlm thickness. Hydro-viscous clutch has signiﬁcant effects
on soft-start, stepless speed regulation, energy saving and
so on [1], so that it is widely used in the fans, pumps, belt
conveyors and other large mechanical equipment.
At present, many scholars at home and abroad have
studied the mechanism of hydro-viscous drive (HVD).
Liu [2] revealed the effect of speed difference on HVD
by using the distributed analytical method. Xiao [3]
analyzed the ﬂow pattern of the oil ﬁlm between the
friction pairs and found that the ﬂow pattern is turbulent
ﬂow at high rotational speeds, which results in that the
ﬂuid lubrication between the friction pairs is insufﬁcient.
Huang [4] found that the temperature rise at high
rotational speed is higher than that at low rotational
speed by analyzing the heat transfer of the ﬂuid in the gap
between the HVD friction pairs. Meng and Hou [5,6]
studied the multi-physical distribution, the bearing
* e-mail: xiefangwei@ujs.edu.cn

capacity and the transmission torque of the oil ﬁlm
during the soft-start process of the hydro-viscous clutch.
Zeng et al. [7] established a ﬂuid-solid coupling transient
heat transfer model of the friction disks during the
bonding process of the wet clutch, and the distribution of
temperature ﬁeld along the radial and circumferential
directions of the friction disks was obtained. Cho [8]
proposed a multi-physics model to predict oil ﬁlm
dynamics and found that the torque of the multi-phase
ﬂow model signiﬁcantly degrades at high rotational
speeds. Jammulamadaka and Gaokar [9] took into
account the oil viscosity-temperature dependency, the
oil surface tension and the compressibility of the air. The
study shows that the oil ﬁlm rupture occurs at high
rotational speeds and the simulation model which
considered the compressibility of the air is closer to the
experiment data. Feng et al. [10,11] built the model of the
oil ﬁlm with double circular oil grooves and analyzed
the evolution rule of the two-phase ﬂow region based on
the volume of ﬂuid (VOF) model by considering the ﬂow
ﬁeld characteristics such as oil supply, rotational speed
difference, inlet temperature and the oil viscosity-temperature dependency. Takagi et al. [12] used two-phase ﬂow
model and experimental visualization measurement to
study the effect of two-phase ﬂow on drag torque in a
wet clutch and found that the drag torque gradually
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decreased because the bubbles covered the clutch disk
surface. Wu et al. [13] found that the oil mainly discharges
through the groove and the air ﬂows into the non-grooved
area from the upstream side of the groove. Mahmud
et al. [14] presented an improved simulation model with
an extended simulation domain to consider the effect of
oil inﬂow and outﬂow behavior on the drag torque. Wang
et al. [15] developed a two-phase CFD model with MRF to
investigate open clutch drag torque behavior.
Previous researches about HVD in the speed regulation
stage are all aimed at its braking condition (that is, the
passive friction disk is stationary). However, in the speed
regulation stage, the passive friction disk is rotational. In
this paper, the transmission torque transferred through the
oil ﬁlm in the speed regulation stage has been studied.
Under conditions of constant speed difference, the air
effects on the ﬂow ﬁeld and transmission characteristics
of oil ﬁlm will be analyzed comparatively based on the
VOF model in ANSYS Fluent.

2 Mathematical model of HVD
2.1 Basic operating principle
The HVD, based on Newton’s law of viscosity, transfers
the power through the viscous shear force of the oil ﬁlm in
the clearance between multiple friction pairs. There is
rotational speed difference between the active and the
passive friction disks, so the Newtonian ﬂuid in the gap
between the friction pairs is subjected to shearing action.
While transferring the power, the oil also takes away the
heat produced by the shearing of the oil ﬁlm.
The calculation model of the HVD torque is
shown in Figure 1 [16]. The transmission torque can be
obtained:
2p
ðv1  v2 Þr
R
prdr
T ¼ n∫R21 2rm 60
h
1
1
¼ npmðv1  v2 Þ ðR42  R41 Þ
60
h

; ð1Þ

2.2 Analysis of ﬂow regime
to the theory of ﬂow around rotational
main factors that affect the ﬂow regime in
direction are ﬁlm thickness h, kinematic
and rotational speed v, then a dimensionless
deﬁned as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rﬃﬃﬃﬃﬃﬃﬃﬃ
v 2p
pv
¼h
:
z¼h
v 60
30v

