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A viscous coupling is a simple device that transmits torque by shearing an oil
film between one or more pairs of discs that are moving in relation to one
another. Due to their many advantages, viscous couplings are studied in many

applications such as fan transmissions in vehicles, pumps, winches, belt

conveyors, wind turbines, tunnel boring machines. Using a CFD Software, this
study examined how grooves affected the performance of a viscous coupling.
The main objective of the reported work is to study the flow of the fluid film, the
total temperature and the torque of a viscous coupling that is operating in
different conditions.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

Viscous couplings are simple devices that present high
interest in the auto industry due to their many
advantages proven over the years. Other than the auto
industry, viscous couplings are widely studied in
different applications such as water pumps (Scott G.E.,
2000), mechanism of belt conveyors (Meng, Q., &
Hou, Y., 2008), (Cui, H., Zi-Sheng, L., Li, L., &
Wang, Q., 2018), (Hao, N. N., Yu, Y., & Liu, H. W.,
2011), winches (hydro-viscous winch) (Hou, Y. F.,
Wang, D. M., Meng, Q. R., & Du, B. 2011), (Meng, Q.
R., Lin, S. F., & Wang, J. 2012), tunnel boring
machines (TBM with viscous clutch) (Xie, H., Gong,
H., Hu, L., & Yang, H., 2016), (Gong, H., Xie, H., &
Yang, H., 2019), wind turbines (Yin, X., Lin, Y., Li,
W., Liu, H., & Gu, Y., 2014), (Yin, X., Lin, Y., & Li,
W., 2015), (Yin, X,, Lin, Y., Li, W., & Gu, H., 2016).

! Corresponding author: Andrei I. Stoicescu
Email: stoicescu_andrei_iancu@yahoo.com

Viscous couplings transfer torque by viscous shearing
the oil film between one or more pairs of discs that are
moving relative to one another. A viscous coupling
operates best under complete film lubrication
conditions and uses a viscous fluid as its working
medium. The two surfaces that are moving relative to
one another must always be covered in an oil coating.
A viscous coupling can only transmit torque at its
greatest level during this stage, when it is functioning
under complete film lubrication conditions.

This paper proposes a study of the flow of the fluid
film, the total temperature and the torque of a viscous
coupling that is operating in different conditions.

The proposed viscous coupling model has 11 discs
from which 6 discs that are stationary discs and 5 discs
that are moving discs that has in between them 10 fluid
films. The studied viscous coupling has moving discs
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that either may have surfaces with no grooves at all or
surfaces that may have grooves at different degrees
between them, grooves at different inclinations
between them or grooves with different depths or
different widths.
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Figure 1. Various positions of a viscous coupling in a
transmission

As seen in Figure 1. a viscous coupling can be used in
the operation of the viscous fan of the vehicle
(Bieberle, A., Schlottke, J., Spies, A., Schultheiss, G.,
Kiihnel, W., & Hampel, U., 2015), (Yin, Z., Zhao, K.,
Shangguan, W., & Song, L., 2016) or in the
transmission of the vehicle such as front or rear axis
with viscous control and in all-wheel drive controlled
transmission such as permanent viscous transmission
with or without viscous control.

2. THE BASIC OPERATING PRINCIPLE OF
A VISCOUS COUPLING

The basic operating principle of a viscous coupling is
presented in Figure 2. below.
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0
FI F2 F3 F4 F» F6 F7 F8 F9 Fl0 mlO\A.A

Wi-e

ps2 / ps3 /ipsi / pss / pse v Wm
D\II DM2 Dr\n» DM4  DMS

Figure 2. Schematic drawing of a viscous coupling

As shown in the image above in Figure 2. there are 10
fluid films that are coloured in yellow and 11 discs in
total — 6 discs that are coloured in light grey that are
stationary discs which have flat surfaces with no
grooves and 5 discs that are coloured in dark grey that
are moving discs which have grooves placed at 10°.
That means 36 grooves on each side of every moving
disc.
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3. THE TORQUE CALCULATION MODEL
OF A VISCOUS COUPLING

A viscous coupling performs due to Newton’s law of
viscosity, and does that by transferring the torque
between the moving discs and stationary discs by
shearing of the oil film between them. The torque
calculation model of a viscous coupling is shown
below and can be obtained by (Predescu A., 2011),
(Cui, H., Zi-Sheng, L., Li, L., & Wang, Q., 2018), (Jin,
L., Peng, X., Wang, D., Guo, D., & Chen, B., 2021),
(Heuser, G., 1997):

( m~ ) 4—1'4
M, :%zmy ° wsh(re i) . (1)

As shown in the above formula, the transmitted torque
depends on: the total number of fluid films, the dynamic
viscosity of the working fluid, the relative angular speed
of the rotating grooved discs and stationary smooth discs,
the radiuses of the discs (external and internal) and the
thickness of the fluid film.

