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Abstract: A compact annular-radial-orifice flow magnetorheological (MR) valve with variable radial
damping gaps was proposed, and its structure and working principle were also described. Firstly, a
mathematical model of pressure drop was established as well to evaluate the dynamic performance
of the proposed MR valve. Sequentially, the pressure drop distribution of the MR valve in each
flow channel was simulated and analyzed based on the average magnetic flux densities and yield
stress along the damping gaps through finite element method. Further, the experimental test rig was
setup to explore the pressure drop performance and the response characteristic of the MR valve and
to investigate dynamic performance of the valve controlled cylinder system under different radial
damping gaps. The experimental results revealed that the pressure drop and response time of the MR
valve augment significantly with the increase of applied current and decrease of the radial damping
gap. In addition, the damping force of the proposed MR valve controlled cylinder system decrease
with the increase of the radial damping gap. The maximum damping force can reach about 4.72 kN
at the applied current of 2 A and the radial damping gap of 0.5 mm. Meanwhile, the minimum
damping force can reach about 0.67 kN at the applied current of 0 A and the radial damping gap
of 1.5 mm. This study clearly demonstrates that the radial damping gap of the MR valve is the key
parameter which directly affects the dynamic characteristics of the valve controlled cylinder system,
and the proposed MR valve can meet the requirements of different working conditions by changing
the radial damping gaps.

Keywords: magnetorheological valve; valve controlled cylinder system; annular-radial-orifice flow;
pressure drop; response time

1. Introduction

Magnetorheological (MR) fluid is a controllable intelligent fluid, which is a kind of
suspension formed by dispersing soft magnetic particles with high permeability and low
hysteresis in non-magnetic liquid [1]. As a versatile intelligent material, the MR fluid
can change from liquid state to semi-solid state in a few milliseconds under the action
of external magnetic field, and this change is continuously reversible [2]. Some inherent
rheological properties of MR fluid, such as fast response time, continuous reversibility, and
strong controllability have widely used such a huge amount of engineering MR equipment,
such as MR valve [3-5], MR damper [6,7], MR brake [8], and so on. The MR fluids can also
be widely employed in automotive industry [9-11] and biomedical equipment [12] based
on a variety of MR devices.

In general, a conventional MR valve is composed of magnetic body, magnetic spool,
exciting coil, and flow channel. The geometric structure is a dominant factor effect on
the pressure drop and dynamic performance of the MR valve. The geometric structure of
MR valve varies greatly due to the different structure design, but its working principle is
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basically congruent. Therefore, for realizing a better dynamic performance, research on the
structure and optimal design of MR valve is very important. Plenty of research has been
carried out to explore structural design of the MR valve or parameter optimization on the
existing structure.

According to the fluids flow paths of the typical MR valve, the structure of MR
valve can be classified into annular flow, radial flow, and annular-radial hybrid flow.
Grunwald et al. [13] performed the structural design and experimental analysis of the
axial type MR valve, the experimental results showed that its pressure drop can reach
1.5 MPa at the current of 4.5 A. Hu et al. [14] developed a double coil MR valve, which
can realize multi-stage pressure regulation by increasing the number of excitation coils.
However, in order to obtain better damping performance of the annular flow MR valve, it is
necessary to increase the length of damping gap or the number of coils, which will expand
the overall size and enhance the complexity of its structure. To improve the utilization
rate of magnetic field, Sahin et al. [15] presented a MR valve with disk damping gap,
which mainly includes two fixed disks, winding frame, and excitation coil. The MR fluid
flows in a disk-shaped damping gap between the two disks, and its flow direction was
perpendicular to the magnetic field direction in the damping gap. The results show that
the pressure drop adjustable range and response time of the disk MR valve are larger than
those of the annular MR valve. Imaduddin et al. [16] developed the MR valve with complex
curved flow channel, and which was composed of multiple annular, radial and orifice
flow channels. Simulation and experimental results show that the maximum pressure
drop of the proposed MR valve can be higher than 2.5 MPa when the outer diameter size
is 50 mm. Hu et al. [17] investigated the MR valve with tunable damping gap between
1 mm and 2 mm. The valve can control the pressure drop of the MR valve in real time
by switching the working position of the valve spool and the experimental investigation
shows that the MR valve has wide regulating scope of pressure drop. To sum up, in the
field of structure design, although the utilization of magnetic field can be employed to
enhance in a limited space for meandering and damping adjustability MR valves, it also
increases the complexity of the valve structure. Hence, the valve is easy cause blockage
and will restrict the application of the MR valve.

