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Abstract: In order to improve the performance of magnetorheological dampers under impact load,
a double-rod magnetorheological damper is designed in this paper, and its multi-physical field
coupling model is established. The performance of a double-rod magnetorheological damper under
impact conditions is characterized from the aspects of viscosity, velocity, peak pressure, impact
energy consumption and viscous damping force ratio. The research contents include: a comparison of
dynamic characteristics such as the viscosity, velocity and pressure of the magnetorheological damper
under impact conditions and low-speed vibration; the influence of temperature on the mechanical
performance parameters of the magnetorheological damper, such as peak pressure, impact energy
dissipation and viscous damping force ratio, under impact load; and the establishment of a peak
sensitivity function to study the influence of three key structural parameters on the magnetic flux
density and impact energy dissipation at the damper damping channel. On the basis of the above
theoretical research, an impact test of the processed double-rod magnetorheological damper prototype
under different excitation currents is carried out. The results show that the viscosity distribution of
the damping channel activation region (i.e., the region where the magnetorheological effect occurs
after energization) of the magnetorheological damper under impact is disordered, the region of the
structural flow in the semi-solid state is small and the influence of the Coulomb damping force is
greatly weakened. When the current is 0.5 A, the viscous damping force accounts for 91.2%, and the
viscous damping force plays a major role in buffering energy absorption. With an increase in working
temperature, the effect of the Coulomb damping force decreases, and the peak pressure and impact
energy consumption of the MR damper decrease greatly. With increasing excitation current, this
reduction is further increased. The influence of gap height, piston diameter and effective length on
magnetic flux density and impact energy dissipation is determined via the peak sensitivity function.
When the change in the structural parameters Aw is 30%, the change in the piston diameter has the
greatest influence on the peak sensitivity of the magnetic flux density, and the peak sensitivity index
of the magnetic flux density reaches 25%. The change in clearance height has the greatest influence
on the impact energy consumption, and the peak sensitivity index of the impact energy consumption
reaches 115%. This shows that the magnetic flux density is most affected by the piston diameter, and
the impact energy consumption is most affected by the clearance height. The test results show that
the test pressure peak-change curve is consistent with the simulation pressure peak-change curve,
and the pressure peak error between the two is within 10%.

Keywords: multi-physical field simulation method; double-rod magnetorheological damper; peak
sensitivity index; impact load

1. Introduction

As an intelligent magnetic material, the apparent viscosity of magnetorheological fluid
can change greatly under the action of an external magnetic field and quickly return to its
free-flow state after removal of the magnetic field. The characteristics of magnetorheological
fluid are effectively applied in the field of vibration damping and impact resistance. A buffer

Machines 2022, 10, 1099. https://doi.org/10.3390 /machines10111099

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10111099
https://doi.org/10.3390/machines10111099
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-3233-8140
https://doi.org/10.3390/machines10111099
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10111099?type=check_update&version=2

Machines 2022, 10, 1099

2 of 25

designed with magnetorheological fluid can control the damping force by controlling the
current. At present, magnetorheological dampers are widely used in the fields of industry,
vehicles, civil engineering and weapon equipment [1-8].

In the field of magnetorheological damper structure design, Ebrahim Yarali et al. [9]
used the characteristics of magnetorheological fluid to make a prototype of a double-
barrel magnetorheological damper with double magnetic components, and carried out
a damping force measurement test. In addition, a general evolutionary process was
given using a neural network algorithm. The derived damping force evolution had high
performance in predicting the response of the magnetorheological damper in other currents.
Nguyen Q H [10] proposed a compact magnetorheological damper. Its performance was
studied via finite element analysis, and its prevention was verified using experiments.
Li Yongtao [11] designed a two-channel magnetorheological damper, and realized the
coupling between the magnetic field and the flow field in ANSYS through UDF; moreover,
they studied the performance of the magnetorheological damper under high-speed impact
using a multi-physical field coupling model, and verified the simulation model through an
artillery impact test.

Computational fluid dynamics (CFD) has been widely used to study fluid flow be-
havior, and there are also many scholars who have studied the hydrodynamic behavior of
magnetorheological dampers via CFD. Wael Elsaady et al. [12] first realized the coupling
between the magnetic field and flow field through a combination of COMSOL Multiphysics
and Fluent, and obtained a series of research results for single-phase incompressible and
multiphase compressible models. D Case et al. [13] used the small magnetorheological
damper on a medical prosthesis, and the accuracy of the simulation results was verified
by experiments. Gurubasavaraju et al. [14] used experimental and calculation methods,
using ANSYS CFX to model a magnetorheological damper, and realized coupling through
ANSYS CFX command language (CCL). Z Parlak et al. [15] used the finite element method,
electromagnetic field analysis method and magnetorheological fluid computational fluid
dynamics analysis method to study and optimize the target damping force and maximum
magnetic fluid density of a magnetorheological damper and obtained the optimal value of
the design parameters. Huang Tengyi et al. [16] simulated a magnetorheological damper in
COMSOL Multiphysics and determined the influence of structural parameters on damping
force under low-speed vibration. Liu Xinyun [17] also used a combination of COMSOL
Multiphysics and Fluent to study a magnetorheological damper designed via the implicit
dynamic boundary, and the simulation results showed an obvious temperature-rise phe-
nomenon. Wael Elsaady et al. [18] used the FFE and CFD methods to study the effect of
bubbles in dampers. Kemari M [19] studied a single-tube mixed-model magnetorheological
damper via experimental and CFD methods. The results showed that the numerical results
were in good agreement with the experimental data. Hu Guoliang et al. [20] established
a multiphysics coupling model using COMSOL to study the dynamic performance of
magnetorheological dampers under vibration conditions. Yu Zhenhuan et al. [21] used
ADINA to establish a magneto-flow coupling model, and used an ADINA solid model,
a magnetic field module and a CFD model to establish multiple single physical models,
respectively. The three-field coupling conditions were set and finite element analysis was
conducted to obtain the distribution of the magnetic field and the structural stress field
inside the magnetorheological damper. Zhang Yutong et al. [22] conducted mechanical
modeling of a magnetorheological damper, established a multi-field coupling simulation
model of the flow field, structure field and electromagnetic field of the magnetorheological
damper in ADINA, and studied the dynamic characteristics and influencing factors of the
magnetorheological damper.

