energies

Article

Analysis and Revision of Torque Formula for
Hydro-viscous Clutch

Xiangping Liao 1/2*

check for

updates
Citation: Liao, X.; Yang, S.; Hu, D.;
Gong, G. Analysis and Revision of
Torque Formula for Hydro-viscous
Clutch. Energies 2021, 14, 7884.
https:/ /doi.org/10.3390/en14237884

Academic Editor: Abdelali El Aroudi

Received: 4 November 2021
Accepted: 18 November 2021
Published: 24 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Shuai Yang !, Dong Hu ! and Guofang Gong 3

College of Mechanical Engineering, Hunan University of Humanities, Science and Technology,
Loudi 417000, China; yangshuai615@163.com (S.Y.); hudong_9@126.com (D.H.)

State Key Laboratory of High Performance Complex Manufacturing, Central South University,
Changsha 410083, China

State Key Laboratory of Fluid Power Transmission and Control, Zhejiang University,
Hangzhou 310027, China; gfgong@zju.edu.cn

*  Correspondence: 520joff@163.com

Abstract: Hydro-viscous clutch is a speed-regulating device for heavy fans and water pumps. It has
important engineering significance in the fields of soft-start for rotating machinery. More and more
attention has been paid to its torque and control characteristics. This paper is focused on the torque
formula for hydro-viscous clutch (HVC), assuming that multi-friction plates distribute ununiformly
with different oil film thickness. A mathematical model of friction plates was constructed, then the
distribution formula of the oil film thickness was obtained. A new expression was presented using a
modified factor. Parameters such as pressure, viscous torque, and oil film thickness were obtained.
The results show that each clearance of friction plates is not the same and the distribution of oil film
thickness is influenced by pressing force, groove depth, angular ratio of groove/non-groove, and
static friction force. To verify the proposed expression, relevant experiments were carried out on an
HVC with multi-friction plates, and the experimental results indicate that the new expression is more
accurate compared to the original one.

Keywords: different oil film thickness; hydro-viscous clutch; hydro-viscous drive; multi-friction
plates; torque formula

1. Introduction

Hydro-viscous drive is a new branch of fluid power transmission, in which the power
is transmitted by fluid shear based on the Newton inner friction law. In some applications,
such as speed regulation of heavy fans and pumps, hydro-viscous clutch (HVC) is used
for energy-saving. The output torque of HVC can be regulated by changing the clearance
between friction plates, which are the core factor that affects HVC’s performance [1-3]. In
recent years, HVC has been used in super large engineering applications, such as tunnel
boring machines, and higher requirements for its control accuracy are put forward. More
and more artificial intelligence learning algorithms are used in the control strategy of
HVC [4-7].

Ideally, the clearance between friction pair is the same and filled with transmission oil.
Heat can be taken away while HVC transmits torque. Under this situation, the original
expression of torque for HVC predicts the real torque quite well. However, the clearance is
quite different in practice. Moreover, problems such as overheating, warping deformation,
and serious damage often occur when HVC is working [8-11]. After disassembling the
clutch, it was found that friction plates close to the side of the piston were seriously
worn, while the other side suffered no damage [12]. Studies have shown that the oil film
uniformity of HVC can be improved by optimizing structure design [13-15].

Since the original expression is simplified by the assumption that all the clearances
between plates are the same, relevant research can be done for the opposite assumption.
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Researchers have made some progress in the mathematical model of viscous torque and
the flow field simulation of plates for HVC [16-18].

Huang et al. [19] revealed the effect of groove on behavior of flow between hydro-
viscous drive plates. The results showed that viscous torque decreases obviously when
groove number increases, while it changes a little when groove depth increases. Cui
etal. [20] studied the mathematical model of fluid torque by shear stress under the influence
of fluid temperature in HVC. The results showed that the film torque caused can be
predicted correctly by an equivalent radius model and mathematical model. Yao et al. [21].
Established the numerical film torque modeling of friction pair in HVC and pointed out
that film torque of a radial grooved plate was less than the vertical-horizontal grooved
plate. Yuan et al. [22] developed a mathematical model that incorporates the surface tension
effects, which can predict the drag torque well for a disengaged wet clutch. Hu et al. [23]
proposed a drag torque model for the wet clutches, which take the shrinking effect of oil
film into account. Razzaque et al. [24] analyzed the film flow between plates in the wet
clutches under the consideration of groove geometry and orientation. Aphale et al. [25]
investigated both a 2D lubrication model and 3D computational fluid dynamics model
to evaluate the film torque with the consideration of grooves. Huang et al. [26] studied
the flow field of the oil film between plates in hydro-viscous drive and the distribution of
temperature and pressure by means of numerical simulation.