In order to improve the performance of MR valves, optimization methodologies have
been utilized in the design of MR valves. For instance, Shou et al. [18] considered a design
method based on complete dynamic model of the magnetorheological energy absorber
(MREA) equipped with disc springs. The design objective was to determine the geometric
dimensions of the disc spring and MR valve, so as to return the piston to the initial position
as soon as possible after the rapid impact loading. The magnetic flux density in the flux
gap was also analyzed by using Kirchhoff law and flux conservation law. Finally, the
effectiveness of the design method was verified by comparing the MREA behavior of test
and full dynamic modeling. Armin et al. [19] focused on the optimum designing method
of single coil axial flow MR valve with specific volume constraints by combining the finite
element model, experimental design, and response surface technology. The approximate
response surface function was proposed depending on the magnetic flux density on the
activation length of the orifice plate of the MR valve, which was based on the identified
design variables. Additionally, the sequential quadratic programming technology and
genetic algorithm were utilized to obtain the global optimal geometric parameters of the
MR valve. Zhang et al. [20] presented a type of MR valve controlled damper (MRVD)
and its top-down design method was proposed from two aspects of structural design
and system synthesis. The result exhibitions that the driving power of MRVD prototype
vehicle was 3W and the MRVD fluid was 6.1ml, which meets the requirements of the target
passenger car. Manjeet et al. [21] used the regression model to fit the flux density of the
active and the core areas of the MR valve. Simulation experiments were carried out by
using different experimental design (DoE) techniques and ANSYS to obtain the regression
model. Finally, both optimal results and initial results obtained from the constant relative
permeability approximation magnetic circuit were compared.
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Deserved to be mentioned, the MR valves with damping gaps of annular and radial
or meandering are fixed, which is difficult to explore the dynamic property of MR valve by
changing the damping gaps. In terms of structural design of MR valve, the thickness of the
damping gap is a critical factor to affect the dynamic property of the MR valve [22,23]. If
the damping gap is too large, it will enlarge the magnetoresistance at the damping gap and
will reduce the pressure drop of the MR valve. If the damping gap is too small, although
higher pressure drop can be obtained, it will make the internal channel prone to blockage
and makes it difficult for the MR fluid to pass through the damping gap. In other words,
the design of a MR valve considering variable damping gaps has great research significance.
In general, the reasonable damping gap ranges between 0.5 mm and 1.5 mm [3,23].

The main technical contribution of this article is to propose a compact annular-radial-
orifice flow MR valve which consists of an annular flow channel, a radial flow channel, and
a small orifice flow channel in sequence. Firstly, the magnetic circuit of the developed MR
valve is designed, modeled, and simulated by using the finite element method (FEM). Then,
the magnetic flux density distribution and pressure drop in each liquid flow channel and the
dynamic performance of the MR valve controlled cylinder system with four different radial
damping gaps are analyzed. In addition, the pressure drop performance and response
characteristics of the MR valves with different radial damping gaps are compared on the
dynamic performance test rig. The proposed MR valve is connected to the valve controlled
cylinder system as a bypass valve, and the dynamic performance of valve controlled
cylinder systems is also experimentally analyzed.

2. Design and Development of a Compact Annular-Radial-Orifice Flow MR Valve
2.1. Principle and Structure Analysis

The detailed configuration of the compact annular-radial-orifice flow MR valve is
shown in Figure 1. It is composed of three components, the valve spool, the coil, and the
shell parts. According to the valve spool part, the positioning plate and the valve spool
are connected by the screw thread and positioned through the shoulder, and the winding
area is formed in the meantime. The magnetic disk is connected with the positioning
plate through the sink screw, and the washer is placed between the magnetic disk and
the positioning plate, which forms the radial damping gap. Meanwhile, the thickness of
the washer can ensure the size of the radial damping gap; according to the coil part, the
exciting coil is wound in the groove formed by the positioning plate and the valve spool
and extends out through a small hole on the right end cover; according to the shell part,
the left end cover, flow guided plate, and valve body are connected by screws, and the
right end cover, valve spool and valve body are also connected by screws. When the valve
spool part is coaxially positioned with the shell part, the annular damping gap is formed
between the magnetic disk and the valve body.

Outlet

Figure 1. Schematic configuration of the annular-radial-orifice flow MR valve: 1. Left end cover;
2. Flow guided plate; 3. Screw; 4. Magnetic disk; 5. Washer; 6. Positioning plate; 7. Valve body;
8. Excitation coil; 9. Valve spool; 10. Right end cover.
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This proposed MR valve is composed of an annular flow channel, a radial flow channel,
and a small orifice flow channel in sequence. In working condition, the MR fluid flows
through the left end cover, through the flow guided plate, the annular damping gap, and
then flows through the radial damping gap to reach the inner hole of the valve spool,
and finally flows out from the right end cover. The magnetic disk, valve body, and valve
spool are made from the magnetic materials of No. 10 steel. The end covers, flow guided
plate, positioning plate, and washer are made from non-magnetic materials of stainless
steel. The MR valve can form a closed loop magnetic field because of the excitation coil
applied in current, as shown in Figure 1. When a magnetic field is generated, the MR
fluid flows through the fluid flow damping channels will immediately become chain solid
state from Newtonian fluids state, which enhance the yield stress of the MR fluid and
resulting in the flow of MR fluid is blocked, so that the pressure drop between the inlet
and outlet of the MR valve is formed. In this way, the pressure drop of the MR valve
can be controlled continually by adjusting the excitation current. In addition, the radial
damping gap is changed by replacing four different sizes of washers. The purpose of the
experiment is to verify that the radial damping gap is better than the annular damping gap
and to investigate the influence of radial damping gap thickness on pressure drop, response
time, and damping performance of the valve controlled cylinder system. Therefore, under
the premise of ensuring the magnetic circuit meets the design requirements, the annular
damping gap is fixed to 1.0 mm, and the radial damping gap are set to 0.5 mm, 0.8 mm,
1.0 mm, and 1.5 mm, respectively. The developed valve has outer diameter size of 62 mm
and overall length of 80 mm.