When the circumferential velocity of ﬂuid reduces to
1% of tangential velocity of disks, z = 5, a boundary layer
thickness can be derived, d ≈ 5(30v/pv)0.5. The ﬂow ﬁeld
variation occurs almost within this boundary layer. In this
paper, the oil kinematic viscosity at 30 °C is v = 23 mm2/s
and the rotational speed is 2000 RPM, then boundary layer
thickness is obtained, d ≈ 5(30v/pv)0.5 = 1.657 mm. The oil
ﬁlm is completely within the ﬂuid boundary layer. Based on
the radius and the excircle tangential velocity of disks,
Reynolds number is deﬁned as
Re ¼

R2 v
;
v

ð3Þ

When Re = 105, v = 1027.7 RPM; when Re = 2  105,
v = 2055.4 RPM.
Therefore, when the rotational speed of the active
friction disk is 0–1027.7 RPM, the ﬂow regime between the
friction disks is the laminar ﬂow; when the rotational speed
is 1027.7–2055.4 RPM, the ﬂow regime is unstable laminar
ﬂow with vortexes; when the rotational speed is higher than
2055.4 RPM, the ﬂow regime becomes the turbulent ﬂow.
2.3 Establishment of CFD model

It can be seen from the formula that the oil ﬁlm
transmission torque is determined by the number of friction
pairs, the dynamic viscosity, the relative rotational speed
of the active and passive friction disk, the size of the inner
and outer diameter of the friction disk and the thickness of
the oil ﬁlm.

According
disks [17],
the axial
viscosity v
variable is

Fig. 1. Schematic diagram of torque between disks.

ð2Þ

The geometrical model of the ﬂuid between the friction
disks with 15 radial oil grooves is built by Solidworks
software. Considering the rotational periodicity of oil
ﬁlm, the geometrical model is simpliﬁed and the 1/15 of
the complete model is considered for CFD analysis, as
shown in Figure 2. The inner circular surface is the oil
inlet and the outer circular surface is the oil outlet. The
grooved face is active plane and the ﬂat face is passive
plane, and both walls are assumed to be rotating. Both
side surfaces are periodic boundary A and periodic
boundary B, respectively. Table 1 lists the structural
parameters of the ﬂuid domain calculation model.
The simpliﬁed model is transferred to the preprocessing software ICEM for structured mesh division.
Due to the smaller axial size of the model, the mesh is
reﬁned axially. In order to test the effect of meshing method
on the accuracy of the calculation results, the
grid independence veriﬁcation has been carried out under
conditions of v1 = 450 RPM, v2 = 0 RPM and m = 0.02 Pa s.
Owing to the periodicity in the rotational direction, the
meshing methods used in the circumferential direction are
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Fig. 2. Schematic diagram of the ﬂuid domain model.

Table 1. Calculation parameters of the ﬂuid domain model.
Parameter

Value

Outer radius (mm)
Inner radius (mm)
Simpliﬁed model angle (°)
Film thickness (mm)
Groove depth (mm)
Groove central angle (°)

146
113.5
24°
0.1
0.2
4.5

all same. Table 2 lists the results of independence veriﬁcation
of structural grid and shows the inﬂuence of meshing method
on the maximum pressure and the output torque. The
inﬂuence is very small. In order to reduce the calculation time
of the computer, the No. 4 meshing method is considered as
the best meshing scheme.
2.4 Boundary conditions
In ANSYS Fluent, the steady state VOF model is taken as
the calculation model. Turning on the energy equation and
choosing the laminar ﬂow model. Considering the effects
of air, the air is set to be the main phase (compressible) and
the oil is set to be the secondary phase (incompressible).
The surface tension model is turned on. The surface tension
is set to 0.03 N/m and the contact angle is set to 9° [18]. The
oil viscosity-temperature characteristics are neglected and
the oil viscosity is set to a ﬁxed value. Table 3 lists the
properties of the lubricating oil and air.
The boundary conditions of the calculation model are
set as follows: the calculation domain is ﬂuid; the inlet
boundary is set as the constant velocity inlet and its value is
0.255 m/s; the outlet boundary is set as the natural
pressure outlet and its value is 0 MPa; the active and
passive planes are assumed to be the rotational walls with
no-slip shear. Both side surfaces are assumed to be periodic
boundary.
In order to investigate the effects of the absolute
rotational speed (the rotational speed of the passive
friction disk) on HVD, the relative rotational speed is

Fig. 3. The radial pressure distribution of the oil ﬁlm in the
groove region.

constant and the absolute rotational speed is variable. As
shown in Table 4, from case 1 to case 6, the value of the
relative rotational speed is 450 RPM constantly, while that
of the absolute rotational speed is 0–1000 RPM.