From the above-mentioned literature review, it can be found that the mathematical
model of viscous torque, the flow between one single friction pair, and the effect of grooves
on torque characteristics was well studied. However, the research object of those studies
only focused on a single friction plate in HVC. In fact, HVC consists of many friction plates.
As a result of the force interaction of every oil film, each clearance between a friction pair is
quite different. Therefore, it would be inappropriate to obtain the overall torque of HVC
according to the torque of a single friction pair.

In this paper, a new expression of torque for hydro-viscous clutch is given in the con-
dition that each clearance of friction plates is different. Then, how parameters influence the
distribution of clearance and the overall torque are presented. Finally, relevant experiments
were carried out on an HVC with multi-friction plates.

2. Structure and Work Principle of Hydro-viscous Clutch

As shown in Figure 1, HVC is made up primarily of the input shaft, friction plate,
separator plate, cylinder, output shaft, etc. Its work principle is as follows.

Entrance of . o
control D= Friction plate

Figure 1. Schematic diagram of hydro-viscous clutch.

Lubricant oil passes through the oil entrance of the input shaft to the gap between the
friction plates and separator plates. On one hand, oil film can provide shear stress for HVC
to transmit torque. On the other hand, it can take the heat away. Control oil passes through
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the control oil inlet channel to the cylinder chamber. By regulating the control oil pressure,
the clearance between plates can be changed, so a different torque can be obtained and the
torque formula can be derived from Newton inner friction law [1].

_ 4_ 4
T:Enny(wl w)(r — %)
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where T is the viscous torque, w; is the angular velocity of the friction plate, w, is the
angular velocity of the separator plate, n is the number of plates, y is the oil dynamic
viscosity, 7 is the outer radius of the plate, r is the inner radius of the plate, and ¢ is the
oil film thickness, m.

To avoid the thermal deformation of the plate induced by local contact, hydro-viscous
plates’” surfaces are often grooved and the radial groove is the typical pattern that is used
for hydro-viscous plates, as shown in Figure 2 (the following analysis is based on the plate
with radial grooves). It can be deduced as:

T— np(wy — wy) (ra* —r#) < 61 62)
2(01 + 67) o+ hy, g

@

where 0 is the angle of the groove area, 6, is the angle of the non-groove area, and /;, is the
groove depth.

A z &

Figure 2. Friction plate with radial grooves.

Form the above analysis, it can be seen that the viscous torque is usually obtained
under the assumption that the oil film thickness is constant. In fact, HVC is composed of
dozens of plates, and each clearance between plates may be quite different. Therefore, the
viscous torque calculated by Equations (1) and (2) cannot precisely predict the true value.

3. Analysis of Oil Film Bearing Capacity

HVC is also called oil film clutch, since the oil film plays the most important role
in transmitting viscous torque. The bearing capacity of oil film consists of the following
parts [1]:

Fib=F-FK-FE+FK 3)

where F4 is the oil film bearing capacity, F; is the bearing capacity of static pressure
generated when lubricant oil flows through the gap between two still and parallel friction
plates, F is the bearing capacity of centrifugal force when lubricating oil gets through two
rotating friction plates, F3 is the squeezing force of friction plates when moving against
each other, and F, is the dynamic pressure bearing capacity caused by the groove on the
surface of the friction plate.

Lubricating oil flows through the gap between two parallel friction plates and forms
gap flow. The fundamental formula is as follows [16]:

b33 Ap
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Through the formula deduction, F; can be described as:
b= P {722 —n®—2r? ln(rz/rl)] ©)
2In(r2/11)

where P is the lubricant oil pressure.