2.2. Magnetic Circuit Analysis

Figure 2 displays the magnetic circuit diagram of the proposed MR valve. Assuming
that the magnetic lines in the magnetic circuit are uniformly distributed and the magnetic
flux leakage is not considered, the whole closed loop can be written as

D = ©MR,a = ®MR,r = ©steel (1)

where @ is the magnetic flux produced by excitation coil, @pr 4, and Ppr » are the magnetic
flux of the MR fluid in the annular and radial damping gap, respectively, and @, is the
magnetic flux of the magnetic conducting components, such as the valve spool, magnetic
disk, valve body, and other magnetic conducting materials.
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Figure 2. The simplified magnetic circuit of the annular-radial-orifice flow MR valve.
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According to Kirchhoff’s law for the relevant ampere turns, the corresponding mag-
netic circuit can be determined by

n
N.I = 7{ Hdl =Y Hil; )
p i=1

where N, is the number of turns of the excitation coil, I is the current applied to excitation
coil, H; and [; represent the magnetic field intensity and the effective length of part i of
in magnetic circuit, respectively. On the other hand, the magnetic flux in the coil can be
expressed as follows

&= f BdS = B;S; 3)
Cc

where B; and S; represent the magnetic flux density and cross-sectional area of part i of in
magnetic circuit, respectively.
The effective length I; of each part of the magnetic circuit can be obtained by

h=L—tyj—t, bL=t;, lz=4g,

I4 =05L;, Is=R—g,—1t; —05R; —0.5Ry,

le =82, lI7=05t, Ilg=L+05L,+gr—t,

ly =05t;, Lijp=R-—05t —05R. —05Ry, 111 =0.5¢

4)

The cross-sectional area of each part perpendicular to the magnetic line can be calcu-
lated by
S1 = S11 = 7[RZ — Ry]
Sy =S4 = m[R% — R
53 = SMR,r = H[Rﬁ — R%}
S5 = (R —ga — t, +0.5R; 4+ 0.5Rq)L, 5)
S6 = SMRa = 27T(R —ty — O.5gg)Lg
Sy =2m(R —0.75t,) L,
Sg = S = 7[R — (R + We)?]
S10 = m(R — 0.5t + 0.5R. + 0.5Rq)t,
where Spr, and Spyr, are the cross-sectional area of the annular and radial damping
gap, respectively.
According to the electromagnetic theory, the relationship between magnetic flux
density B and magnetic field intensity H can be expressed by the following formula

B; = popiH; (6)

here, i is the absolute permeability of vacuum, and its value is 47t x 10~7 TmA~1; y; is
the relative permeability of magnetic materials in each part.
The magnetoresistance R; of each part in the magnetic circuit can be expressed as

i

Ri= HopiSi 7
Therefore, Equation (2) can be further expressed as
NCI:iHili:i Bi li:i L @ziRicb (8)
i=1 o HoMi (IS HomiSi (o
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The magnetic flux density B of each part of the magnetic circuit can be written
in the following formula, but not more than the saturation magnetic flux density of
magnetic materials

o)) NI
B]’ = ? = nc < Bjsat (9)
ISR
i=1

where B is the saturated magnetic flux density of the corresponding material in the
jth link

The magnetic flux density of annular and radial damping gap can be obtained by
Equations (7) and (9), as shown in Equations (10) and (11)

N:I N:I
BmRra = 1i = Hoe (10)

11
l.

Se X Ri Se) %5

i=1 i=1 M

NI N:I
Byr,yr = 1; = Mo (11)

11

1.

S3L Ri 53} 4%,
i=1 i=1

In order to improve the utilization rate of magnetic field, the calculated yield stress
should be simultaneously saturated in the annular and radial damping gaps of the proposed
MR valve. Therefore, it is necessary to ensure that the magnetic flux density of the radial
gap is equal to that of the annular gap, and the reasonable resistance lengths of L, and
L, can also be obtained. It can be deduced by Equation (3). Here, L, is 11 mm and L, is
4.2 mm.

BMR,+SMR,r = BMR,aSMR,a (12)

2.3. Mathematic Modeling of Pressure Drop

According to Figure 3, the total pressure drop of the proposed MR valve includes
the pressure drops of the circular pipe flow channel, the diversion hole in the flow
guided plate, the annular flow channel, the radial flow channel, and the small orifice
flow channel, respectively.
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Figure 3. Pressure drop distribution of the proposed MR valve.
The total pressure drop Ap of the proposed MR valve is represented as
Ap = Apy + Apy + Aps + Apg + Aps + Apg (13)

where Ap; and Apg are the pressure drops corresponding to the Newtonian circular pipe
channel, Ap; is the pressure drop corresponding to the Newtonian diversion hole, Aps
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and Apy are the pressure drops corresponding to the non-Newtonian flow channel of the
annular and radial, respectively, Aps is the pressure drop corresponding to the Newtonian
small orifice flow channel.