3 CFD simulation results
3.1 Pressure ﬁeld distribution of oil ﬁlm
Neglecting the air effect, Figure 3-(1) shows the radial oil
pressure distribution in the oil groove region on cross
section of z = 0.05 mm. From case 1 to case 6, the radial
pressure in the oil groove region increases with an increase
in absolute rotational speed and decreases with an increase
in radius. At the same time, due to the boundary effect,
the radial pressure will reduce rapidly to the natural
pressure at the outer radial. Considering the air effect,
Figure 3-(2) shows the radial oil pressure distribution in the
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Table 2. Independence veriﬁcation of structural mesh.
No.

Radial
dimension
(mm)

Number of
circumferential layers
Groove
Non-groove
region
region

Number of
axial layers
Groove
Non-groove
region
region

Number
of cells

Maximum
pressure
(MPa)

Output
torque
(N m)

1
2
3
4
5
6

0.1
0.1
0.1
0.15
0.15
0.2

20
20
20
20
20
20

3
6
6
6
9
18

512146
624616
1024292
455266
682899
770993

0.1085
0.1079
0.1077
0.1077
0.1076
0.1078

0.2293
0.2284
0.2282
0.22815
0.22803
0.2280

80
80
80
80
80
80

2
2
4
4
6
12

Table 3. Property of lubricating oil and air.
Parameter
3

Density (kg/m )
Speciﬁc heat (J/kg K1)
Thermal conductivity (m K)
Dynamic viscosity (Pa s)

Oil

Air

872
2000
0.15
0.02

1.225
1006.43
0.0242
1.7894e-5

Table 4. The parameter of cases.
Case

Input
rotational
speed v1
(RPM)

Absolute
rotational
speed v2
(RPM)

Relative
rotational
speed Dv
(RPM)

1
2
3
4
5
6

450
650
850
1050
1250
1450

0
200
400
600
800
1000

450
450
450
450
450
450

oil groove region on cross section of z = 0.05 mm. Compared
with Figure 3-(1), the radial pressure declines. When the
radius reaches a certain value, the radial pressure will
reduce signiﬁcantly, and the certain value of the radius
decreases with increasing absolute rotational speed.
Neglecting the air effect, Figure 4-(1) shows the radial
oil pressure distribution in the non-groove region on cross
section of z = 0.05 mm. With the increase of absolute
rotational speed and radius, the radial oil pressure
increases rapidly at the inner radial and reaches a value
which is irrelevant to the absolute rotational speed, then
the radial oil pressure decreases with the increase of the
radius. However, when v ≥ 600 RPM, the radial oil pressure
increases signiﬁcantly near the outer radial, and the radial
oil pressure at the outer diameter increases with the
increase of the absolute rotational speed. Considering the
air effect, Figure 4-(2) shows the radial oil pressure
distribution in the non-groove region on cross section of
z = 0.05 mm. Compared with Figure 4-(1), the peak value

Fig. 4. The radial pressure distribution of the oil ﬁlm in the nongroove region.
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Fig. 5. The pressure distribution contour on mid-plane of z = 0.05 mm.

of the radial oil pressure at the inner diameter increases
with the increase of the absolute rotational speed. When
the radius reaches a certain value, the radial oil pressure in
the non-groove region will reduce signiﬁcantly, and the
certain value of the radius decreases with the increase of the
absolute rotational speed (Fig. 5). Figure 5 shows the
contour of pressure distribution on mid-plane, which can
help to understand Figs. 3 and 4.
Without taking into account the air effect, Figure 6-(1)
shows the circumferential oil pressure distribution on cross
section of r = 120 mm and z = 0.05 mm. With the increase of
the absolute rotational speed, the total pressures in both the
oil groove and non-groove regions gradually increase. There
still are the high pressure and low pressure effects
at the junction between the oil groove region and the nongroove region, and the maximum absolute values of high
pressure and low pressure gradually increase. The increase of
the maximum absolute value of low pressure results in the oil
ﬁlm cavitation, and the value can reduce by increasing the oil
ﬁlm depth. Considering the air effect, Figure 6-(2) shows the
circumferential oil pressure distribution on cross section of
r = 120 mm and z = 0.05 mm. Compared with Figure 6-(1),
whether considering the air effect or not, it has little effect on
the circumferential oil pressure distribution. The maximum
absolute values of high pressure and low pressure just decline
a little.
3.2 Two-phase distribution of oil ﬁlm
Figure 7 shows the air volume fraction on cross section of
z = 0.05 mm from case 1 to case 6. At the low absolute
rotational speed, there will be air in the gap between the
friction pairs and the air volume fraction increases
gradually with the increase of the radius. The air ﬂows
mainly into the gap from the inﬂow side of the oil groove
region and the oil ﬂows out the gap from the outﬂow side