When lubricating oil flows through the gap between two rotating friction plates, the
loss of pressure caused by centrifugal force leads to the centrifugal bearing capacity. It can
be derived as [16]:

3
F = % <r24 — r14> <w12 —wiAw + 10Aw2> (6)
where p is the density of lubricating oil, and Aw is the angular velocity difference between
the drive friction plate and driven separator plate.

When there is movement between friction plates, oil film thickness changes, which
causes extrusion force, given by [16]:

(=)’
In(ra/r1) | 45
53 dt

3y {rz‘1 —rt-

F3 = @)
The most important part of oil film bearing capacity in this paper is dynamic pressure
bearing capacity, which is caused by grooves on the surface of the friction plate. Its
expression is complex. For convenient analysis, the friction plate can be regarded as a
tablet of length 7t(rq + 1) and width (rp — 1) [13], so the expression can be simplified to:

[32}41112(11 + lz)(?’z — 1’1)(1’1 + 7’2)hg]Aa)

= ®)
! 2183 + 21 (8 + hg)°?
where z is the number of the groove, /1 is the groove width, and ; is the step width.
To facilitate the analysis, assume:
Ky = 3[zula(lh + 1) (r2 = r1) (r1 + r2)ha] Aw
Ky =b/i, =6:/6
so F4 can be described as:
1 ©

F, =
33 + Ky (6 + hu)3

4. Mechanical Analysis of the Friction Plate

As shown in Figure 3, each friction plate reaches balance under the combination of
the oil film bearing capacity and static friction.

Oil film  Separator plate Friction plate

Figure 3. Mechanical model of friction plates.
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Oil film bearing capacity has been analyzed on the above, and the static friction force
between the engagement of the friction plate is as follows:

- 2Tf  frp(wr — wy)(r* — ) 02 01
Fui = d (61 + 92)(1 o; + o; + hy (10)
Assume:
o f(wr — @) (ra* — )
3 (1+0:/0)d
so Fpy; can be described as:

(K 1

Fm1K3<0_i +Ui+hu> (11)

where F,; is the static friction force, f is the friction coefficient of plates, n is the number of
oil films, and d is the effective diameter of the friction plate. It can be concluded that:

Fn=Fp+Fn,Fp=Fp+Fnp

Fi3 = Faa + Fuz, Faa = Fi5 + Foa
. (12)

Fa(i-1) = Fai + Fi

Assuming that HVC is in the state of stable speed, so Aw is constant, consequently
each of F; is equal; meanwhile, the oil film thickness between the friction plates reaches
balance, so there is no relative movement between plates, so F3 is zero, and lubricant oil
pressure between the friction plates is considered to be equal, so each of F; is equal too.

From Equations (3)—(12), the distribution characteristic of oil film for HVC can finally

be concluded:
K K K 1
. 3 . 3+ (2 + ) (1%

63 + Ka(6; + hyg) 3413 + Ko (61 + hg) o i +thg

From Equation (13), it is obvious that each oil film thickness is different unless K3 is
zero, that is to say, there is no static friction force between the engagement of the friction
plate. In practice, the static friction force is inevitable, so Equations (1) and (2) are not
precise enough to predict the true viscous torque for HVC.

Based on Equation (13), a modified factor ai was introduced to revise the original
torque formula.

Assume:

ASRIST

n
0y =) 0;=n0, a; =
i1

where 0, is the total thickness of oil film, and ¢ is the average value of oil film thickness.
So, the revised torque formula can be described as:

_ mp(wi—wp)(nt-nt) & 61 [
Tr - 2(91+92) ;1 oi+h, + o;

_ mp(wi—wy)(rt-r?) | & 0 (8
= Mz(gﬁre?) = Lzl "‘i(ﬁw}iha) + El Déi(gz)}

In order to further study how K3/Kj, K, and h, influence the distribution characteris-
tic of oil film thickness and the viscous torque, the following simulation is based on the
practical parameters of HVC listed in Table 1.

(14)
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Table 1. Parameters of HVC.

Parameter Value Unit
Outiside radius of friction plate (r1) 0.16 m
Inner radius of friction plate (r;) 0.11 m
Effective diameter of friction plate (d) 0.32 m

Angular ratio of groove/non-groove (6, /61) 15,2,25
Depth of groove 0.35,0.3,0.25 mm
Coefficient ratio of K3/K; 0.05,0.1,0.15
Oil dynamic viscosity () 0.021 Pa-s
Angular velocity difference (Aw) 100 rad/s

Under the situation of K, = 2, K3/K; = 0.1, given h, = 0.25, 0.3, 0.35, the relation-
ship between viscous torque, oil film thickness, and the oil film number is shown in

Figures 4 and 5.