Due to the shear stress of the fluid film, the temperature
of the fluid film between the friction discs will increase,
which will cause the viscosity to decrease and the load
capacities of the fluid film to vary. Thus, the effect of
temperatures must be taken into account in the
calculation of the load capacity of the fluid film (Meng,
Q., Zhao, C., & Tian, Z., 2018). The thermal energy
equation that describes the temperature distribution of the
fluid film between the friction discs is as follows:

pC (qz Z: Qy Z;) = % [(Ulz - U22)2 + (Uly -
Uay) ] + 12311 (Z_Z) * (3_5)2]' @

where g, and q,, are the average flow of oil.

4. THE GEOMETRICAL MODELS THAT
WERE CHOSEN FOR THE CFD
ANALYSIS

A pre-processing software was used to create the
geometrical model of the viscous coupling. There were 6
geometrical models that were chosen for the CFD
analysis as follows:

1. Radial placement of the grooves at different
grades between them on the surfaces of the
moving discs;

2. Radial orientation of the grooves that have
different inclinations on the surfaces of the
moving disks;

3. Grooves depth on the surfaces of the moving
disks;
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4. Grooves width on the surfaces of the moving
disks;

5. Thickness of the fluid films between the pairs of
discs;

6. Viscosity of the fluid used to operate the viscous
coupling.

5. THE BOUNDARY CONDITIONS

The boundary conditions were assigned in the pre-
processing software as shown below in Figure 3. and
was analysed using Computational Fluid Dynamics
Software.

Interface/Statlonan Wall A‘ /
|
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|

Figure 3. Setting up the boundary conditions for the
simplified model

In order to better study the phenomenon, the
geometrical model of the viscous coupling was
simplified as follows: the entire volumes of the 10 oil
films and the 11 discs, representing 6 discs that are
stationary discs which have flat surfaces and 5 discs
that are moving discs which have grooves placed on
their surfaces, were reduced to 1/12 representing 30°
of the full model in order to preserve the power and
the resources of the computing machine.

The boundary conditions are assigned to the model in
a pre-processing program as follows:

e Wall - Boundary condition was set to the outer
surfaces of stationary discs at both ends of the
viscous coupling (surfaces drawn in purple) and to
the all surfaces of discs and fluid films representing
the internal and the external radius of the viscous
coupling (surfaces drawn in green for the internal
radius and pink for the external radius).

e Periodic Wall - Boundary condition assigned to the
simplified geometric model representing 30° of the
complete model of the viscous coupling in order to
conserve computing resources. This boundary
condition was assigned to both the mobile and
stationary discs of the viscous coupling and all its
10 fluid films (surfaces drawn in orange on either
side of all sections of the discs and fluid films).

e Interface - Boundary condition assigned to the
surfaces between discs and fluid films (surfaces
drawn in red and blue). Once the Interface
boundary condition is assigned, the surfaces
between the stationary discs and the fluid films are
defined as Stationary Wall (surfaces drawn in blue)
and then the surfaces between the mobile discs and
the fluid films are defined as Moving Wall
(surfaces drawn in red).

6. THE PRE-PROCESSING OF THE MODEL

Using CFD software, a 3ddp precision numerical
simulation was performed (three-dimensional double
precision). After scaling the model to its proper original
size, the boundary conditions were reviewed and
conditions were set. The entire study was carried out
using speeds ranging from 10 up to 150 (rad-s). A fluid
was selected from the material database but with the
viscosity changed from constant to power-law with Three
Coefficient Method using 4 reference viscosities 0.02,
0.58, 0.81 and 1.06 (Pa's). In every instance, the
reference temperature was set at 300. (K). Also, in this
stage the Energy Equation was selected. Moreover, the
Laminar Model was used to analyse the simplified
viscous coupling model. The model's initialization and
iteration came next, once all the conditions had been
specified. The study was carried out using both a constant
viscosity and also a variable viscosity in each and every
discussed case. For the variation of viscosity with
temperature, it was considered a variant of Slotte's
relation of the form (Predescu A., 2011):

10 =no(2)’. ©

The current study is based on the Latin principle "ceteris
paribus" translating as "other things being equal” thus
trying to distinguish an effect of one type of change from
any other by analysing the variation of temperature and
the transmitted torque according to angular velocity for 6
cases of variables such as: the radial arrangement of
grooves at different degrees, the radial orientation of the
grooves having different inclinations, the depth of the
grooves, the width of the grooves, the thickness of fluid
films, the viscosity of the fluid.