Regarding the effect of temperature on magnetorheological damper performance, Feng
Zhimin et al. [23] obtained the viscosity—temperature characteristics of magnetorheological
fluid using an experimental method and explored the influence of temperature on damping
force under low-speed vibration via a CFD method. Stephen G [24] experimentally studied
the temperature characteristics of magnetorheological fluid and obtained an influence
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curve of temperature on the viscosity and yield stress of magnetorheological fluid. Michael
McKee [25] studied the influence of temperature on the hydrodynamic properties of MR
Fluid, and the results showed that the shear yield stress of MR Fluid remained unchanged
within the test range, while the plastic viscosity and volume modulus of MR Fluid decreased
with increasing temperature. Zarana L et al. [26] studied the influence of temperature on the
material properties of MR Fluid, and the results showed that the magnetization, coercivity
and shear viscosity of magnetic particles in the MR Fluid decreased significantly with
increasing temperature. Feng Zhimin et al. [27] obtained the viscosity and temperature
characteristics of MR Fluid through experiments, and explored the influence of temperature
on damping force under low-speed vibration via the CFD method. Aiming to determine
the impact of a buffering target, Zheng Jiajia et al. [28] proposed a multi-stage independent
magnetorheological buffer, and proposed a magnetic-flow-temperature multi-physical field
model based on the inverse Jiles—Atherton (J-A) hysteresis model. The model can describe
the multi-physical field transient characteristics of magnetorheological dampers under
sinusoidal and step excitation currents and impact load.

According to existing research, it can be seen that the properties of magnetorheological
dampers under low-speed vibration and the damping force, pressure, and other traditional
performance indicators of magnetorheological dampers under impact conditions were
introduced. The influence of temperature on the output damping force and the viscos-
ity temperature characteristics of the MR Fluid were mainly studied. The performance
indicators of magnetorheological dampers include the output damping force, dynamic
adjustable coefficient, peak pressure, energy absorption capacity, etc. To date, we have not
found comprehensive studies on the impact of mechanical properties (such as pressure,
viscosity, viscous damping force, energy absorption ratio and temperature) on the viscous
damping force energy consumption ratio under impact conditions, or the influence of
the three structural parameters of piston diameter, effective length and gap height on the
magnetic flux density at the damping channel of magnetorheological dampers, and their
impact energy consumption.

In view of the above problems, in this paper, a double-rod-type magnetorheological
damper is designed to analyze the static magnetic field of the double-rod-type magnetorhe-
ological damper. Additionally, a multi-field coupling model of the magnetorheological
damper is established for multiphysics simulation to study the mechanical properties of
the double-rod magnetorheological damper under impact conditions; these include a com-
parison of dynamic characteristics such as the viscosity, velocity and pressure of the mag-
netorheological damper under impact conditions and low-speed vibration, the influence of
temperature on mechanical properties such as the peak pressure, impact energy dissipation
and viscous damping force ratio of the magnetorheological damper under impact load,
and the influence of three key structural parameters on magnetic flux density and impact
energy dissipation at the damper damping channel. Based on the above research, an impact
test of the double-rod magnetorheological damper prototype under different excitation
currents is carried out, so as to provide a basis for the optimal design of magnetorheological
dampers and provide a new scheme for the improvement of magnetorheological damper
performance.

2. Design of Magnetorheological Damper
2.1. Structure Design

One new type of magnetorheological damper with a double-outlet bar is designed,
and it is applied to a mine car in inclined shaft production in this paper. A mine car is the
main means of transport in the production of inclined shafts in a mine. When the mine
car runs on the roadway, it is usually connected with several carriages in front and behind
for operation. When the speed of the rear car is higher than the speed of the front car
or the front car is braking, an impact collision will occur between the carriages, so it is
necessary to install anti-impact devices between two adjacent carriages as a buffer. When
the speed of the front and rear cars is inconsistent, it can effectively slow down the impact
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force of the car. A schematic diagram of the structure and installation of the dual-outlet
magnetorheological damper is shown in Figure 1a.

1 6 ,7 /8
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1—piston, 2—upper end cap, 3—piston, 4—coil, 5—cylinder, 6—connecting bolt nut,
7—lower end cap, 8 —cylinder base.

(b)

Figure 1. Schematic diagram of structure and installation of double-rod magnetorheological damper.

(a) Structure schematic diagram of a double-bar magnetorheological damper; (b) installation diagram
of anti-impact device.

It can be seen from Figure 1b that three anti-impact devices are installed in parallel
between the two carriages. There is a double-bar magnetorheological damper in the impact-
resistance device. The inclination angle of the inclined shaft used in this design is 30°.
Considering the technical parameters of the mine car, the inclination angle of the inclined
shaft and the installation quantity of the anti-impact device, the design parameters of the
magnetorheological damper are determined. The specific parameters are as follows: the
impact mass is 200 kg, the maximum stroke is 60 mm, the maximum working pressure is
10 MPa, and the maximum working current is 4 A.

The structure parameters of the piston are shown in Figure 2. The main values of these
parameters are shown in Table 1.
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Figure 2. Structure dimension diagram of a piston.

Table 1. The specific structure size of the magnetorheological damper.