05+

= = =
%] w E
1 1 1

Oil film thickness(mm)

0.0 T

—=—h =0.25
—e—h_=0.3
—a—h =0.35

Qil film number

Figure 4. Oil film thickness distribution with different /,.

Viscous torque(N.mj}

—a—h =0.25mm
—s— h =0.3mm
—— h =0.35mm

2 3 4

Qil film number

Figure 5. Viscous torque distribution with different h,.

Under the situation of h; = 0.3, K3/K; = 0.1, given K, = 1.5, 2, 2.5, the relation-
ship between viscous torque, oil film thickness, and the oil film number is shown in

Figures 6 and 7.
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Figure 6. Oil film thickness distribution with different K.

—=—K=15
L ——K =2
10 ——K,=25

Viscous torque{(N.m)

T T T T T T T
Qil film number

Figure 7. Viscous torque distribution with different K.

Under the situation of h, = 0.3, K; = 2, given K3/K; = 0.05, 0.1, 0.15, the relation-
ship between viscous torque, oil film thickness, and the oil film number is shown in

Figures 8 and 9.
—=—K /K =0.05
05 —a—K K,=0.1
——K K =0.15

— 0.4

£

£

o bt

]

c

=

=]

‘= 024

-

E

=

= 0.1

o)

00 . T r T : . . . )
1 2 3 4 5

Qil film number

Figure 8. Oil film thickness distribution with different K3 /Kj.
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Figure 9. Viscous torque distribution with different K3/Kj.

From Figures 4-9, it can be seen that oil film thickness becomes greater as the oil film
number increases, while viscous torque becomes lower. Moreover, each oil film thickness
and viscous torque becomes more different with the increase in the coefficient Ky, h,, and
K3/K;. Comparing the above three Figures 4, 6 and 8, the coefficient K3/K; plays a more
important role in determining the distribution of oil film thickness and viscous torque for
HVC. That is to say, among the factors of the groove depth, angular ratio of groove/non-
groove, and static friction force, the static friction force is the key factor influencing the
distribution of oil film thickness, which should be taken into account to calculate the overall
viscous torque of HVC.

5. Experimental Apparatus and Results

The hydro-viscous clutch test rig is illustrated in Figures 10 and 11. In this system,
the drive part is a variable frequency motor to achieve different input speeds for HVC
and the loading part is an electric dynamometer to provide precise torque. The hydraulic
power unit can provide the needed lubricant oil and control oil for HVC. The flywheel set
is used to test the dynamic performance of HVC. With LABVIEW software and PCI 1723
data acquisition card, the industrial control computer sends out command signals to the
drive motor, loading motor, and hydraulic power unit. After receiving command signals,
the hydro-viscous clutch can work at different input speeds, loading torque, control oil
pressure, lubricant oil pressure, and flux.

O

\12 9 8

Figure 10. Schematic diagram of the HVC test rig. 1—drive motor; 2—coupling; 3,6—torque and

speed sensor; 4—flywheel set; 5—HVC; 7—loading motor; 8—computer; 9—signal control cabinet;
10—data acquisition card; 11—hydraulic power unit.



Energies 2021, 14, 7884

9of 14

Figure 11. Photos of the HVC and test rig. 1—signal control cabinet; 2—computer operation cabinet;
3—hydraulic power unit; 4— friction plate, 5—separator plate with different grooves, 6—drive motor;
7—flywheel set; 8—torque and speed sensor; 9—HVC; 10—loading motor.

Figure 12 illustrates the schematic diagram of the hydraulic system for HVC. In this
part, the whole system can be divided into control oil circuit and lubricant oil circuit. The
control oil pump and lubricant oil pump can respectively provide the working fluid for
HVC. The flow speed control valve is used to achieve different lubricant oil flow and
pressure. The accumulator can absorb the pressure fluctuation under high frequency. The
proportional relief valve is used to realize different control oil pressure. The frequency
converter is used to achieve low pressure (0.05-0.5 MPa) because of the dead zone pressure
of the proportional relief valve. In addition, some manometers, flowmeters, and thermome-
ters are mounted to measure the local pressure, flux, and temperature. Related parameters
are acquired by sensors and their curves are finally displayed on the screen of a computer.
Table 2 shows the main parameters of the whole test rig.

