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To reveal the transient temperature distribution pattern inside the magnetorheological
grease (MRG) torsional vibration damper and explore the relationship between the current
and internal temperature of the device, the transient temperature simulation analysis of the
MRG device was conducted in this study. Firstly, a theoretical heat transfer model of MRG
torsional vibration damper with dual heat source structural feature was established based
on the Bingham constitutive model and the temperature-dependent viscosity
characteristic of MRG. Then, the transient temperature field model of the MRG
torsional vibration damper was developed by the finite element method, the
temperature field distribution and temperature-time variation characteristics of the
MRG torsional vibration damper at OA, 1A, and 2A working conditions were analyzed,
and the effects of viscosity and slip factors on the temperature rise of the device were
investigated. The simulation results show that the temperature rise of MRG in the working
domain is the fastest, but a gradual slowing of the temperature rise rate. The magnitude
and rate of temperature rise are maximum when the 1A current is applied to the torsional
vibration damper. Finally, the current-temperature curve is obtained by fitting the
simulation results. The results of the analysis reveal the internal temperature
distribution and temperature rise characteristics of the torsional vibration damper,
which provide a theoretical basis for the structural optimization and control strategy
design of the MRG torsional vibration damper considering temperature as a factor.

Keywords: MRG torsional vibration damper, multi-condition analysis, temperature field simulation,
viscosity-temperature characteristics, Bingham model

1 INTRODUCTION

In engine systems, the power source for crankshaft rotation is the explosive force generated by the
instantaneous combustion of combustible gases in the cylinder, and explosive force is transmitted to
the crankshaft through the piston and other parts. This process leads to torsional-detorsional effects
on the crankshaft, which further lead to torsional vibration of the crankshaft (Boysal and Rahnejat
1997). For multi-cylinder engines, the crankshaft system comes with a large number of pistons,
connecting rods, flywheels, and other accessories (Periyasamy and Alwarsamy 2012). Large
rotational inertia, high speed, high load (Karabulut 2012), and cylinder ignition unevenness
(Zhang and Yu 2009) make the torsional vibration of the crankshaft more intense, especially in
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the starting phase with high acceleration. To prevent the
crankshaft from torsional deformation or failure, the
crankshaft torsional vibration must take effective reduction
measures (Fonte and de Freitas 2009). At present, the main
reduction measure for crankshaft torsional vibration is to
install a torsional vibration damper in the crankshaft system,
which can well avoid crankshaft torsional vibration caused by
resonance and reduce the amplitude of torsional vibration
(Mendes et al., 2008).

So far, the torsional vibration damper that has been produced
and put into use are silicone oil dampers (Pistek et al., 2017),
rubber dampers (Silva et al., 2019), silicone oil-rubber composite
torsional vibration dampers (Li et al, 2020) and dual-mass
flywheel torsional vibration dampers (Long et al, 2021).
However, these dampers only show a good damping effect at a
specific resonance frequency due to which the damping is
uncontrollable (Shu et al., 2015). Therefore,
magnetorheological smart materials were introduced to
develop the magnetorheological torsional vibration damper
(Abouobaia et al., 2016, 2020; Brancati et al., 2019). The
installation of the damper at the free end of the crankshaft
can prevent the crankshaft from torsional failure, but then
comes the problem of damper heat dissipation. Generally,
damping materials such as silicone oil, MRG, and other
viscous liquids need to be overhauled after a period of
operation to ensure that the damping material does not fail
due to high temperature (Homik 2010).

MRG is a variable damping smart material whose damping
characteristics, magnetic field characteristics, and settlement
characteristics have obvious temperature dependence (Sahin
et al., 2009; Meyer et al., 2016; McKee et al., 2017; Liang et al,,
2021). Rheological characteristics of MRG vary in different
magnetic fields and temperatures (Kamble et al., 2021). If the
temperature is not analyzed and suppressed, the MRG torsional
vibration damper will not only fail to dampen the torsional
vibration but also further aggravate the vibration of the
crankshaft system due to its own heavy mass.