7. CFD SIMULATION RESULTS

The results of the CFD simulation will be presented next
with full explanations of the findings regarding the 6
geometrical models that were chosen for analysis.

For the Temperature and Torque analysis in the case of a
viscous coupling with grooves at different degrees
between them on the surface of the moving discs, a total
of 5 variants of viscous couplings were taken into
account, of which 4 variants with discs with grooves
placed radially at different degrees between them (5°,
10°, 15°, 30°) and a variant with discs with flat surfaces
(no grooves provided on the disc surfaces).
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Figure 4. Temperature vs. speed analysis in the case of
grooves placed at different degrees between them in
radial direction at n=ct vs. n=var

In all the analysed cases 11 discs with a thickness of 2
mm each with inner radii of 10 mm and outer radii of
30 mm were considered. A total of 10 fluid films with
a thickness of 0.1 mm each with a viscosity of 0.02
Pa-s were considered. The effect of the groove was
studied before but in regard of the flow between plates
(Huang, J., Fan, Y., Minxiu, Q., & Fang, W., 2012),
(Wei, B., He, Y., Wang, W., & Jianbin, L., 2018).

In the case of the 4 variants of viscous couplings,
where the grooves are arranged at different degrees
between them, these being straight and radially
oriented on the surfaces of the mobile disks, the depth
of the grooves is 0.05 mm and their width is 0.1 mm.

It can be seen from Figure 4. that the total temperature
increases with the increase of the angular velocity.
Also, the total temperature increases with the
increasing number of grooves for both constant
viscosity and variable viscosity.

From Figure 5. below, it can be easily seen that the

transmitted torque increases with the increase of the
angular velocity.
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Figure 5. Torque vs. speed analysis in the case of
grooves placed at different degrees between them in
radial direction at n=ct vs. n=var

Also, it can be seen that the transmitted torque
increases with the increasing number of grooves that
are placed on the surface of the moving discs. When
the viscous coupling with flat surfaces operates with
variable viscosity this generates a maximum moment
smaller than in the case of the viscous coupling which
has discs with grooves placed radially from 5° to 5°
but higher than all the rest of the viscous couplings
studied in this case (couplings viscous with grooves
placed at 10°, 15° and 30°).

For the Temperature and Torque analysis in the case
of a viscous coupling with grooves at different
inclinations between them on the surface of the
moving discs, a total of 4 variants of viscous couplings
were used, of which 3 variants with discs with radially
oriented grooves at different inclinations 10°, 20°, 30°
and a variant with discs with radially oriented straight
grooves (grooves without inclinations). The effects of
grooves orientation were studied before (Razzaque, M.
M., & Kato, T., 1999), (Behzad, M., Saxena, V., &
Schafer, M., 2018), (Gong, H., Xie, H., Hu, L., &
Yang, H., 2019), (Wu, P., Xu, J., & Zhou, X., 2019)
but not as it was studied in this article.



Proceedings on Engineering Sciences, Vol. 06, No. 2 (2024) 523-534, doi: 10.24874/PES06.02.010

In all the analysed cases, 11 discs with a thickness of
2 mm each, with inner radii of 10 mm and outer radii
of 30 mm, were considered. A total of 10 fluid films
with a thickness of 0.1 mm each with a viscosity of
0.02 Pa-s were considered.

All the variants of viscous couplings studied in this
case have provided on the surfaces of the mobile disks
radial grooves arranged from 30° to 30° with a depth
of 0.05 mm and a width of 0.1 mm.
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Figure 6. Temperature vs. speed analysis in the case of

grooves placed at different inclinations between them at
n=ct vs. n=var

It can be seen from Figure 6. that the inclination of the
grooves leads to a significant decrease in the total
temperature. Also, it can be seen from the same figure
that the direction of rotation of the moving discs does
not affect the total temperature at all.

From Figure 7. below, it can be easily seen that the
increase of the inclination of the grooves leads to a
decrease in the transmitted torque. Also, it can be seen
that the direction of rotation of the moving discs does not
affect the transmitted torque at all.
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Figure 7. Torque vs. speed analysis in the case of
grooves placed at different inclinations between them at
n=ct vs. n=var

For the Temperature and Torque analysis in the case
of a viscous coupling with grooves with different
depths on the surfaces of the moving discs, 6 variants
of viscous couplings were used, of which 5 variants
with discs with grooves with different depths (0.01
mm, 0.02 mm, 0.03 mm, 0.04 mm, 0.05 mm) and a
variant with discs with flat surfaces (without grooves
provided on the surfaces of the discs).