Sign Name Parameter/mm
Dy Outer diameter of cylinder 50
Dy Inner diameter of cylinder 40
Ds Piston rod diameter 10
Dy Diameter of coil skeleton 27
Ds Piston bore 38
Ly Length of coil skeleton 25
l Effective length 10
L Piston length 45
h Damping clearance 1

According to the traditional magnetic circuit design method, it is necessary to calculate
the effective length and flux area of each part of the magnetic conduction region, and then,
calculate the reluctance of each part. Finally, the number of turns of the coil required for
the magnetic circuit design is calculated by the total reluctance of the magnetic conduction
circuit. This design method is more complicated. In this paper, a simplified design method
for the design calculation is adopted; the magnetorheological damper piston magnetic
circuit design formula is:

L/
- _|_ -
151 HoSo

In the formula, N is the number of turns of the excitation coil; I is the current; ¢ is
the total magnetic flux of the loop; L' is the average length of magnetic circuit; y is the
permeability of the magnetorheological fluid; y; is the permeability of the magnetic core
material; S is the average cross-sectional area of the magnetic core material region; Sy is
the average cross-sectional area at the damping channel; R,,; is the magnetoresistance of
the core material; R, is the total magnetoresistance of the damping channel.

Since g is much smaller than y1 and R, is much larger than R,,;;, when ¢= BSy, with
simplification of the above formula, the following result can be obtained:

_Bh
pal

The above formula is the relationship between the coil turns and the gap height h,
in other words, the gap height, the maximum working current and the magnetic induction
intensity of the magnetorheological fluid can determine the number of coil turns required
for the magnetic circuit design of the magnetorheological damper. By simplifying the
magnetic circuit, when the coil current is 4 A, there are 170 coil turns.

NI = qv( ) = ¢(Ry1 + Rmo) €))

@
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2.2. Characteristics of Magnetorheological Fluid

The magnetorheological fluid used in this paper is MRF132DG from the Lord Corpo-
ration (Cary, NC, USA). Its main components are carbonyl iron powder, silicone oil and
additives. In this paper, it is assumed that the magnetorheological fluid is incompressible.
When the magnetorheological fluid is affected by the magnetic field, the carbonyl iron
powder in the magnetorheological fluid will rapidly form a chain structure, which will
greatly enhance the yield shear stress of the magnetorheological fluid. According to the
experimental data [15], the shear yield stress of MRF132DG is fitted as Formula (3), and the
specific material properties of the magnetorheological fluid and 45# carbon steel are shown
in Figure 3 and Table 2.

T =52.962 x B* —176.51 x B® + 158.78 x B2+ 13.708 x B + 0.1442 @)

where T is the shear yield stress of MRF132DG and B is the magnetic flux density.

—— 45 # carbon steel L6 —— MRF-132DG

O

B/(T)

0.8 F

20

60 80 100 120 140 160 0 100 200 300 400 500 600 700 800
H/(KA/m) H/(KA/m)

(a) (b)

Figure 3. B-H curve of 45# carbon steel and magnetorheological fluid. (a) 45#carbon steel; (b)
MREF-132DG.

Table 2. Properties of Magnetorheological Fluid and 1045 Structural Steel.

Material Material Properties Parameter Value
Fluid density 3200 kg/m3
Off-state viscosity (30 °C) 0.135 Pa-s
Operating temperature range —40~+130 °C
MRF-132DG Isobaric specific }}egt capacity 2100 ]/ (kg-K)
Magnetorheological Fluid [29] ~ Lhermal conductivity 024 W/ (m-K)
Provenance 5x107°S/m
Relative dielectric constant 2.293
Yield stress Formula (3)
B-H curve Figure 3
P ) 6
454 Carbon Steel rovenance 4'032 x 10°S/m
B-H curve Figure 3

Stephen G et al. [24] tested the temperature stability of LORD-132DG through experi-
ments, and obtained influence curves of temperature on the viscosity and yield stress of
Magnetorheological Fluid under different current conditions; these are shown in Figure 4.
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Figure 4. Influence of temperature on viscosity and yield stress of Magnetorheological Fluid. (a) In-
fluence of temperature on the viscosity of Magnetorheological Fluid; (b) effect of temperature on
yield stress of Magnetorheological Fluid.

Polynomial fitting was performed on the test data in Figure 4 so as to obtain the
fitting formula of the influence of temperature on the viscosity and yield stress of Mag-
netorheological Fluid under different current conditions, which is shown in Formula (4).

1 = 3.296 — 0.0581T + 0.000487T? — 0.00000141T3 I =0A
Ty = —0.00525T +1.685 I =05A

Ty = —0.0122T +4.135 I=1A

Ty =—0.0164T+105 [=2A

(4)

where T is the temperature of the magnetorheological fluid, 7, is the yield stress of the
magnetorheological fluid and [ is the working current.

3. Multi-Physical Field Coupling Analysis
3.1. Static Magnetic Field Analysis

According to the designed magnetorheological damper, COMSOL Multiphysics is
used to solve the static electromagnetic field in this paper. A two-dimensional axisymmetric
model is established, including 3266 domain elements and 407 boundary elements. A
grid independence test is carried out using encryption. The encrypted grid includes
12,272 domain e lements and 700 boundary elements. The results of the grid independence
analysis of the current FE model are shown in Figure 5; the two simulation results show
that the magnetic flux densities at the damping channel are almost equal, which proves
that the grid used in this paper is sufficient to meet the calculation requirements.

Since magnetorheological fluid and 45# carbon steel are nonlinear magnetic materials,
their relative permeability cannot be directly defined. Therefore, it is necessary to import
the B-H curve of nonlinear magnetic materials into COMSOL Multiphysics and select its
constitutive model as a B-H curve; the B-H curve of magnetorheological fluid and 45#
carbon steel is shown in Figure 3.