At present, there are many studies on the temperature analysis
of viscous fluid torsional vibration dampers and
magnetorheological rotary dampers. Homik et al. proposed a
thermal fluid dynamics model for viscous torsional vibration
dampers and investigated the effect of temperature and viscosity
variations of the damping fluid inside the torsional vibration
damper on the efficiency of the torsional vibration damper
(Homik, 2012; Homik et al., 2021). Venczel et al. developed a
two-dimensional thermal calculation program based on the finite
difference method, analyzed the heat transfer process inside
silicone oil dampers, and developed a temperature and shear
rate-dependent viscosity model for the silicone fluid (Venczel
and Veress. 2020; Venczel et al, 2021). Gordaninejad et al.
conducted an experimental and theoretical study of heat
generation and dissipation in magnetorheological dampers,
developed a theoretical model for predicting the temperature
rise of magnetorheological dampers, and developed a control
equation in the dimensionless form (Gordaninejad and Breese,
1999). Batterbee et al. quantified the effect of temperature on the
damper between 15°C and 75°C and studied the effect of elevated
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temperature on magnetorheological fluid viscosity and yield
stress (Batterbee and Sims 2008). Kavlicoglu et al. (2007)
conducted a theoretical and experimental study of heat
generation in a high-torque magnetorheological differential
clutch, mainly for the effect of temperature on the torque
performance of the clutch, and analyzed the temperature rise
distribution inside the clutch. Nguyen et al. proposed an
optimization method based on finite element analysis for
magnetorheological brakes considering temperature factors
and used the Bingham model and Herschel-Bulkley model to
analyze the braking torque of the brake (Nguyen and Choi 2010).
Park et al. (2008) introduced a magnetorheological braking
system, and the fluid flow and heat transfer system of the
magnetorheological fluid were analyzed considering the critical
issues of brake size, performance, and temperature. Patil et al.
(2016) performed a thermal analysis of a magnetorheological
brake to evaluate the temperature rise of the magnetic fluid due to
brake manipulation and performed a finite element analysis of the
temperature field of the brake. So far, there have been many
studies on the temperature aspects of viscous fluid torsional
vibration dampers and magnetorheological dampers. However,
there is a lack of temperature analyses of MRG torsional vibration
dampers under different working conditions. This study adopts
the multi-field coupling method of flow field-temperature field
for simulation analysis, which reveals the temperature gradient
distribution inside the device in more detail. In this study, based
on the temperature rise theory of torsional vibration dampers and
the temperature analysis of magnetorheological dampers, the
temperature analyses of MRG torsional vibration dampers
under different working conditions have been developed.

In this article, a theoretical model of the temperature field of
MRG was established based on the Bingham mechanics model
and viscosity—temperature model, the heat transfer system of the
MRG torsion damper was analyzed, and the heat source and heat
generation rate of MRG torsion damper and the internal forced
convection heat transfer coefficient were calculated. Secondly, the
three-dimensional model of MRG torsional vibration damper
was established, and its temperature rise principle was analyzed.
The transient temperature field of the MRG torsional vibration
damper was simulated and analyzed in the 0A, 1A, and 2A three
working conditions. The influence of slip between the inner and
outer rotors and the viscosity of MRG on temperature rise was
investigated. The results show the distribution pattern of
temperature and provide the simulation and theoretical basis
for subsequent heat dissipation optimization and temperature
compensation control.

The remainder of the article is organized as follows. In Section
2, the temperature characteristics and magnetic field
characteristics of MRG were analyzed, the mathematical model
of the temperature field of MRG torsional vibration damper was
established, and the forced convection heat transfer coefficient
was calculated. In Section 3, the three-dimensional transient
temperature simulation model of the MRG torsional vibration
damper was established, and the temperature rise principle inside
the device was analyzed. In Section 4, the results of transient
temperature field simulation were analyzed, and the relationship
between the current and internal temperature characteristics of
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FIGURE 1 | (A) Curve of magnetic field characteristics of MRG. (B) Curve of temperature characteristics of MRG.

the device was explored. Section 5 put forward the conclusion of
the study.

2 MATHEMATICAL MODEL OF
MAGNETORHEOLOGICAL GREASE
TORSIONAL VIBRATION DAMPER

2.1 Magnetic Field Characteristics and
Temperature Characteristics of

Magnetorheological Grease
The rheological behavior of MRG is described based on the
Bingham constitutive model, which is Eq. 1.