In all the analysed cases, 11 discs with a thickness of 2
mm each, with inner radii of 10 mm and outer radii of 30
mm, were considered.

A total of 10 fluid films with a thickness of 0.05 mm each
with viscosity of 0.02 Pa-s were considered.

In the case of the 5 variants of viscous couplings where
the depth of the grooves on the surfaces of the moving
discs varies from 0.01 mm to 0.05 mm, the grooves are
straight, radially oriented and are arranged from 10° to
10° with a width of 0.1 mm.

It can be seen from Figure 8. that the increase of the depth
of the grooves leads to a slight increase in the total
temperature with the mention that the temperature values
are somewhat close.
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Figure 8. Temperature vs. speed analysis in the case of
grooves with different depths at n=ct vs. n=var

From Figure 9. below, it can be easily seen that the increase
of the depth of the grooves leads to a slight increase in the
transmitted torque with the mention that the torque values are
somewhat close for both constant viscosity and variable
viscosity. The optimal value of the grooves depth is 0.05 mm.
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Figure 9. Torque vs. speed analysis in the case of
grooves with different depths at n=ct vs. n=var

For the Temperature and Torque analysis in the case of a
viscous coupling with grooves with different widths on the
surfaces of the moving discs, 6 variants of viscous couplings
were used, of which 5 variants with discs with grooves of
different widths (0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5
mm) and a variant with discs with flat surfaces (without
grooves provided on the surfaces of the discs).
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In all the analysed cases, 11 discs with a thickness of 2 mm
each, with inner radii of 10 mm and outer radii of 30 mm,
were considered. A total of 10 fluid films with a thickness of
0.1 mm each with a viscosity of 0.02 Pa-s were considered.
In the case of the 5 variants of viscous couplings where
the width of the grooves on the surfaces of the moving
discs varies from 0.1 mm to 0.5 mm, the grooves are
straight, radially oriented and are arranged from 10° to
10° with a depth of 0.05 mm.

It can be seen from Figure 10. that the total temperature
decreases as the width of the grooves increases. The

optimal value of the grooves width is 0.1 mmand 0.5 mm
for both constant viscosity and variable viscosity.
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Figure 10. Temperature vs. speed analysis in the case of
grooves with different widths at n=ct vs. n=var

From Figure 11. below, it can be easily seen that the
transmitted torque has very close values regardless of the
width of the grooves. The optimal value of the grooves
width is 0.04 mm for both constant viscosity and variable
viscosity.
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Figure 11. Torque vs. speed analysis in the case of
grooves with different widths at n=ct vs. n=var

For the Temperature and Torque analysis in the case of a
viscous coupling with grooves with different film
thicknesses, a total of 4 variants of viscous couplings
with different fluid film thicknesses (0.5 mm, 1.0 mm,
1.5 mm, 2.0 mm) were used.

In all the analysed cases, 11 discs with a thickness of 2
mm each, with inner radii of 10 mm and outer radii of 30
mm, were considered.

A total of 10 fluid films were considered, the fluid used in the
operation of the viscous coupling has a viscosity 0of 0.02 Pa-s.

All the variants of viscous couplings studied in this case,
where the thicknesses of the fluid film vary from 0.5 mm
to 2.0 mm, have provided on the surfaces of the moving
disks radial grooves arranged from 10° to 10° with a
depth of 0.05 mm and a width of 0.1 mm.
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It can be seen from Figure 12. Below that that the total
temperature decreases at high thicknesses of the fluid
film but also decreases at very small values of the fluid
film when the viscosity is constant. If the viscosity is
variable, the total temperature increases as the thickness
of the fluid film decreases.
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Figure 12. Temperature vs. speed analysis in the case of
different fluid thicknesses between the moving disks
and the stationary discs at n=ct vs. n=var

From Figure 13. it can be easily seen that the transmitted
torque increases at small thicknesses of the fluid film, but
increases abruptly at decreasing values of the fluid film
for both cases when the viscosity is constant and when
the viscosity is variable.
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Figure 13. Torque vs. speed analysis in the case of
different fluid thicknesses between the moving disks
and the stationary discs at n=ct vs. n=var

For the Temperature and Torque analysis in the case of a
viscous coupling that operates with different fluid
viscosities, a total of 4 variants of viscous couplings were
used that operate with different viscosities of the fluid film
(0.02 Pa's, 0.58 Pa‘s, 0.81 Pa-s, 1.06 Pa-s). The effect of oil
film temperature on hydro-viscous drive characteristics was
studied before (Xie, F., Zhang, L., Wang, H., Yu, X., Tao,
X., Song, X., Li, X., & Jian, L., 2011) but not with different
viscosities as in the current article.