The pressure drops Ap; and Apg in the circular pipe channel can be expressed as

128ngL4
7Td14

Ap1 = Aps = (14)
where 7 is the dynamic viscosity of the zero magnetic field with a value of 0.8 Pa-s, g is the
flow rate of the hydraulic system, its value is 4 L/min, L; is the length of the hydraulic
pipe between the end cover surface of the MR valve and the hydraulic cylinder, d; is the
inner diameter of hydraulic pipe.

The pressure drop Ap; in the diversion hole of the flow guided plate are given by

304 pq*
Apy = 15
P2~ som2c2dd T ean?CRd 1)

where L is the length of the diversion hole in the flow guided plate, d; is the diameter of
the central hole of the flow guided plate, p is the density of the MR fluid, C is the discharge
coefficient, ds is the diameter of thin-walled hole of the flow guided plate.

The pressure drop Apjz of annular damping gap is deduced by

61qL, CTya
ng3a(R—ga—ty)  a

Apz = Apa,n +Apa = L, (16)

where Ap, ; is viscosity pressure drop of annular damping gap, Ap, ; is field-dependent
pressure drop with the change of magnetic flux density of the annular damping gap, g,
is the thickness of annular damping gap, R is the radius of MR valve, t;, and L, are the
thickness of valve body and magnetic disk, respectively, T, , is dynamic shear stress of the
annular damping gap, c is modification coefficient depending on the flow rate, and the
value range is 2~3.

The pressure drop Ap, of the radial damping gap can be calculated as

6
Apy = Apry + Bprr = HUZ In

r

Re+We | ctyr
+ —2(R;—R 17
Ry 2 (Rg — Ry) (17)

where Ap;, is viscosity pressure drop of radial damping gap, Apy,r is field-dependent
pressure drop with the change of magnetic flux density of the radial damping gap, 7, is
dynamic shear stress of the radial damping gap, gr is the thickness of radial damping gap,
Ry is the radius of the center orifice of the valve spool, W, is the width of winding groove
of the valve spool, R, refers to the radius of the left end of the valve spool without screw
thread, R refers to the radius of the left end of the valve spool with screw thread.

The pressure drop Aps of the small orifice flow channel can be represented as

8nqL

ps=— Rl (18)
where L is the length of the small orifice

However, the diameter of the circular pipe channel and each diversion hole of the
flow guided plate in the MR valve are large and the MR fluid in each corresponding flow
channels are less affected by the magnetic field. Besides, each flow channel corresponding
to the MR fluid has small zero-field viscosity due to its good fluidity, so the pressure drop
generated by the circular pipe channel and the diversion hole can be ignored.

The total pressure drop Ap can be further described using the following equation

CTya CTy,r

Onala . 010y Redt- We  Snal | CTyay

A =
P nga(R—ga—t,) 7g} Ro nRE Sa Sr

(Rg—Rp) (19
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3. Magnetic Field Simulation of the Compact Annular-Radial-Orifice Flow MR Valve
3.1. Properties of the MR Fluid

In order to investigate the pressure drop performance and damping characteristics of
the proposed MR valve, the values of the field yield stress of annular damping gap (7,,)
and radial damping gap (7y,,) need to be determined. The MRF-JO1T MR fluid was selected
in this paper, which was produced by Chongqing Institute of Materials in China [24]. The
relationship between magnetic flux densities B and yield stress T, is nonlinear. Generally,
the field yield stress can be determined by polynomial approximation, as follows:

Ty,a = a3 X B%/IR,a +apy X B%/IR,u +ap X BMR,u +4ag (20)

Ty,r = a3 X B%/IR,r +apy X BJZVIR,r +ap X BMR,r + ap (21)

where ay, a1, ap, and aj are fitted by the least square method, indicating the polynomial
coefficients of the shear yield stress at the damping gap varying with the magnetic flux
densities and ag = 0.018 kPa, a; = —48.46 kPa/T, a, = 865.39 kPa/T?, a3 = —984.27 kPa/T>.

3.2. Finite Element Analysis of the Proposed MR Valve

Considering the calculation scale and accuracy, the electromagnetic circuit was an-
alyzed by using the axisymmetric two-dimensional (2D) finite element model shown in
Figure 4. In the simulation, neglecting the influence of the end cover, flow guided plate
and other structures on the magnetic field, top-down modeling approach is adopted, and
the two dimensional simplified simulation geometry model of the proposed MR valve
is shown in Figure 4a. A level 1 smartsize intelligent mesh division and a quadrilateral
mesh structure element are chosen and the magnetic flux line parallel boundary without
magnetic leakage is also applied. In the figure, the division of distinctive colors represents
the material with different attributes. The annular damping gap was fixed to 1.0 mm, while
the radial damping gap were set to 0.5 mm, 0.8 mm, 1.0 mm, and 1.5 mm, respectively. The
current density in the excitation coil was set to 2.51 A/mm? under the current applied to
the excitation coil was equal to 2 A. The diameter of excitation coil conductor was selected
as 0.6 mm, and the number of turns was 400. The solid model was meshed by quadrilateral
elements, with the total number of elements of 1629 and the total number of nodes of 5036,
which was displayed in Figure 4b.