{

where T is the shear stress, Ty is the shear yield stress caused by the
applied magnetic field, y is the shear rate, and n, is the zero-field
viscosity of MRG. According to the magnetic field characteristics
of MRG, its viscosity is closely related to B, and the relationship
curve is shown in Figure 1A (Wang et al.,, 2019). When B is
between 0 and 300 mT, the viscosity growth gradually becomes
slower, and when B is greater than 300 mT, MRG reaches the
magnetic saturation state.

The viscosity-temperature characteristics of MRG are
considered, and the viscosity-temperature equation is Eq. 2
(Zhai et al.,, 2019).

T=1y5gn(y) + 1,9 |7> |1

y=0 7| <]z, ] (1)

*ﬂ(T*To)’

Hr = "Nr,€ (2)

where ny, is the viscosity when the temperature is To, ny is the
viscosity ~when the temperature is T, P is the
viscosity-temperature coefficient, taken as 0.03 (1/°C). The
viscosity-temperature curves in the three working conditions
with 1A (working condition I), 2A (working condition Il), and 0A
(working condition ) current applied to the internal coil of the
MRG torsional vibration damper are shown in Figure 1B.

dz , |
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FIGURE 2 | Thermal equilibrium analysis of the microelement.

2.2 Temperature Field Mathematical Model
of Magnetorheological Grease Torsional
Vibration Damper

2.2.1 Heat Conduction Differential Equation

In the rectangular coordinate system, choose a volume element
from the MRG torsional vibration damper with length dx, width
dy, and height dz. From Fourier’s law of heat conduction, the heat
fluxes flow into the element and the heat fluxes flow out of the
element are Eq. 3 and 4, respectively.

a ¢X
ox

) ot
dx = ¢*+&< —/\adydz>dx

¢x = _Ag

axdydz7 ¢x+dx = ¢x +

ot 9¢, ) ot

¢, = —Aadxdz, byay = 9, +Edy =9, 5 —Aadxdz dy, (3)
ot o, 0 ot

9. =-As_dudy; ¢ =g, + —=dz=¢, + az< /\azdxdy>dz

d¢, = ¢, +¢,+ ¢,

d¢out = ¢x+dx + y+dy + ¢z+dz

; (4)

{
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TABLE 1 | Parameters of heat transfer model.

Symbol Parameter Value
Ne Number of turns of the coil 30

de Average diameter of the coil 19.8 mm
Aw Cross-sectional area of the cail 10.26 mm?
D Diameter of MRG fluid domain 250 mm
L Height of MRG fluid domain 40 mm

where @,, @, , and @, are the heat fluxes flow into the element in
the directions of x, y, and z at the surfaces of x=x, y = y,and z=z.
Dyidxs Pyrdy, and @4, are the heat fluxes flow out of the
element in the directions of x, y, and z at the surfaces of x = x + dx,
y =y +dy, and z = z + dz. t is the temperature of the
microelement, A is the thermal conductivity, d¢;, is the total
heat flow rate of the imported microelement per unit time, and
d¢,, is the total heat flow rate of the exported microelement per
unit time. The geometrical description is shown in Figure 2.

The differential equation for the thermal conductivity of the
volume element is shown in Eq. 5.

ot 0 (. ot 0 [, ot o[, ot .
—=— (A= )|+ | A= )|+ = | A= , 5
e 8x< ax> +ay< ay> +8z< az> e 0
where @ is the intensity of the internal heat source, p is the
density, and ¢, is the isobaric specific heat capacity.

2.2.2 Coil Resistance Heat and Forced Convection
Heat Transfer Coefficient

The control energy generated by the coil resistance heat (coil
power consumption N) can be expressed by Eq. 6.