of the oil groove region. The air volume fraction in the
non-groove region is less than that in the oil groove region.
From case 1 to case 6, the oil ﬁlm coverage area (that is,
the blue area in which the air volume fraction is 0)
decreases gradually with the increase of the absolute
rotational speed, and the oil-free area at the outer
diameter of the oil groove region (that is, the red area
in which the air volume fraction is 1) expands gradually
due to that the gas reﬂux effect enhances with the increase
of the absolute rotational speed.
Figure 8 shows the radial distribution of the air
volume fraction in the non-groove region. The air volume
fraction at the inner diameter of the non-groove region is
0. When the radius reaches a certain value, the air
volume fraction begins to increase, and the certain
value of the radius is deﬁned as a turning value. From
case 1 to case 6, the turning value decreases constantly,
which means that the oil ﬁlm coverage area decreases
constantly. At the same time, the increase of the air
volume fraction results in the decrease of the oil pressure,
and the higher the air volume fraction is, the lower the oil
pressure is.
3.3 Analysis of transmission torque
Figure 9 shows the simulation results of the transmission
torque under single-phase and two-phase conditions, and
the torques decreases with the increase of the absolute
rotational speed under both conditions. Comparison of
case 1 and case 6, in theory, the values of the transmission
torques should be equal due to the same relative rotational
speed, while the simulation value of case 6 is much less than
that of case 1. It is surmised that, with increasing rotational
speeds, the oil radial velocity near active friction disk is
higher than that near passive friction disk, so the oil
ﬂows out of friction pairs along active wall and reﬂows into
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Fig. 6. The circumferential pressure distribution.

friction pairs along passive wall. The vortex phenomenon
occurs and develops at outer radial locations, which
may result in the drop of the transmission torque for
single-phase ﬂow.
It is obvious that the original formula of the transmission torque should be amended. In addition, the output
torque of two-phase ﬂow is always less than that of singlephase ﬂow. The viscosity of the air is 1.7894  105 kg/
(m s) and that of the lubricating oil is 0.02 kg/(m s), and the
former is less than the latter. When the air ﬂows into the
gap between the friction pairs, the air volume fraction
increases and the oil ﬁlm coverage rate decreases, which
results in the decrease of the transmission torque.
3.4 Temperature ﬁeld distribution of oil ﬁlm
Neglecting the air effect, Figure 10-(1) shows the
radial oil temperature distribution in the oil groove