A steady-state solver is used to solve the problem. The excitation current is 0-2 A,
and the magnetic flux density curves at the damping channel under different currents are
shown in Figure 6. It can be seen that the magnetic flux density in the activation region
increases gradually with increasing current. When the working current is 0.5 A, the average
magnetic flux density in the activation region is 0.105 T, and when the current increases
to 2 A, the magnetic flux density reaches 0.45 T. It can be seen from the magnetic field
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contours in Figure 7 that the magnetic flux density distribution in the activation region on
both sides is relatively uniform, and most of the magnetic flux occurs through the damping
channel, which shows that the magnetic circuit design of the magnetorheological damper
is reasonable

Grid 1, coarse (3266 elements)
Grid 2, fine (12,272 elements)

=

Magnetic induction intensity/(T)
_C) [«

S

0.00 0.01 0.02 0.03 0.04 0.05
Damping channel length/(m)

Figure 5. Grid independence analysis of the current FE model.

0.5
——0.5A

= ——1.0A
= 0.4F
E ——15A
Z ‘/\ ——2.0A
5
g osf
e
3
g
S oz}
2
5
j=]
B o1}
p=

0.0 F

1 " 1 " 1 " 1 " 1

0. 00 0.01 0. 02 0.03 0. 04 0.05
Damping channel length/(m)

Figure 6. Magnetic flux density curves of different currents” damping channels.
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Figure 7. Magnetic flux density and magnetic line distribution at 2 A.

3.2. CFD Dynamic Simulation Model
3.2.1. Constitutive Model

In the previous section, we obtained the magnetic flux density distribution at the damp-
ing channel through the magnetic field finite element and determined the corresponding
yield stress distribution through Formula (3). Now, we need to determine the constitutive
model of magnetorheological fluid to connect the yield stress and non-Newtonian viscosity.
In this paper, the hyperbolic tangent function model used in References [12,13,17] is used
to define the non-Newtonian function viscosity, and its function expression is:

= 7(B)tanh(gy)

Va2 +4°

« and ¢ are viscosity growth control factors, which are 0.03 and 0.1, respectively; y, is
the zero-field viscosity; and 1 is the shear rate.

« and ¢ can control the viscosity growth rate of magnetorheological fluid at a very low
shear rate. When « and ¢ are 0.03 and 0.1, respectively, the viscosity of the magnetorheolog-
ical fluid at a low shear rate can be reduced.

+ Hp ®)

3.2.2. Dynamic Grid Technology

The dynamic mesh model can be used to simulate the problem of the flow field shape
changing with time due to boundary motion. A dynamic mesh [30-32] must be used to
simulate the piston motion to realize automatic updating of the grid in the process of
piston motion to ensure the quality of the grid in the calculation process. The dynamic
mesh updating method in Fluent mainly includes the dynamic layering method, local
reconstruction method and spring smoothing method. The local reconstruction and spring
smoothing methods adopted in this paper can ensure the quality and accuracy of the grid
in the calculation process.

All boundaries of the magnetorheological damper fluid domain are divided into a
moving wall, a deforming wall, a central axis, a bottom wall and a top wall, where the top
wall is set to the free outlet boundary condition, and the remaining boundary conditions
are set to the solid. The fluid domain boundary needs to be set in the dynamic mesh model.
According to the structural characteristics of the magnetorheological damper, the boundary
between the two ends of the piston is defined as a rigid body, and the velocity is applied via
UDF. A moving boundary diagram is shown in Figure 8. The two boundaries that contact
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the moving boundary need to be defined as deforming walls, and the other boundaries are
defined as the wall.

active region

deforming wall

moving wall

I
;_ fluid domain

llem wonng

central axis

Figure 8. Diagram of moving boundaries.

3.2.3. Magnetic-Flow Coupling Analysis Method

In this paper, the unidirectional coupling between the magnetic field and the flow
field is realized via the yield stress Formula (3) fitted using the experimental data, and
the constitutive model Formula (5) defined by the non-Newtonian function of the mag-
netorheological fluid. The magnetic flux density distribution at the damping channel is
obtained via static magnetic field analysis, and then, the yield stress at the corresponding
position is determined by the fitting function Formula (3). By means of the hyperbolic
tangent constitutive model, the viscosity distribution at the corresponding position can be
obtained. In this paper, the non-Newtonian viscosity region is only defined in the active
region in the damping channel, and the rest of the calculation domain is the Newtonian
fluid domain. The UDF file is written in ¢ language, and the viscosity expression is defined
using the DEFINE_PROPERTY macro. The non-Newtonian fluid domain is obtained using
the THREAD_ID macro. Formulas (3) and (5) are written into the non-Newtonian viscosity
expression of magnetorheological fluid, so the definition of non-Newtonian region viscosity
is completed. The two variables “yield stress and shear rate” are needed in the constitutive
model. The yield stress is determined using the static magnetic field finite element and
Formula (3), and the shear rate is read directly using the C_STRAIN_RATE_MAG (c, t)
macro in the UDFE.

The coupling method used in this paper is shown in Figure 9.

Double - rod
‘ magnetorheological ‘
buffer(MRF)
( - ¢ - Mechanical property
COMSOL magnetic CFD Dynamic r—+ analysis of MRF under
field finite element Simulation Model impact load
v - \4 . y Analysis of Impact
Magpetic flux density Impacted Motion by Simulation model Mechanical Properties of
distribution at different Moving Grid considering temperature MRF with Structural
currents effect P ¢
v ¢ ¢ arameters
Shear Yield Stress Get the active region ;
Distribution under through UDF Analysis of MRF MRF energy dissipation
Different Currents pe.:rfonnance unfler sensitivity analysis under
oo t ‘ different operating impact condition
Import Yield Stress etine Viscosity . temperatures and currents
R — Distribution in
Distribution into Fluent

Activation Region

Figure 9. Diagram of magnetic field and flow field coupling technology.
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4. Multiphysics Simulation of Magnetorheological Damper
4.1. Impact Load versus Quasi-Static Simulation
4.1.1. Quasi-Static Simulation Analysis

The piston motion and excitation current are defined by writing the UDF, with a
movement speed of 0.1 m/s and 0.5 m/s, and the excitation current is changed from 0 A
to 2 A. The damping force of the magnetorheological damper under low-speed vibration
is shown in Figure 10. The output damping force is stable and controllable when the
excitation current is changed from 0 A to 2 A.