In all the analysed cases, 11 discs with a thickness of 2 mm
each, with inner radii of 10 mm and outer radii of 30 mm,
were considered. A total of 10 fluid films were considered,
the fluid used in the operation of the viscous coupling
having both constant viscosity and variable viscosity.

All the variants of viscous couplings studied in this case,
where the viscous coupling operates with different
viscosities of the fluid film, have provided on the surfaces
of the moving disks radial grooves arranged from 10° to
10° with a depth of 0.05 mm and a width of 0.1 mm.
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It can be seen from Figure 14. that the total temperature
increases with increasing viscosity of the fluid film.
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Figure 14. Temperature vs. speed analysis in the case of
different fluid viscosities at n=ct vs. n=var

From Figure 15. below, it can be easily seen that the

transmitted torque increases with the increasing viscosity
of the fluid film.
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Figure 15. Torque vs. speed analysis in the case of
different fluid viscosities at n=ct vs. n=var

8. CONCLUSIONS

This study is very important since viscous couplings
are used in many applications due to their undeniable
advantages such as: operational safety, small overall
dimensions, easy assembly and disassembly, low
manufacturing and operating costs, simple and robust
construction, high reliability in operation, operation
without any shocks and vibrations.

This paper proposes to establish a full introspection
regarding viscous couplings by studying different
cases and by studying the flow of the fluid film, the
total temperature and the torque generated.

In all the studied cases, the total temperature increases
exponentially with the increase of the angular velocity
of the moving disks.

The cases in which the viscous couplings operated
with fluid films with constant viscosity registered
higher values of the total temperature as opposed to
the cases in which the same variants of viscous
couplings operated with fluid films with variable
viscosity.

The total temperature increases with the increasing
number of grooves on the surfaces of the moving
disks.

The inclinations of the grooves on the surface of the
moving disks lead to a significant decrease in the total
temperature as opposed to the variant of the viscous
coupling with the moving disks provided with straight
radial grooves.

The direction of rotation of the moving discs does not
affect the total temperature at all.

The increase of the depth of the grooves on the
surfaces of the moving disks leads to a slight increase
in the total temperature with the mention that the
temperature values are somewhat close.

The total temperature decreases as the width of the
grooves on the surface of the moving disks increases.

The total temperature decreases at high thicknesses of
the fluid film but also decreases at very small values
of the fluid film when the viscosity is constant. If the
viscosity is variable, the total temperature increases as
the thickness of the fluid film decreases.

The total temperature increases with increasing
viscosity of the fluid film.

In all the studied cases, the transmitted torque

increases exponentially with the increase of the
angular velocity of the moving disks.
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The cases in which the viscous couplings operated
with fluid films with constant viscosity registered
higher values of the transmitted moment as opposed to
the cases in which the same variants of viscous
couplings operated with fluid films with variable
viscosity.

The transmitted torque increases with increasing
viscosity of the fluid film.
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Appendix
Nomenclature:

M, (Nm) - transmission torque

n (Pas) - dynamic viscosity (oil)

1o (Pas) - initial dynamic viscosity (oil)

n = var (Pas) - variable dynamic viscosity (oil)

n = ct (Pas) - constant dynamic viscosity (oil)

w; (rads™?) - angular speed of the rotating grooved disc

w, (rad?) - angular speed of the stationary smooth disc

1, (mm) - external radius of the disc

r; (mm) - internal radius of the disc

h (mm) - thickness of the oil film

z (mm) - number of oil films

p (kg/m3) - lubricant density

Cy (J-kg™-K1) - lubricant specific heat capacity

Ui 2,(5) (M/s) - velocity components of the friction disc

920y (m?3/s) - average flow of oil components

p (N-m) - hydrostatic pressure (isotropic component)

T, (K) - initial temperature of 300 K

T (K) - temperature

ds (°) - grooves at different degrees between them on the surfaces of the moving discs
Q (°) - grooves at different inclinations between them on the surfaces of the moving discs
h™ (mm) - grooves with different depths on the surfaces of the moving disks
b (mm) - grooves with different widths on the surfaces of the moving disks
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