Symmetric Axis Magnetic Disk

\:\ Magnetic material — MR Fluid

W
T

1
IRRER]

Positioning Plate

D Non-magnetic material

—~ Valve Body

[ MR fluid
D Excitation coil

(a) (b)

Excitation Coil

""" — Valve Spool

Figure 4. 2D finite element model of the MR valve: (a) geometric model, (b) meshed model.

The distribution of magnetic flux density and magnetic flux line in the two-dimensional
finite element model are shown in Figure 5a,b, respectively. Observing Figure 5a, the color
distribution of the regions at the radial damping gap and the annular damping gap are uni-
form and the colors of the regions at the radial damping gap is slightly different with that
at the annular damping gap, which indicates that the magnetic flux density distribution of
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the two regions are uniform, and the magnetic flux densities at the radial damping gap is
larger than those at the annular damping gap, but the difference between the two is not
large. In order to more explicitly comprehend the distribution of magnetic flux density at
each liquid flow gaps, two paths S; and S; are defined, among which the path S; is annular
fluid flow gap and the path S; is radial fluid flow gap. The position of the two defined
paths is presented in Figure 5b.

n
=)

|
|
—

[
l
-

~N—

— =
@) (b)

Figure 5. Simulation results of the proposed MR valve: (a) magnetic flux density contour,
(b) magnetic flux line distribution.

The variation of the magnetic flux density along the flow paths with the applied
current of 2 A is shown in Figure 6. Observing Figure 6, the magnetic flux density is mainly
concentrated in the annular and radial damping gaps, while the magnetic flux density at
the small orifice flow channel is basically 0 T and it is due to the fact that there is almost no
magnetic line passing through the small orifice flow channel. The magnetic flux density of
the radial damping gap is greater than that of the annular damping gap when the radial
damping gap is fixed, but there is little difference between the two gaps, which indicates
that the advantages of the proposed MR valve with high magnetic field utilization.
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Figure 6. Magnetic flux density along the defined paths for 2A current with variable radial
damping gap.
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3.3. Simulation Analysis of Pressure Drop

Figure 7 imply that the variation of the simulated pressure drop with different applied
currents at the radial damping gap of 1.5 mm. The total pressure drop and the correspond-
ing pressure drop of each channel significantly improve with the increment of the applied
current, but the pressure drop of the small orifice flow channel remains unchanged. Under
the applied current of 2 A, Figure 7b displays the percentage contribution of each region to
pressure drop of the MR valve is 53.19%, 41.35%, and 5.46%, respectively.

1.50 = Total =
Radial P ol \;A‘p"
ZE 125+« An.nular .. i Ap,
= Orifice r)' Ap,
<100t _/
< /-/
go 75} i
|

2050} o T
§ /’/ v’ " o
&~ 025} v

0.00 b—7 : :

0.0 0.5 1.0 1.5 2.0
Current (A)
(@) (b)

Figure 7. Estimation of simulated pressure drop of the proposed MR valve: (a) pressure drop variations from each region,

(b) percentage of pressure drop from each region.

Figure 8 illustrates the variation curves of the total pressure drop, the shear stress of the
annular damping gap, and the shear stress of the radial damping gap with different applied
currents at the radial damping gap of 1.5 mm. It can be obviously found from Figure 8 that
the shear stress at the radial damping gap and the annular damping gap reaches saturation
at the same time under the input current of 1.9 A, which the corresponding total pressure
drop of the MR valve also reaches the maximum, and the maximum total pressure drop is
about 1.434 MPa.
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Figure 8. Variation curve of the shear stress and total pressure drop with the applied current.



Actuators 2021, 10, 104

11 0f23

4. Experimental Analysis of the Compact Annular-Radial-Orifice Flow MR Valve
4.1. Prototyping of the Proposed MR Valve

Figure 9 shows the prototyping of the proposed MR valve, and Table 1 summarizes
the primary valve parameters.

(b)

Figure 9. Photograph of the annular-radial-orifice flow MR valve: (a) valve parts, (b) valve assembly.

Table 1. Relevant dimension parameters of the proposed MR valve.

Parameters Values (mm)
Thickness of annular gap g, 1
Thickness of radial gap g, 0.5~15
Valve body thickness f;, 10
MR valve radius R 31
Valve spool length L 41
Thickness of winding groove W, 7
Orifice radius Ry 2
Radius of left valve spool with screw thread R 13
Radius of left valve spool without screw thread R 14
Thickness of the right of valve spool t, 8
Annular gap length L, 4.2
Radial gap length L, 11
Thickness of positioning plate f; 8

4.2. Experimental Analysis of Pressure Drop Performance and Response Characteristic

In order to investigate the pressure drop performance and response characteristic of
the proposed MR valve, an experimental test rig is built up that is shown schematically in
Figure 10. The test rig consists of gear pump, relief valve, DC power supply, and pressure
sensor and data acquisition card. The motor driven gear pump is used as a power unit
and can transport the MR fluid to the proposed MR valve. The pressure sensor I and the
pressure sensor Il are adopted to measure the inlet pressure and the outlet pressure of
the proposed MR valve, respectively. The relief valve I is used as a safety valve to protect
the hydraulic system, and the relief valve I is used as a counterbalance valve. DC power
supply I is applied to supply the power for the excitation coil of the MR valve, DC power
supply Il is applied to supply the power for the two pressure sensors. The data acquisition
card (DAQ) is adopted to acquire the data of the pressures of the system, and the host
computer is used to real time monitor the relevant test parameters of the hydraulic system.
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Figure 10. Schematic diagram for experimental setup of the proposed MR valve.