1000

so4
600

400

200

1 F(N)
-1000 -

Figure 10. Output of damping force under low-speed vibration.

Viscosity and velocity nephograms at the damping channel under a constant velocity
motion of 0.1 m/s and 0.5 m/s are shown in Figures 11 and 12. When the velocity is 0.1 m/s,
it can be seen that the damping channel activation area viscosity distribution is uniform,
the activation area basically has regular structure flow, the viscosity of the two sides near
the wall’s shear rate has a larger decrease, and the velocity of the non-activation area in
the middle of the damping channel is higher; moreover, there will be an obvious backflow
phenomenon because the high-viscosity area at both ends of the blocking effect leads to
liquid backflow. When the velocity is 0.5 m/s, the viscosity distribution nephogram is
different to when the velocity is 0.1 ms, and the structure flow of the activation area is not
regular. When the current is higher, the viscosity distribution of the right activation area is
not uniform and the inlet of the viscosity is lower. Because the current is higher, the shear
yield stress is larger, so it can barely form a structure flow. When the current is reduced
to 0.5 A, it can be found that the right inlet of the viscous flow and the damping channel
structure of the flow are not increased.

viscosity velocity
) 2200 @) 1800
1780 1500
) O OO e e S— 1200
Cl— sl RN () e ——— P
(d) T— N G— ?gg () — N Se— 300
0
o) (2)

Figure 11. The viscosity distribution in the damping channel when the currentis 0.5 A, 1A, 1.5 A
and 2 A at different velocities. (1) velocity = 0.1 m/s.; (2) velocity = 0.5 m/s. (a) the current is 0.5 A;
(b) the current is 1 A; (c) the currentis 1.5 A; (d) the currentis 2 A.
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Figure 12. Velocity contours and velocity contour distribution in damping channel when the current
is0.5A,1A,1.5Aand 2 A at different velocities. (1) velocity = 0.1 m/s; (2) velocity = 0.5 m/s. (a) the
current is 0.5 A; (b) the current is 1 A; (c) the current is 1.5 A; (d) the current is 2 A.

4.1.2. Simulation Analysis of Impact Conditions

A two-dimensional axisymmetric model based on a pressure-based solver is used in
the simulation, and the initial temperature is 30 °C. Due to the large change in internal
pressure in the impact process, PRESTO pressure interpolation is used to solve to get
courant to 50, whereby the time step is 1074 s, and the simulation time is 0.023 s. The
impact velocity curve obtained from the test (Figure 13) is compiled via UDF to define the
impact motion of the piston. The excitation current used in this simulation is 2 A.

.0 Impact velocity curve
A
20
=
g -
= LA
-
1.0
0.5F
0.0 |
1 1 1 1 1 1 1
0.00  0.02  0.04 0.06  0.08 0.10 012

t(s)
Figure 13. Impact velocity curve.

After the simulation, the post-processing file generated by Fluent is imported into
tecplot for processing. The pressure, velocity and viscosity contours in the early and middle
stages of the impact conditions are shown in Figure 14.

As shown in the above charts, the impact velocity is larger and the pressure peak
appears in the high-pressure cavity at 1 ms; moreover, the flow velocity of the magnetorhe-
ological fluid at the damping access point can reach more than 20 m/s. The flow velocity in
the middle of the damping channel is significantly higher and a backflow phenomenon
occurs. An obvious eddy current appears in the left low-pressure cavity. At this time,
the viscosity distribution of the damping channel activation area is disordered, and the
structural flow area is small. With the impact energy consumption at 10 ms, the impact
velocity decreases, and the pressure of the high-pressure cavity decreases significantly
below 10 m/s. The low-pressure cavity has a large eddy current. At this time, the viscosity
of the magnetorheological fluid near the central line in the damping channel is larger. The
impact velocity decreases to 0.2 m/s at 20 ms, and the flow velocity and pressure of the
high-pressure cavity are greatly reduced.
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Figure 14. Pressure, velocity and viscosity contours at different times under impact conditions.
(a) Pressure contours; (b) velocity contours; (c) viscosity contours.

4.1.3. Proportion of Viscous Damping Energy Absorption

There is a big difference between the energy absorption effect of the viscous damping
force of the magnetorheological damper under impact load and low-speed vibration con-
ditions. Now, the energy consumption ratio of the viscous damping force is defined and
analyzed using indicators.

W’?
WPercentuge = W (6)

Whpercentage 18 the proportion of energy consumed by the viscous damping force; Wy
is the energy consumption of the damping force when no current passes; W is the energy
consumption of the damping force when a current passes.

The energy consumption proportion of viscous damping force under shock conditions
and low-speed vibration is shown in Figure 15. Firstly, the energy consumption proportion
of the viscous damping force increases with increasing motion speed under low-speed
vibration. When the current is 0.5 A and the movement speed is 0.5 m/s, the energy
consumption proportion reaches 52.6%. This means that speed increasing and current
reducing will also increase the role of the viscous damping force. When a shock condition
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is simulated, it can be seen that the viscous damping force occupies the dominant position.
When the current is 0.5 A, the proportion reaches 91.2%. At this time, the viscous damping
force plays a major role in energy buffering and absorbing, and the role of the Coulomb
damping force is greatly weakened.

100

shock load

Il uniform velocity0.1m/s
I uniform velocity0.3m/s

30
E 1 uniform velocity0.5m/s

60

40

WPercentage/(%)

20

I/(A)

Figure 15. Impact energy consumption ratio of viscous damping force under low-velocity vibration
and impact conditions.

Through the comparative simulation of low-speed vibration and impact conditions,
it can be found that the area of semi-solid structural flow formed with increasing current
under low-speed conditions increases, and its shape is more regular. Under high-speed
motion or impact conditions, with increasing flow rate in the damping channel and the
pressure difference between the two sides of the cavity, the area of semi-solid structural
flow formed by the activation zone in the channel will be smaller, so it is difficult to form a
more regular structural flow in the early and middle stages of the impact; this results in
significant weakening of the role of the Coulomb damping force under impact conditions,
and viscous damping force plays a major role in energy absorption.