region on cross section of z = 0.05 mm. From case 1 to
case 6, the radial oil temperature distribution have
the same trends that the oil temperature increase
with the increase of the radius and reaches peak values
near the outer diameter. The peak value of the oil
temperature increases with the increase of the absolute
rotational speed. Due to the boundary effect, the oil
temperature will drop sharply to a ﬁxed value, 300 K,
which does not change with the change of the absolute
rotational speed. In addition, the oil temperature increases
with the increase of the absolute rotational speed.
Considering the air effect, Figure 10-(2) shows the
radial oil temperature distribution in the oil groove
region on cross section of z = 0.05 mm. Compared with
Figure 10-(1), the radius of oil temperature peak is closer
to the outer radius, and the oil temperature is higher.
This indicates that the existence of the air makes the
local high temperature zone occur near the outer
diameter, but the oil temperature will drop rapidly to
normal temperature at the outer diameter due to the
larger oil ﬁlm thickness and the obvious gas reﬂux
phenomenon in the oil groove region.
Neglecting the air effect, Figure 11-(1) shows the radial
oil temperature distribution in the non-groove region on
cross section of z = 0.05 mm. The oil temperature reaches
a peak value which increases with the increase of the
absolute rotational speed near the outer diameter.
Then the oil temperature will drop sharply to a ﬁxed
value which is slightly higher than normal temperature,
304 K.
Considering the air effect, Figure 11-(2) shows the
radial oil temperature distribution in the non-groove
region on cross section of z = 0.05 mm. Compared with
Figure 11-(1), the oil temperature increase with the
increase of the radius and do not drop at the outer
diameter. At the outer edge of the oil ﬁlm, the oil
temperature reaches the maximum value. Compared
with Figure 11-(2), the existence of the air makes the
local high temperature zone occur near the outer
diameter, but the oil temperature will rise constantly
due to that the oil ﬁlm thickness is small and there almost
is not the obvious gas reﬂux phenomenon in the nongroove region.
Combining with the Figures 10 and 11, the oil
temperature between the friction disks increases with
the increase of the absolute rotational speed, so the
transmission efﬁciency decreases with the increase of the
absolute rotational speed and the wasted energy is
translated into the heat energy, which result in a
substantial rise of the oil temperature at the same point.
The existence of the air makes the oil ﬁlm coverage rate
decrease, which results in that the transmission torque
continues to decrease and more energy is translated into
the heat energy. This is the reason for that the oil
temperature at the outer diameter of the oil ﬁlm is higher
with considering the effect of the air.
Without taking into account the air effect, Figure 12(1) shows the circumferential oil temperature distribution on cross section of r = 145 mm and z = 0.05 mm. In
the case 1, the oil temperature in the oil groove region
reduces directly to about 300 K. However, from case
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Fig. 7. The air volume fraction on cross section of z = 0.05 mm.

Fig. 8. The radial distribution of the air volume fraction in the
non-groove region.

Fig. 9. The transmission torque with the absolute rotational
speed.
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Fig. 10. The radial oil temperature distribution in the oil groove
region.

Fig. 11. The radial oil temperature distribution in the nongroove region.

2 to case 6, the oil temperature in the oil groove
region will increase ﬁrstly in the outﬂow side of the oil
groove region, and then reduces to about 300 K. In
addition, the oil temperature in the outﬂow side
increases with the increase of the absolute rotational
speed.
Considering the air effect, Figure 12-(2) shows the
circumferential oil temperature distribution on cross section
of r = 145 mm and z = 0.05 mm. Compared with Figure 12(1), at the same place, the oil temperature is far higher than
that with neglecting the air effect, and the oil temperature
distribution in the oil groove region is also different.
Considering the air effect, the oil temperature in the oil
groove region decreases ﬁrstly and then increases when the
absolute rotational speed is 0 RPM. This is the reason for

that the circumferential friction effect of the friction disks on
the oil is less than the reverse pressure difference in the oil
groove region, so the oil ﬂows backwards. However, from case
2 to case 6, the circumferential friction effect of the friction
disks on the oil enhances and the oil begins to ﬂow along the
circumferential direction. Therefore, the decrease of the oil
temperature in the outﬂow side of case 1 no longer occurs.
Due to the phenomenon of the air reﬂux at the
outer diameter, the air reﬂux region is also local low
temperature zone which will compress the original high
temperature zone inward, and the compression effect is
not signiﬁcant at the junction of the oil groove region
and non-oil region, so the oil temperature at the junction
is higher than that in the oil groove region and non-groove
region.
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turns and begins to increase, and the value of the radius
decreases with the increase of the absolute rotational
speed, which means that the oil ﬁlm coverage area
decreases. In addition, the increase of air volume fraction
results in the decrease of the oil pressure at this turning
position. The higher the air volume fraction is, the lower
the oil pressure is.
The existence of the air makes the oil ﬁlm coverage
rate decrease, which results in that the transmission
torque decreases and the wasted energy is translated
into the heat energy. Therefore, the oil temperature
between the friction disks increases signiﬁcantly.
However, the oil temperature will drop rapidly at the
outer diameter of the oil groove region due to the
obvious gas reﬂux phenomenon.

Nomenclature
density, kg/m3
dynamic viscosity, Pa s
kinematic viscosity, mm2/s
speciﬁc heat capacity, J/kg K1
C
transmission torque, N m
T
Re Reynolds number
h
ﬁlm thickness, mm
v1 rotational speed of active friction disk, RPM
v2 rotational speed of passive friction disk, RPM
Dv relative rotational speed, RPM
R1 inner radius of disk, mm
R2 outer radius of disk, mm
n
number of friction pairs (number of oil ﬁlm)
r
m
v
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Fig. 12. The circumferential oil temperature distribution.
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