Table 2. Main parameters of the test rig.

Parameter Value Unit
Rated power of HVC 50 kw
Rated torque of HVC 318 N-m
Rated power of drive motor 75 kw
Rated speed of drive motor 1500 rad/min
Rated power of loading motor 50 kw
Inner radius of friction plate 0.11 mm
Outer radius of friction plate 0.16 mm
Inner radius of cylinder 80 mm
Outer radius of cylinder 112 mm
Initial turning radius of control oil 42 mm
Stiffness of pressure spring 190 N/mm
Precompressed spring length 10 mm
Number of pressure spring 24
Rated power of frequency converter 3 kw
Flow range of flow speed control valve 0-45 L/min

Pressure scope of proportional relief valve 0.5-2.5 MPa
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Figure 12. Diagram of the hydraulic system for HVC. 1,22—oil pump motor; 2,21—coupling; 3—
lubricant oil pump; 4,19—check valve; 5—flow speed control valve; 6,16—fine filter; 7—flowmeter;
8,13—manometer; 9,12—Pressure sensor; 10,14—thermometer; 11—hydro—viscous clutch; 15—
proportional relief valve; 17—energy accumulator; 18—stop valve; 20—control oil pump; 23—
frenquency converter; 24—air cooling circuit; 25—safety valve.

What should be explained in advance is that there are no displacement sensors in HVC
to measure each clearance between friction plates. In fact, it is very difficult to accurately
measure each oil film thickness of HVC, since the clearance between friction plates is
so small. However, if the structure of HVC is improved from the ordinary type to the
synchronous type (as is shown in Figure 13) [5,6], the oil film thickness can be indirectly
calculated according to the piston force analysis.

A — B
NN AR NIREERTSSN A
\? i T
F.
= N
iﬁw . -
oA Ry T,
& Y N
AN Al \

Figure 13. Comparison of two different types of HVC.

T 17

|
[

ﬁ
22)\
-

Figure 13 also shows the force modeling of the piston in the synchronous type of
HVC. The piston reaches its balance under the resultant force of the spring force, cylinder
pressure, centrifugal pressure of the cylinder, static friction force between the engagement
of the friction plate, and bearing capacity of the first oil film. It can be described as:
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Fr=F +F+F+Fy
F = Nk(xo + xz)
n
X;= ) 9
i=1
F, = prt(Ry? — Ry?) (15)
F = Fpw?y(r? — 1%) (r? + % — 2r¢?)
FF=FH—-K+F

_ frplwr—wy) (2t —r*) (6 6
Fm - 1(91+292)§ . (0% + 0'1“11}1,1>

where F; is the force of the pressure spring, x; is the displacement of the spring, xg is the
precompressed spring length, k is the stiffness of the pressure spring, N is the number of
pressure springs, Fy is the control oil force, p is the control oil pressure, R; is the outer
radius of the cylinder, R; is the inner radius of the cylinder, m, and Fj is the centrifugal
force caused by the rotation of the cylinder.

Because the related parameters (including k, xo, N, Fy, F, etc.) are clear, and the number
of unknown variables oj is equal to the number of equations, each oil film thickness is
uniquely determined. However, there is no definite relationship between x, and c; for the
ordinary type of HVC, because the initial clearance between each friction plate is randomly
distributed without the control oil pressure.

Finally, the overall torque characteristic of HVC and the experimental data related to
the overall viscous torque were respectively obtained as shown in Figure 14 and Table 3.

80 -
——o-0=120 rad/s
70 4 o-m=110 rad/s
——o-0=100 rad/s
E 60 1 —v— o-o=90rad/s
E'- 50 —e— o-n=80rad/s
[]
=
T 40 -
i}
@ 30
=
9
2 20
>
10
0 T I T I T T T T T I T 1

0.5 0.6 0.7 0.8 09 1.0

Oil pressure(MPa)

Figure 14. Overall torque characteristic of HVC.