N = PRy, (6)

where I is the current applied to the excitation coil, and Ry is the
resistance of the coil wire. Ry can be approximated by Eq. 7
(Nguyen et al., 2008).

r

Ry = Lyry = Ncﬂd_cA (7)

w
where 7 is the resistivity of copper wire (0.01726 [Q- m]), Ly is
the length of the coil, ry is the resistance of the coil per unit
length, N, is the number of turns of the coil, where four coils are
arranged in the circumferential direction in this model, the radius
of copper wire selected is 0.33 mm, d_ is the average diameter of
the coil, and Ay is the cross-sectional area of the coil. The
parameters of the coil are shown in Table 1. According to Eqs. 6,
7, the resistance heat generated by the coil can be calculated. In
different working conditions, the resistance heat generated by the
coil is different. During the operation of the MRG torsional
vibration damper, resistance heat is generated by the coil and
the surrounding MRG for forced convection heat transfer,
calculation of convective heat transfer according to Eq. 8
(Newton’s law of cooling).

d;

¢=hA i (8)
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where ¢ is the heat flow rate, A is the contact area, d/d, is the
temperature gradient, and h is the convective heat transfer
coefficient. The Reynolds number is calculated by Eq. 9 to
describe the flow behavior of MRG.

u-D

Ref = v > (9)

where R, is the Reynolds number for determining the fluid flow
mode, D is the diameter of MRG fluid domain, u is the flow
velocity, and v is the kinematic viscosity. The process of
calculating the forced convection heat transfer coefficient h is
as follows:

D %
Ny = 1.86<Ref Py f)

: p,fz‘:";%” : (10)
N.,-
p= N
D

where L is the geometric characteristic of the heat transfer surface;
in this model, it is the geometric height of the MRG domain. The
geometric parameters of the MRG fluid domain are shown in
Table 1. ¢ is the specific heat ratio, and its value is 1 (set MRG as
incompressible fluid). According to Eq. 10 (Haque et al., 2021),
the forced convection heat transfer coefficient h can be calculated.
It can be known that the forced convection heat transfer
coefficient h is related to the slip, and the & variation curve is
shown in Figure 3. The forced convection heat transfer
coefficient increases with the increase of slip and the trend is
shown in Figure 3A. The heat transfer coefficient is different at
each moment due to the different slips at each moment, as is
shown in Figure 3B. Since no current is introduced in working
condition Ill, the coil does not generate resistive heat, and the heat
transfer coefficient of working condition Ill is not studied.

3 DESIGN AND MODELING OF
MAGNETORHEOLOGICAL GREASE
TORSIONAL VIBRATION DAMPER

3.1 Simulation Model

In order to meet the damping requirements of reducing the
torsional vibration of the crankshaft under multiple resonance
frequencies and ensure closure of the magnetic circuit inside the
device, the structure of the internal inertia ring of the MRG
torsional damper is designed based on the adjustable damping
characteristics of MRG as shown in Figure 4. The MRG is filled
between the inner surface of the magnetically conductive ring and
the outer surface of the inertia ring and the inner surfaces of the
two end caps. When the coil is not energized, the MRG behaves as
a free-flowing Newtonian fluid. When the coil is energized, the
magnetic field is generated in the working gap and the MRG
transforms into a solid-like state, thus viscous damping forces are
generated. The MRG torsional vibration damper cross-sectional
view and exploded diagram model are shown in Figure 4.
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FIGURE 4 | MRG torsional vibration damper model.

The MRG torsional vibration damper consists of three key
parts: shell, inertia ring, and MRG. The working clearance of
MRG is 2 mm. After the crankshaft is fixedly connected to the
MRG torsional vibration damper shell, the shell drives the
internal inertia ring to rotate through the viscous damping
force of the internal MRG.

3.2 Thermal Analysis of Magnetorheological

Grease Torsional Vibration Damper

3.2.1 Temperature Rise Principle of
Magnetorheological Grease Torsional Vibration
Damper

The main reason for the torsional vibration of crankshaft systems
is that the excitation frequency is similar to the natural frequency,

resulting in resonance. To avoid resonance, the frequency shift
principle is usually adopted, with a change to the natural
frequency of the system by changing the stiffness and mass.
The MRG torsional vibration damper can change the viscous
damping of the internal MRG by adjusting the current, which can
control the natural frequency of the whole crankshaft system.
Therefore, MRG torsional vibration damper can play a better
damping effect at any resonance frequency.

The MRG inside the MRG vibration damper can convert the
energy of torsional vibration into internal energy, and the
temperature gets warmer as time accumulates due to the
engine crankshaft system being a continuous working system.
Due to the large rotational inertia of the inertia ring, slip exists
between the inner and outer rotors, and the high-viscosity MRG
will generate a higher temperature in the gap between the shell

Frontiers in Materials | www.frontiersin.org

July 2022 | Volume 9 | Article 930825


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Xiao et al.