The motor model is Y280M2-4, the speed is 1390 r/min, and the power is 0.75 kW.
The gear pump is CBW-B4 type with working pressure of 6.3 MPa, rotating speed of
1450 r/min and flow rate of 4 L/min. The relief valve model is P-B25B, the use pressure is
6.3 MPa, and the flow rate is 25 L /min. The pressure sensor is HQ-316 type, the measuring
range is 0~4 MPa, and the output current is 4-20 mA. The model of acquisition card is
NextKit Nano.

Figure 11 shows the experimental results of the pressure drop with the applied current
at four different radial gaps. Observing Figure 11, the experimental pressure drop of
the MR valve significantly enhances with the decrease of the radial damping gap at the
same applied current. In addition, the experimental pressure drop also enhances with the
increase of applied current. The maximum pressure drop at radial damping gap of 0.5 mm
with current input of 2.0 A can reach about 2.67 MPa.

3.0

g D
o W

Pressure drop Ap (MPa)
. . =

Figure 11. Variation of pressure drop with current under four radial gaps.
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The response time plays a decisive role in the efficiency of the overall system, so
it is of great significance to test the response time of the proposed MR valve in the test
system [25,26]. In this dynamic performance test system, different control currents would
generate different experimental pressure drop, and might lead to its different response
characteristics. Here, the effect of radial damping gap on the response characteristics of
the proposed MR valve was investigated by opening and closing the power supply with
different current amplitudes. In order to investigate the response characteristics of the
rise and fall of the MR valve, a square wave control signal was applied to the circuit. In
this article, the rising response time (t,;;,) was defined to be the transition time when the
pressure drop of the MR valve from the initial value to the stable state value of accomplish
the maximum pressure drop of 90% after the current connection, and the falling response
time (f7;) was the transition time lost to the maximum pressure drop of 10%, as shown in
Figure 12.
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g 1.5 | 31 5 i
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Figure 12. Definition of response time of the MR valve: (a) rising response time, (b) falling response time.

The dynamic response characteristic of the proposed MR valve with four different
radial damping gaps was experimentally tested under the DC power supply I. The experi-
mental results were revealed in Figure 13 and Table 2. Observing Figure 13, the applied
current was varied from 0 A to 2 A in the steps of 0.5 A at constant radial damping gap,
the rising response time displays an increasing trend, and the change trend of the falling
response time was also obvious. According to Table 2, when the radial damping gap was
fixed at 0.5 mm, the rising response time of the MR valve was 119 ms at 0.5 A, while
increases by 47.90% to 176 ms at 2 A. Nevertheless, the corresponding falling response
time increased by less than 7% from 129 ms at 0.5 A to 138 ms at 2 A, and has clearly
demonstrated that the magnitude of the loading current had little effect on the falling
response time of the MR valve.
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Figure 13. Response time of the MR valve under different radial damping gaps: (a) 0.5 mm, (b) 0.8 mm, (c) 1.0 mm,

(d) 1.5 mm.

Table 2. Response characteristic of the annular-radial-orifice flow MR valve.

0.5 mm 0.8 mm 1.0 mm 1.5 mm
Current (A)
trise tfall trise tfull trise tfull trise tfull
0.5 119 ms 129 ms 98 ms 114ms 88 ms 108 ms 65 ms 69 ms
1.0 134 ms 128ms 110ms 117ms 96 ms 123ms 72ms 80 ms
15 153 ms 133 ms 117ms 120ms 109ms 120ms 79 ms 76 ms
2.0 176 ms 138ms  122ms  119ms 119ms 128ms 85 ms 89 ms

Figure 14 shows comparison of the rising and falling response time curves for the
proposed MR valve with four different radial damping gaps, Table 2 shows the corre-
sponding response times. As observed, under the same current excitation of 2 A, with the
enhancement of radial damping gap, the rising response time of the proposed MR valve
at each radial damping gap were 176 ms, 153 ms, 119 ms, and 85 ms, respectively. The
falling response time was 138 ms, 133 ms, 128 ms, and 89 ms, respectively. In other words,
the response time of the MR valve gradually increased from 85 ms and 89 ms with the
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radial damping gap of 1.5 mm to about 176 ms and 138 ms with the radial damping gap
of 0.5 mm. It can be concluded that the proposed MR valve with the radial damping gap
of 1.5 mm has shorter response time. In addition, under the same applied current, the
increment of response time of the proposed MR valve was greater with the diminution of
radial damping gap.
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Figure 14. Comparison of response time of the MR valve under different radial damping gaps: (a) rising response time, (b)

falling response time.