4.2. Effect of Temperature on Mechanical Properties of Magnetorheological Damper under
Impact Load

In reference [16], the viscosity—temperature characteristics of MRF-132DG the magne-
torheological fluid were obtained via an experimental method, and the parametric fitting
is shown in Figure 3. In our study, Formula (4) was written into the viscosity expression
of the magnetorheological fluid using the user-defined function (UDF), and a numerical
simulation was carried out for the specific impact conditions shown in Figure 13 to study
the effect of temperature on the mechanical properties of the magnetorheological damper
under impact conditions.

The working chamber pressure and piston stroke curves of the two sets of CFD
simulation models with and without viscosity—temperature characteristics are shown in
Figure 16. It can be seen that the pressure difference between the two groups is large in the
initial stage of the impact, and the pressure difference between the two groups decreases in
the middle and late stages of the impact. The pressure curves of the two groups are almost
coincident at the end of the impact. This is because the flow velocity in the damping channel
is higher in the initial stage of the impact, and the shear rate of the magnetorheological
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fluid is larger. The temperature rise in the damping channel is significantly lower than
that in the damping channel, resulting in a difference in pressure. In the later stage of the
impact, the flow velocity in the damping channel is greatly reduced, the shear rate of the
magnetorheological fluid is smaller, and the temperature rise in the channel is smaller.

4.0
Not considering the effect of temperature
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Figure 16. Curves of working chamber pressure and piston stroke considering the viscosity—
temperature characteristics of magnetorheological fluids.

It can be seen that the temperature has a certain influence on the mechanical properties
of the magnetorheological damper under impact load through the above two sets of models.
So, we simulate the magnetorheological damper when the excitation current is changed
from 0 A to 2 A and working temperature is changed from 10 °C to 50 °C, respectively, so
as to study the mechanical properties of the magnetorheological damper under different
currents and working temperatures. In this paper, the magnetic flux density at the damping
channel under different currents is obtained via finite element analysis of the electromag-
netic field. Now, the obtained magnetic flux density is calculated using the constitutive
model of magnetorheological fluid to obtain the viscosity of the magnetorheological fluid
under different currents, and the simulation is carried out according to the above coupling
mode. The pressure displacement curves obtained are shown in Figure 17.

The obtained curve of working chamber pressure and piston displacement under
impact load is similar to the impact velocity curve shown in Figure 13. The peak pressure
appears at the maximum impact velocity in the initial stage, and then, the pressure of the
high-pressure cavity decreases slowly with decreasing impact velocity. The peak pressure,
energy absorption capacity and viscous damping force energy absorption ratio are affected
by temperature. The peak pressure impact energy absorption capacity decreases with
increasing temperature, and the viscous damping force ratio is the opposite. In order to
better study temperature’s influence on the peak pressure, impact energy absorption and
viscous damping force energy absorption ratio, the pressure data are analyzed and a curve
is obtained, which is shown in Figures 18-20.
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Figure 17. Curves of working chamber pressure and piston displacement when the current is 0 A,
0.5A,1Aand 2 A. (a) Working chamber pressure at 0 A; (b) working chamber pressure at 0.5 A;
(c) working chamber pressure at 1 A; (d) working chamber pressure at 2 A.
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Figure 18. Effect of temperature on peak pressure under impact conditions.
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Figure 19. Effect of temperature on impact energy dissipation under impact condition.
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Figure 20. Effect of temperature on viscous damping ratio under impact conditions.

To a certain extent, the peak pressure can reflect the energy absorption capacity
of the magnetorheological damper under impact load, so it is necessary to study the
change in peak pressure at different operating temperatures. The above figure shows
the influence of temperature on peak pressure. It can be seen that the peak pressure
decreases with increasing temperature in Table 3; this is because the viscosity of the
magnetorheological fluid decreases with increasing temperature when the current is 0 A.
Additionally, the temperature drops from 10 °C to 50 °C, the peak pressure drops by 52%
and the change rate of the peak pressure is 0.036. When the excitation current increases
to 2 A, the peak pressure decreases by 67% and the peak pressure change rate is 0.092.
Therefore, with increasing excitation current, the influence of temperature on the peak
pressure is more obvious.

The impact energy dissipation under the same impact conditions with different cur-
rents and temperatures are shown in Figure 19. It can be seen that the energy absorbed
by the magnetorheological damper under impact conditions is greatly affected by temper-
ature. It can be seen in Table 4, when the working temperature is from 10 to 50 °C and
the excitation current is from 0 A to 2 A, the change rate of the impact energy dissipation
increases from 0.41 to 0.9, and the percentage of energy dissipation decreases from 49.6%
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to 63.2%. This shows that with increasing excitation current, the temperature has a more
significant impact on the performance of the magnetorheological damper under impact
conditions, and the decrease in the impact energy dissipation is greater. This is because the
viscosity of the magnetorheological fluid in the activated area of the damping channel is
larger and the temperature is more sensitive to its influence when the excitation current is
higher. Therefore, it is necessary to consider the influence of the working temperature on
the performance of the magnetorheological damper.

Table 3. Effect of temperature on peak pressure.