Temperature Characteristics of Torsional Damper

Torsional vibration

Internal heat generation in magnetorheological

grease torsional vibration damper

energy

——Absorption

Slip energy
(difference in kinetic
energy between outer
shell and inertia ring)

FIGURE 5 | Thermal conductivity system.

Liquid thermal conductivity

e

Solid state thermal conductivity

Forced convection
heat Transfer

Heat source l—l—Heat source 2

Forced convection heat Transfer

Liquid thermal conductivity

and inertia ring due to fluid friction. On the other hand, the coil
inside the MRG torsional vibration damper will generate
resistance heat, which will also affect the viscous damping
effect of the MRG and further affect the damping performance
of the MRG torsional vibration damper.

3.2.2 Analysis of Thermal Conductivity

There is a slip between the inner and outer rotors of the MRG
torsional vibration damper, and heat will be generated inside the
device due to fluid friction. In addition, the coil inside the MRG
torsional vibration damper will also generate resistance heat.
MRG torsional vibration damper internal heat conduction
system is the “dual heat source structure,” the specific heat
transfer process is shown in Figure 5.

According to Figure 5, the MRG will transform the slip energy
and torsional vibration energy into internal energy, and the heat
will be further transferred to the outer shell through the
magnetically conductive ring. The shell carries out forced
convection heat transfer with the external air, and the heat
will dissipate. The resistance heat generated by the coil first
conducts forced convection heat transfer with the surrounding
MRG, and the temperature of the working domain of the MRG is
transferred to the non-working domain of the MRG by liquid
heat transfer.

3.3 Analysis of Magnetic Field Simulation

In order to analyze the magnetic excitation line distribution of
MRG torsional vibration damper more accurately, the magnetic
field simulation of the “Sectional viewl” model in Figure 4 is
carried out by COMSOL Multiphysics. Figure 6A shows the
distribution of magnetic excitation lines inside the MRG
torsional vibration damper. When the magnetic field is
simulated for the MRG torsional vibration damper, the

simulation model is simplified due to the conductor tubes,
bearings, and seals that have little influence on the results of the
magnetic field simulation. The outermost ring of the MRG fluid
domain with higher magnetic excitation line density is defined as
the “Working domain of MRG”; the MRG fluid domain with lower
internal magnetic excitation line density is defined as the “Non-
working domain of MRG.” And the “Route” of the MRG working
domain is chosen between the inertia ring and magnetically
conductive ring, the magnetic field distribution pattern through
this Route is shown in Figure 6B. The magnetic excitation line
density decreases from the left end to the right end of the Route,
and B decreases with the increase of the distance d between the
measurement point and the left end point. The magnetic excitation
lines on the left and right sides of the right end point of the Route
are symmetrically distributed, and a small amount of coupling
exists in the magnetic excitation line, which can be neglected.

3.4 Modeling of Transient Temperature Field
3.4.1 Parameters of Transient Temperature Field
Simulation

The COMSOL Multiphysics fluid-solid coupling simulation of
the MRG torsional vibration damper requires a Boolean
operation to model the fluid domain and divide the overall
internal MRG domain into the working domain of MRG and
the non-working domain of MRG. The internal inertia ring
affects the MRG motion, the rotating inner wall, outer wall,
and dynamic mesh settings are needed for the MRG domain
separately. During the simulation, the effects of bolts, bearings,
seals, friction pads, conductor tubes, etc. are ignored to shorten
the simulation time for the Multiphysics field coupling
simulation. The reference pressure is 101.325 KPa (standard
atmospheric pressure). The model of magnetorheological
grease used in this article is MRG-50, the mass fraction of
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TABLE 2 | Fluid parameters of MRG. T T T
I I
Symbol Parameter Value 600 : : :t=6.725
I I I
1o Initial viscosity 12 Pas : : :
P Density 2,68 g/om® I I I
A Thermal conductivity TW/(m k) 450 | | !
Cp Isobaric specific heat capacity 1000J/(kg k) : ! 1
E I I
g A .
£300 : : :
. C . . . . 155} t=5.28s
hydroxy iron powder and lubricating grease in this model is 50% . : : :
each (the lubricating grease adopts No. 2 high-temperature : I :
lubricating grease of Shandong Kunlun Lubricating Oil Sales 50 WA OO
o ey . . . . B 1 I I
Co., Ltd.). The initial viscosity is 12 Pas. According to the %f)” ) | ! ' [ Slip with 2A
known density, isobaric specific heat capacity and mass P t=4.08s : : —o—Slip with 1A
fraction of hydroxyl iron powder and lubricating grease, the : : | [2—Slip with 0A
density and isobaric specific heat capacity of MRG-50 can be U ; : ' é ' é 1I0
calculated, respectively (Wang et al, 2019). According to the
thermal conductivity and mass fraction of hydroxyl iron powder ihs
and lubrlcatlng grease, the thermal ConductIVIty of MRG-50 is FIGURE 7 | Slip of shell and inertia ring for each working condition.