From Figure 14, it can be concluded that the decrease in viscous torque with the
increase in control oil pressure increases with the increase in Aw, which conforms to the
law of hydro-viscous drive well. From Table 3, it can be summarized that there is a large
relative error (from the minimum 25.4% to the maximum 40.2%) by using the original
formula to calculate the torque without considering the condition that each clearance of
friction plates is different. In addition, with the increase in coefficient K3, ha, and K3/Kj, the
relative torque error becomes larger, since the difference in oil film thickness and viscous
torque becomes greater. By contrast, the torque calculated by the revised formula is much
closer to the experimental results, the minimum relative error is reduced to 2.8%, and the
average relative error is 5.4%. Furthermore, with the increase in coefficient Ky, h,, and
K3/Kj, the relative torque error becomes smaller, since the revised torque formula can
compensate the uneven distribution effect of oil film thickness. Therefore, it supports the
conclusion that the revised torque formula is more accurate compared to the original one.



Energies 2021, 14, 7884 12 of 14

Table 3. Experimental data related to the overall viscous torque.

Control Oil Aw L Ka/ 0il Lubricant Tested Viscous Torcge. Value by Original Modified Torque Value by New
Pressure a K 3 Temperature Oil Pressure Torque Value riginal Relative Coefficient New Formula Relative
(rad/s) (mm) 2 K A q Formula

(MPa) Q) (MPa) (N.m) (N.m) Error (w1, &2, &3, 04, 5) (N.m) Error
0.7 100 0.25 2 0.1 15 0.2 31.2 39.7 27.2% 1.07 0.93 0.81 0.71 0.62 33.5 7.4%
0.88 100 0.3 2 0.1 15 0.2 27.8 35.7 28.4% 1.13 0.92 0.76 0.69 0.50 29.7 6.8%
1.0 100 0.35 2 0.1 15 0.2 24.6 31.8 29.2% 1.33 0.98 0.74 0.56 0.41 25.7 4.5%
0.43 100 0.3 1.5 0.1 15 0.2 35.3 45.3 28.3% 1 0.86 0.74 0.65 0.57 375 6.2%
0.77 100 0.3 2 0.1 15 0.2 34.7 43.5 25.4% 1.17 0.93 0.76 0.62 0.51 35.8 3.2%
0.94 100 0.3 2.5 0.1 15 0.2 31.9 40.5 27.0% 1.42 1.03 0.77 0.59 0.43 32.8 2.8%
0.12 100 0.3 2 0.05 15 0.2 45.4 58.1 28.0% 1 0.88 0.78 0.70 0.63 48.9 7.7%
0.66 100 0.3 2 0.1 15 0.2 38.7 53.2 37.5% 1.1 0.85 0.68 0.56 0.46 41.2 6.5%
0.86 100 0.3 2 0.15 15 0.2 33.8 474 40.2% 1.3 0.88 0.59 047 0.34 35.0 3.6%
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6. Conclusions

A hydro-viscous clutch is composed of multi-friction plates. When it is in the stable
speed regulation operation condition, it is generally considered that the oil film thickness
between the friction plates is equal (the existing torque formula for HVC is based on this
assumption), which is inconsistent with the actual situation. In order to obtain a more
accurate torque formula for HVC, this paper has carried out research work from both
theoretical and experimental aspects, and the conclusions are as follows:

(1) A new revised torque formula for hydro-viscous drive is proposed through taking
into account the condition that each clearance of friction plates is different.

(2) Theoretical analysis indicates that static friction force between the engagement of the
friction plate can result in the back oil film thickness being greater than the front one,
and the oil film thickness become greater with the increase in the coefficient K3, h,,
and K3 / Kl‘

(3) A new structure of HVC is proposed to validate the related torque characteristics
of HVC. The experimental results show that there are large relative errors (from the
minimum 25.4% to the maximum 40.2%) by using the original formula to calculate
the torque. Inversely, the overall viscous torque obtained by the revised formula can
predict the true value more precisely with the increase in coefficient K3, h,;, and K3/Kj,
and the minimum relative error can reduce to 2.8%, which proves that the revised
model is more accurate than the original one.
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