10 °C Peak 50 °C Peak Peak Pressure Peak Pres?sure
Current (A) Pressure (MPa)  Pressure (MPa) Change Rate Reduction
v (MPa/°C) Percentage (%)
0 2.78 1.33 0.036 52
0.5 3.05 1.37 0.042 55
1 3.88 1.50 0.059 61
2 5.46 1.78 0.092 67
Table 4. Impact energy dissipation affected by temperature.
o o . Percentage
Current 10 °C Impact 50 °C Impact Rate of Change in Reduction in
(A) . E‘nergy . anerfo’y Impact ]?nergy Impact Energy
Dissipation (J) Dissipation (J) Consumption (J/°C) Consumption (%)
0 33.17 16.73 0.41 49.6
0.5 39 17.55 0.54 55
1 47.27 18.83 0.71 60.2
2 57.09 21 0.9 63.2

The shock energy consumption data with excitation currents from 0 A to 2 A are
processed to obtain the curve of the viscous damping force shock energy consumption ratio
versus temperature, which is shown in Figure 20. It can be seen that the viscous damping
force shock energy consumption ratio increases significantly with increasing temperature
when the excitation current passes through. This is because the Coulomb damping force
is greatly affected by temperature and the apparent viscosity decreases obviously, while
the zero-field viscosity of the magnetorheological fluid is less affected by temperature.
Therefore, the Coulomb damping force decreases with increasing working temperature,
and the viscous damping force plays a major role in energy absorption.

Through the above analysis, it can be seen that the viscosity—temperature charac-
teristics of magnetorheological fluid have a great influence on its mechanical properties
under impact load. As the temperature increases, the Coulomb damping force decreases,
and the viscous damping force plays a major role in energy absorption. Additionally,
with increasing temperature, the peak pressure and impact energy consumption of the
magnetorheological damper are greatly reduced, and with increasing excitation current,
this reduction further increases.

4.3. Effect of Structural Parameters on Impact Performance of the Magnetorheological Damper

In order to study the influence of piston structural parameters on buffer performance,
three structure parameters, which include the piston diameter, effective length and clear-
ance height, are now taken as the research objects, and the variation in structural parameters
is defined as Aa. Firstly, the corresponding geometric models are established in COMSOL
Multiphysics so as to study the influence of structural parameters on the magnetic flux
density at the damping channel.

Ao =="—= 7)
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Au is the amount of change in the structural parameters; L’ is the size of the structure
after change; and L is the size of initial structure.

4.3.1. Effects of Structural Parameters

As shown in Figure 21, when the structural parameters change, the average magnetic
flux density of the active region of the damping channel is effectively activated. When the
gap height and effective length increase by 50%, the magnetic flux density of the damping
channel decreases by 17.5% and 16.8%, respectively. On the contrary, when the gap height
and effective length decrease by 50%, the magnetic flux density increases by 32% and
12%, respectively. This is because an increase in the gap height and effective length will
increase the magnetoresistance of the damping channel, and then, reduce its magnetic
flux density, and the gap height has a more significant impact on the magnetoresistance.
When the piston diameter increases by 50%, the magnetic flux density of the damping
channel increases by only 10.3%, and the magnetic flux density decreases by 40% when the
piston diameter decreases. At this time, the reluctance at the central shaft end increases
significantly due to the reduction in the cross-sectional area at the central shaft end, and
the magnetic circuit design is unreasonable.

0.60
[ ]

™~

I I~ A A—
0.45 | —
eor /A \

0.30 F —a— damping clearance
I —e—effective length

Magnetic induction intensity/(T)

0.25 .
—aA— piston bore
0.20
0.15 |
0.10
1 1 1 1 1
-60 -40 =20 0 20 40 60

Ao/(%)
Figure 21. Effect of structural parameters on magnetic flux density at damping channel.

A static magnetic field stimulation is used to obtain the magnetic flux density of
the activated area when the structural parameters change. The corresponding magnetic
flux density is written into Fluent through UDF to carry out a dynamic simulation of
the impact. As shown in Figure 22, the impact energy consumption of the structure
changes. When the piston diameter increases by 50%, the impact energy consumption
increases by 64%. It can be seen that the piston diameter has a significant impact on the
impact performance of the magnetorheological damper. Increasing the piston diameter
can effectively increase its energy absorption capacity. When the gap height increases by
50%, the impact energy consumption decreases by 59%. Additionally, the impact energy
consumption level increases by 367% when the gap height decreases by 50%. The gap height
reducing can greatly increase the energy absorption capacity of the magnetorheological
damper, but when the gap height is too small, it will lead to poor flowability. The change
in effective length has little effect on impact energy dissipation. When the effective length
increases and decreases by 50%, the change in impact energy dissipation is 9.8% and
20%, respectively. It can be seen that the effect of effective length changing on impact
energy dissipation is far less than that of clearance height and piston diameter changing.
This is because the purpose of increasing the effective length is to increase the effect of
the Coulomb damping force, but the viscous damping force plays a major role in energy
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absorption under impact conditions. The effect of effective length changing on impact
energy dissipation is not obvious, which is consistent with the conclusion in Section 3.1.
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Figure 22. Effect of structural parameters on impact energy dissipation.

4.3.2. Sensitivity Analysis of Structural Parameters

To better analyze the influence of structural parameters on the magnetic flux density
and impact energy dissipation, the sensitivity function [23,33] is used for quantitative
analysis. When the structure changes to Ax, the maximum variation of the magnetic flux
density in the active region of the damping channel AT and the percentage of Ty at the
initial parameter are defined as the peak sensitivity of the magnetic flux density, which is
expressed by s;; the expression is:

_ |ATy|

S1 To

x 100% (8)

max

The peak sensitivity function of impact energy dissipation is also defined and ex-
pressed as sp; the expression is:

AW
0

x 100% )

max

S2

By defining two peak sensitivity functions, the influence of Ax on the flux density and
impact energy dissipation can be quantitatively analyzed, and then, the influence on the
impact performance of the magnetorheological damper can be obtained. According to the
formula, the peak sensitivity indexes of each structural parameter change of 10%, 20% and
30% are calculated, respectively, and the results are shown in Figure 23.

As shown in Figure 23a, the proportion of the peak sensitivity indexes of clearance
height and piston diameter are relatively high. With increasing structural parameter change,
the change in the sensitivity index of the piston diameter is more obvious. When Ax is 30%,
the peak sensitivity index reaches 25%. That is to say changing the piston diameter will
have a great influence on the magnetic flux density in the activation area of the damping
channel of the magnetorheological damper. Additionally, changing the effective length has
little influence on it. Therefore, the two parameters of clearance height and piston diameter
should be emphatically considered in the design of the magnetic circuit.