calculated by Filipoov equation (Reid et al., 1987). The fluid
properties of the MRG are shown in Table 2.

The MRG material is defined according to the Bingham model
and the viscosity-temperature characteristic equation coupling. The
corresponding boundary conditions are set for the fluid: the outer
boundary of the fluid is all the inner surfaces of the shell and the
rotational boundary inside the fluid is all the outer surfaces of the
inertia ring. The whole model is set to “Form the assembly,” and
static and dynamic domains are used in “a consistent pair” to ensure
the data transfer. The dynamic deformation domain is set by the
method of dynamic mesh rotational domain, the rotational boundary
speed inside the MRG domain is set and the parameter values are the
slip value of the inner and outer rotors. The measured slip values of
the tests for the three working conditions are shown in Figure 7.

According to Figure 7, the slip between the inner and outer rotors
is different when three different currents are applied to the coil: 1A
(working condition 1), 2A (working condition II), and 0A (working

condition IIT). In working condition Il, due to the higher flux density of
the working domain of MRG, the viscous damping force of the MRG
is the largest and the slip of the inner and outer rotors is the smallest
among the three working conditions, with a slow linear growth trend
after the slip reaches 171.34 rpm at 4.08 s. The linear growth trend is
shown after the slip reaches 373.66 and 618.60 rpm at 5.28 and 6.72 s
for working condition | and working condition Ill, respectively.

3.4.2 Grid Cell Setting and Temperature Measurement
Point Selection

To ensure the quality of the grid cells, the hydrodynamic
refinement grid is set according to the “non-isothermal
laminar flow” Multiphysics field simulation. The corner
refinement grid is processed for the internal rotating boundary
chamfers and edges. The free tetrahedral grid is used for the
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FIGURE 8 | Simulation model of transient temperature field: (A) working domain of the MRG, (B) non-working domain of the MRG, and (C) temperature probe

=15s,(E)t=3s,(F)t=4s,(G)t=7s,and (H)t=10s.

FIGURE 9 | Transient temperature distribution of MRG torsional vibration damper for each moment of working condition I: (A)t=0's, (B)t=0.4 s, (C) t=0.8 s, (D) t

whole rotating domain and set as the dynamic grid-rotating
domain. The grid refinement is conducted for the internal
rotating boundary and external boundary of the MRG domain.

To distinguish and judge the temperature rise amplitude and
rate of MRG in the different domains, as well as the temperature
distribution within the MRG domain, the internal overall MRG
domain is divided into the working domain (Figure 8A) and
non-working domain (Figure 8B). The spatial coordinates of
the temperature measurement points selected in the working
domain of MRG, the non-working domain of MRG, and coil

domain are as follows: (-123/+/2, 43, —123/~/2), (-85, 22.5,
—40), and (—64.4, 38, 59.9), taking the center of the circle on the
bottom surface of the model as the origin, as shown in
Figure 8C.

4 RESULTS AND DISCUSSION

The temperature distribution and temperature rise inside the
torsional vibration damper are carried out for working condition
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FIGURE 10 | Temperature rise curve of each domain in working
condition |

|, working condition Il, and working condition Ill. The simulation
step is taken as 0.1 s, and the results are analyzed according to the
simulated results of each 0.1s.