Consequently, when the applied current was 1.5 A and the radial damping gap were
set to 0.5, 0.8, 1.0, and 1.5 mm, the average response times of the proposed MR valve were
143 ms, 118 ms, 114 ms, and 77 ms, respectively. Although the response times of the MR
fluid was about several milliseconds, the measured response time of the proposed MR valve
in the response test rig was still longer. This was mainly due to the experimental conditions,
once the current step signal was activated by turn on or off the power supply, the pressure
drop of the proposed MR valve would change transiently, so the larger interaction energy in
ferromagnetic particles of the MR fluid needs more time to occur step current or to recover
to zero current state. Moreover, there are the coils and magnetic materials in the electronic
circuit of the test system, and there are phenomena of coil inductance and eddy current in
the magnetic circuit, which significantly prolong the response time of the proposed MR
valve under the different control currents.

5. Experimental Analysis of the Valve Controlled Cylinder System
5.1. Test System of the Proposed MR Valve Controlled Cylinder System

In order to further explore the application of the proposed MR valve in industry, the
annular-radial-orifice flow MR valve controlled cylinder system was proposed and set up,
which were mainly composed of the double rod hydraulic cylinder, the hydraulic pipe, and
the proposed MR valve. The working principle and prototype of the MR valve controlled
cylinder system were displayed in Figure 15.
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Figure 15. Working principle diagram and prototype of the MR valve controlled cylinder system: (a) working principle

diagram, (b) prototype.

Since the effective working area of the double rod piston hydraulic cylinder in the left
and right cavities is equal, its output damping force and output velocity in two directions
are equal. According to Figure 15a, the output velocity v of the double rod piston hydraulic
cylinder in the left and right directions can be expressed as

_4__ 4
where g is the flow rate through the MR valve, A is the piston effective areas, D is diameter
of the piston, and d is diameter of the piston rod.

Due to the relative lubrication between the piston head and the hydraulic cylinder, the
friction coefficient is very small. In the meantime, the friction force between the cylinder
and the piston head is much larger than that between the cylinder and the piston rod.
Hence, the friction force can be ignored, and the output damping force F of the system can
be calculated by

F=(p—p)A=7(D*=d)(p1—p2) (23)

where p; is the inlet chamber pressure, and p; is the return chamber pressure.

Whether the hydraulic cylinder piston moves left or right, the inlet pressure p; and the
return pressure p; are provided by the inlet and outlet pressure of the proposed MR valve,
respectively. Therefore, the inlet and output pressure of the MR valve controlled cylinder
system is the pressure drop at both ends of the MR valve, which can be expressed as

Ap=p1—p2 (24)

The experimental test rig for the dynamic performance of the valve controlled cylinder
system was set up, as shown in Figure 16. In this test rig, the fixture on the damper
test system is used to fix the lower end of the double rod hydraulic cylinder, and the
displacement sensor and force sensor are installed in the damper test system to connect
the upper end of the double-rod hydraulic cylinder. The DC power supply is applied to
the control current in the excitation coil, and the damper test system can provide different
sinusoidal vibration excitation for the double rod hydraulic cylinder. Finally, the data
of damping force and displacement can be transmitted to the host computer in real time
through the data acquisition card.
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Figure 16. Experimental test rig of the proposed MR valve controlled cylinder system: 1. Damper
test system; 2. Annular-radial-orifice flow MR valve controlled cylinder system; 3. Host computer;
4.DC power supply.

5.2. Dynamic Performance of the Valve Controlled Cylinder System at the Radial Gap of 0.5 mm

In the experiment, the power knob was manually adjusted to provide different cur-
rents for the proposed MR valve controlled cylinder system, so as to obtain the required
output damping force. Firstly, the MR valve with annular damping gap of 1.0 mm and
radial damping gap of 0.5 mm were selected for the experimental test. Figure 17a,b show
the experimental results of the relationship between the damping force and the piston
displacement, and the damping force and piston velocity, respectively, under a sine excita-
tion of amplitude of 7.5 mm and frequency of 0.25 Hz. Observing Figure 17, the damping
force of the MR valve controlled cylinder system exhibits clearly enhancement with the
augmentation of the applied current. Furthermore, the damping force increase amplitude
slower when the applied current was larger than 1.2 A, which indicates that the magnetic
flux density and shear stress of the MR fluid reach saturation, and the pressure drop at
both ends of the proposed MR valve gradually reaches the maximum value, the maximum
damping force of the MR valve controlled cylinder system can reach about 4.72 kN at the
applied current of 2 A. The curve presented in Figure 17a has some distortion and missing
in the upper left and lower right parts. This phenomenon may be due to the fact that a
part of the air was mixed into the MR fluid when filling the system, resulting in an empty
stroke when the piston moves, and the piston cannot obtain the damping force transmitted
from the MR fluid, which makes a small part of the curve missing.
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Figure 17. Damping performance of valve controlled cylinder system with radial damping gap of 0.5 mm: (a) force versus
displacement, (b) force versus velocity.