The peak sensitivity of impact energy dissipation is shown in Figure 23b. When Ax is
10%, the peak sensitivity indexes of the piston diameter and clearance height are slightly
higher. When Ax increases to 20%, the peak sensitivity index of clearance height is up
to 62.6%, while the other two indexes are 29% and 8%, respectively. When Aa increases
to 30%, the index of clearance height is up to 115%, and the other two indexes increase
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slightly by 42% and 10.4%, respectively. This indicates that the clearance height and piston
diameter have a great influence on the impact energy dissipation of the MR buffer when
the structural change is small. When Az is large, the clearance height plays an absolute
leading role, and the effective length index maintains a low proportion; this indicates that

the change in effective length has little influence on the impact energy dissipation under
impact load.

T T T T T T

s L [l damping clearance i 120 I damping clearance 4
I cffective length I effective length
I piston bore I piston bore

Peak sensitivity index 1 (%)
Peak sensitivity index 2 (%)

20 b

10 20 30 10 20 30
Aa(%) Aa(%)

(@) (b)

Figure 23. Peak sensitivity index of magnetic flux density and impact energy consumption. (a) Peak
sensitivity index 1 (peak sensitivity index of magnetic induction intensity); (b) peak sensitivity index 2
(peak sensitivity index of impact energy consumption).

5. Experimental Verification

To verify the results of the simulation analysis, a test system was built to conduct an
impact test and the test results were compared with the simulation data. The impact test
bench is shown in Figure 24, which mainly includes a lifting device, an impact loading
module, a data acquisition module and a power supply device.
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Figure 24. Impact test bench. (a) A diagram of the whole test system; (b) local detail diagram of test
system.
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The principle of the test system is to fix the magnetorheological damper on the bottom
of the impact loading module, use the electromagnetic washing plate of the lifting device
to pull the counterweight slider to a certain height, and then, cut off the power to make it
fall freely so as to cause impact. The piston rod of the magnetorheological damper drives
the piston downward after being impacted. At this time, the pressure and displacement
data are collected by the pressure sensor and displacement sensor installed on the mag-
netorheological damper, and then, the displacement data are differentially calculated to
obtain the movement speed of the piston rod during the impact.

The prototype of the double-barrel magnetorheological damper is manufactured
according to the dimensions in Table 1. The magnetorheological fluid is LORD-132DG. The
material used in the damper prototype is 45# carbon steel, and the material used in the coil
part is copper core enameled wire. The parts and the assembled prototype are shown in
Figure 25.

Figure 25. Prototype of double-rod magnetorheological damper.

An impact test of the magnetorheological damper studied in this paper is carried
out, and the true motion speed curve of the piston rod obtained from the test is fitted and
compiled using UDF in Fluent. The simulated pressure curve is compared with the test
curve directly obtained from the impact test, as shown in Figure 26.
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Figure 26. Comparison of test and simulation data. (a) Data comparison at 0 A; (b) data comparison
at1lA.
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From Figure 26, it can be seen that the peak pressure of the working chamber measured
in the test at 0 A is 2.25 MPa and the peak pressure obtained by the CFD simulation model
is 2.06 MPa, and the peak pressure of the working chamber measured in the test at 1 A is
3.09 MPa and the peak pressure obtained by the CFD simulation model is 2.98 MPa. As
seen in the figure, the peak pressure simulation time is slightly earlier than in the test data,
the peak pressure in the simulation results is slightly smaller than in the test results, and
the test pressure curve has more fluctuations than the simulation pressure curve. This is
because the simulation model is more idealized, and the friction and the small structure at
the inlet and outlet are not considered. Additionally, some errors are generated during the
test process.

The research focus of this paper is the peak value of the pressure curve, and the results
show the consistency of the test and simulation trends. The maximum error of the pressure
peak in both cases is kept within 10%, which verifies that the multi-physical simulation
model established in this paper can effectively reflect the mechanical properties of a real
magnetorheological damper.

6. Conclusions

(1) Under impact conditions, the viscosity distribution of the damping channel activation
region of the magnetorheological damper is disordered, the region of the structural
flow in the semi-solid state is small and the influence of the Coulomb damping
force is greatly weakened. When the current is 0.5 A, the viscous damping force
accounts for 91.2%, and the viscous damping force plays a major role in buffering and
absorbing energy.

(2) With increasing working temperature, the effect of the Coulomb damping force is
weakened, and the viscous damping force plays a major role in energy absorption.
The peak pressure and impact energy consumption of the magnetorheological damper
are greatly reduced. Additionally, this reduction is further increased with increasing
excitation current.

(38) The influence of gap height, piston diameter and effective length on magnetic flux
density and impact energy dissipation is determined by the peak sensitivity function.
When the change in the structural parameters Aa is 30%, the change in piston diameter
has the greatest influence on the peak sensitivity of the magnetic flux density, and
the peak sensitivity index of the magnetic flux density reaches 25%. The change in
clearance height has the greatest influence on the impact energy consumption, and
the peak sensitivity index of the impact energy consumption reaches 115%. This
shows that the magnetic flux density is most affected by the piston diameter, and
the impact energy consumption is most affected by the clearance height. In the
later optimization design of the damper structure, the above parameters can be used
as optimization variables by using the NSGA-II algorithm or other multi-objective
optimization algorithms to optimize the design.

(4) Because the simulation model is more idealized, the friction and the small structure
at the inlet and outlet are not considered. The results show that the maximum error
of peak pressure is less than 10% in both cases. It can be assumed that this result
shows the consistency of the test and simulation trends, which can help us verify that
the multi-physical simulation model established in this paper can better reflect the
mechanical properties of a real magnetorheological damper.
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