4.1 Temperature Characteristics Analysis
4.1.1 In Working Condition |

Figure 9 shows the simulation results of the transient
temperature field of the MRG torsional vibration damper

Temperature Characteristics of Torsional Damper

for working condition |. When the 1A current is applied,
the coil generates resistance heat at the initial stage, then it
conducts forced convection heat transfer with the
surrounding MRG. When the slip gradually becomes larger
between the inner and outer rotors, the fluid friction gradually
becomes more intense in the MRG working domain and the
amplitude and rate of temperature rise increase faster. When
running for 10 s, the highest temperature domain inside the
damper is the MRG work domain, and the temperature of
both sides of the end phase is in the range of 47-51°C. The
specific temperature rise trend of each domain is shown in
Figure 10.

According to Figure 10, when the 1A current is applied to
the coil, the magnitude and rate of temperature rise in the
working domain of MRG are the greatest due to higher
viscosity, higher slip, and smaller working gap of this
domain. The temperature rises rapidly from the initial
20°C-51.42°C. As the temperature increases, the degree of
fluid friction is reduced due to the slowing of the increase
in the slip and the viscosity-temperature properties of MRG,
and the temperature rise rate slows down after 5.4 s. In the
processl stage of Figure 10, the coil is fed with a 1A current,
generating resistance heat and forced convection heat transfer
with the surrounding MRG. In the process 2 stage, after 1.6s,
the temperature starts to increase due to the heat transfer from
the working domain of MRG to the vicinity of the coil through
the MRG. The temperature of the MRG at the coil domain is
indicated in the “Coil domain” of Figure 10. For the
non-working domain of the MRG, the temperature rise
amplitude and rate are the lowest due to MRG with low
viscosity and a large working gap.

v20 V199

FIGURE 11 | Transient temperature distribution of MRG torsional vibration damper for each moment of working condition Il: (A)t=0's, (B)t=0.4 s, (C)t=0.8 s,

D)t=15s,(E)t=3s,(F)t=4s,(G)t=7s,and (H)t=10s.
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FIGURE 12 | Temperature rise curve of each domain in working
condition Il

4.1.2 In Working Condition I

Figure 11 shows the simulation results of the MRG torsional
vibration damper working condition II. When the 2A current
is applied, the coil will generate resistance heat at the initial
stage, then it conducts forced convection heat transfer with
the surrounding MRG. The degree of friction of the MRG at
the outermost ring increases sharply due to the gradual
increase of slip, and the magnitude and rate of
temperature rise increase. The specific temperature rise

Temperature Characteristics of Torsional Damper

trend of each domain in working condition II is shown in
Figure 12.

According to Figure 12, when the 2A current is applied, MRG
reaches the magnetic saturation state in the working domain of
MRG, when MRG viscosity is maximum but the slip is minimum.
Compared to working condition I, the degree of fluid friction is
less, the temperature rises rapidly from the initial 20°C to 38.67°C.
Due to the slowing of the increase in the slip, the temperature rise
rate slows down after 2.8 s. In the process 1 stage of Figure 12,
compared to working condition |, the resistance heat generated is
higher due to increased input current. The resistance heat
conducts forced convection heat transfer with the surrounding
MRG. In the process 2 stage, after 2 s, the temperature starts to
increase due to the heat transfer from the working domain of
MRG to the vicinity of the coil through the MRG. The
temperature of the MRG at the coil domain is indicated in the
“Coil domain” of Figure 12. The temperature at the non-working
domain of MRG has the lowest temperature rise amplitude and
rate due to the small viscosity and large working gap.

4.1.3 In Working Condition Il

Figure 13 shows the simulation results of the MRG torsional
vibration damper under working condition III. When no current
is applied to the coil, the viscosity and viscous damping force of
MRG are minimum. The slip is the largest between the inner and
outer rotors under working condition III. In the starting stage, the
internal temperature is set at the initial ambient temperature of
20°C. The amplitude and rate of temperature rise at the working
domain due to the slip gradually increase. According to the
simulation results, the temperature at the outermost ring on
both sides of the end face is nearly the same as the temperature at

v 201

D)t=15s,(E)t=3s,(F)t=4s,(G)t=7s,and (H)t=10s.

FIGURE 13| Transient temperature distribution of MRG torsional vibration damper for each moment of working condition Ill: (A)t=0's, (B)t=0.4 s, (C)t=0.8 s,
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FIGURE 14 | Temperature rise curve of each domain in working
condition Il

the working domain in 0-10s. Since the viscosity of the MRG
inside the device is the same in working condition III, the highest
temperature inside the torsional vibration damper is at the
working domain of the MRG when running for 10s, and the
temperature at the two end surfaces is in the range of 38-39°C,
which is nearly the same as the temperature of the MRG in the
working domain. The specific temperature rise trend in each
domain of working condition Il is shown in Figure 14.
According to Figure 14, the viscosity of MRG inside the device
is consistent when no current is introduced inside the MRG
torsional vibration damper. Due to the small working gap in the
working domain, the temperature rise of MRG is the largest, and
the temperature rises rapidly from the initial 20°C to 39.95°C
within 10 s. After 7.8 s, the temperature rise rate slows down due
to the slowing of the increase in the slip and the
viscosity-temperature characteristics of MRG, and the
temperature rise rate decreases from 2.54 to 2.12. The
temperature at the coil domain still has a high-temperature
rise amplitude and rate due to the heat transfer of MRG. The
amplitude and rate of temperature rise at the non-working
domain of MRG are the lowest due to the large working gap.

4.2 Analysis of Factors of Temperature Rise
When increasing the current applied to the coil, the viscosity of
MRG increases while decreasing the slip between the inner and
outer rotors. To explore the relationship between the input
current and the internal temperature of the device more
precisely, the same transient temperature field simulation
analysis was performed for the incoming 0.5 and 1.5A
currents, and the peak temperature at the 10-s moment was
obtained as shown in Figure 15. When the applied current is
0-1A, the viscosity of the MRG increases rapidly from the initial
viscosity to about 75Pas, and the slip between the inner and

Current-Temperature
N\ Fourier fitting curve
\)

17°C

I/A

FIGURE 15 | Current-temperature curve.

outer rotors decreases accordingly. The increase of viscosity
intensifies the fluid friction in the working domain of MRG,
which increases the temperature rise rate. When the applied
current is 1-2A, the slip of the inner and outer rotors decreases
due to the increase of MRG viscosity, and the fluid friction degree
is weakened, which reduces the amplitude and rate of
temperature rise. For the several common working conditions
of the MRG torsional vibration damper studied in this article, the
increase of MRG viscosity is the main factor affecting the
temperature rise when the applied current is 0-1A. The
amplitude and rate of temperature rise are maximum when
the 0.852A current is applied by fitting the curve in Figure 15.
When the applied current is 1-2A, fluid friction is weakened due
to the reduced slip between the inner and outer rotors, thus the
amplitude and rate of the temperature rise are lower.

5 DISCUSSION

In this study, a multi-field coupling approach is used to simulate
and analyze the working conditions of the torsional vibration in
the starting phase. The distribution results of the transient
temperature field simulation reveal the temperature field
distribution and change law inside the MRG torsional
vibration damper, and the relationship curve between current
and temperature is derived from the simulation results, which
provides simulation and theoretical basis for the subsequent heat
dissipation optimization and temperature compensation control.
Due to the simulation time of the Multiphysics simulation
software, this study only simulates several common working
conditions, for the effect of current on temperature, the
corresponding discrete results are obtained, and then the
results are fitted. For the Multiphysics simulation, the
corresponding device model is simplified, which has little
effect on the simulation of the temperature field.
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6 CONCLUSION

According to the simulation results of each working condition,
the internal temperature distribution pattern of the device is the
highest temperature domain for the working domain of MRG.
The temperature of both end surfaces gradually increases from
the center of the circle along the radial direction. In this study, the
simulation method of fluid-solid coupling was used to reveal the
internal transient temperature gradient in more detail. It provides
guidance for further optimization of heat dissipation considering
the temperature factor.

In this study, the maximum temperature of each working
condition was collated and fitted to obtain the relationship
between current and temperature. By analyzing the five
working conditions, when the applied current is 0-1A, the
increase in MRG viscosity leads to an increase in the rate and
magnitude of temperature rise inside the device. When the
applied current is 1-2A, the viscosity of MRG gradually
reaches the peak, the slip of the inner and outer rotors
decreases, and the magnitude and rate of temperature rise
decrease. When 0.852A current is applied, the amplitude of
the temperature rise reaches the peak. The results provide the
simulation basis for further study of critical parameters.
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