Figure 18a illustrates that the variation of the damping force and the displacement
for the MR valve controlled cylinder system with different amplitudes at current of 0.8 A
and frequency of 0.25 Hz. According to Figure 18a, the damping force changes slowly with
the augment of displacement under the same amplitude. However, the output damping
force of the MR valve controlled cylinder system increases significantly with enhancement
of the displacement when the amplitude increases from 5 mm to 10 mm. The maximum
damping force of the MR valve controlled cylinder system can reach about 4 kN under the
amplitude of 10 mm. The force-displacement curves of the MR valve controlled cylinder
system with different vibration frequencies at 0.8 A current and 7.5 mm amplitude, as
shown in Figure 18b. Observing Figure 18b, the damping force of valve controlled cylinder
system gradually increases with the increase of the vibration frequency; the maximum
output damping force can reach 4.7 kN under the vibration frequency of 1 Hz. Among
them, the damping force increases with the increase of amplitude and frequency, which
is mainly due to the increase of the flow velocity of the MR fluid in the valve controlled
cylinder system, which increases the pressure drop at both ends of the MR valve, thus
increasing the output damping force.

Damping force F (kN)
o =
Damping force F (kN)

'
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T
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Displacement s (mm) Displacement s (mm)

(a) (b)

Figure 18. Damping force versus displacement: (a) under variation amplitudes, (b) under variation frequencies.
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5.3. Dynamic Performance with Variable Radial Damping Gap

Figures 19 and 20 display the dynamic performance variation of the valve-controlled
cylinder system with different applied currents when the annular damping gap was
fixed at 1.0 mm and the radial damping gap were 1.0 mm and 1.5 mm, respectively. In
the experimental test, the amplitude and vibration frequency were fixed to 7.5 mm and
0.25 Hz, respectively, and the applied currents were setto 0 A, 0.4 A, 0.8 A, 1.2 A, 1.6 A,
and 2.0 A, respectively. In Figures 19 and 20, with the increase of applied current, the
corresponding experimental damping force of the valve controlled cylinder increases
accordingly under the fixed amplitude and frequency, and the increase amplitude of
damping force decreases when the applied current exceeds 1.2 A. The experimental results
manifest that the maximum damping force of the valve controlled cylinder system reaches
about 2.68 kN at the radial damping gap of 1 mm and the current of 2 A, as well as the
maximum damping force of the valve-controlled cylinder system reaches about 1.6 kN at
the radial damping gap of 1.5 mm and the current of 2 A.
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Figure 19. Damping performance of valve controlled cylinder system with radial damping gap of 1.0 mm: (a) force versus
displacement, (b) force versus velocity.
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Figure 20. Damping performance of valve controlled cylinder system with radial damping gap of 1.5 mm: (a) force versus
displacement, (b) force versus velocity.
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Figure 21 indicates that the dynamic variation of the damping gap and the displace-
ment under four different radial damping gaps. The testing results demonstrate that the
damping force of the MR valve controlled cylinder system decreases gradually with the
damping gaps increases from 0.5 mm to 1.5 mm. According to Figure 21a, when the
applied current was 1.2 A, the amplitude and frequency were set to 7.5 mm and 0.25 Hz,
respectively, the corresponding maximum damping force was identified with the values
of 424 kN and 1.4 kN associated with the radial damping gap of 0.5 mm and 1.5 mm,
respectively. According to Figure 21b, when the amplitude was 10 mm, the current and
frequency were set to 0.8 A and 0.25 Hz, respectively, the corresponding maximum damp-
ing force gently reaches 3.93 kN at the radial damping gap of 0.5 mm, and the maximum
corresponding damping force was up to 1.24 kN at the radial damping gap of 1.5 mm.
According to Figure 21c, when the frequency was 0.5 Hz, the current and amplitude were
set to 0.8 A and 7.5 mm, respectively, the maximum corresponding damping force increased
from 1.43 kN at the radial damping gap of 1.5 mm to 4 kN at the radial damping gap of
0.5 mm.
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Figure 21. Comparison of damping force of the MR valve controlled cylinder system with different damping gaps:
(a) applied current of 1.2 A, (b) amplitude of 10 mm, (c) vibration frequency of 0.5 Hz.

Figure 22 indicates the relationship between experimental damping force and current
in the MR valve controlled cylinder systems with four different radial damping gaps. From
Figure 22, the experimental damping force of the MR valve controlled cylinder system
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increases with enhances of applied current and the diminution of radial damping gap.
Under the annular damping gap was fixed at 1.0 mm and the applied current of 2 A, the
experimental damping force appears a peak of 4.72 kN at radial damping gap of 0.5 mm.
Meanwhile, the corresponding maximum damping force also reach about 1.6 kN at radial
damping gap of 1.5 mm.
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Figure 22. The experimental damping force versus the current under different radial damping gaps.

Figure 23 depicts the dynamic variation of the experiment, simulation, and theory
damping forces under different currents and variable radial gaps. It can be observed that
the damping forces of the simulation, theory and experiment of the proposed MR valve
controlled cylinder system increase correspondingly with the increase of applied current,
and the variation trend of the damping force of the simulation, theory and experiment is
concordant. The maximum damping forces of the simulation, theory, and experiment are
5.741 kN, 5.124 kN, and 4.72 kN, respectively, which are based on the annular damping gap
of 1.0 mm, the radial damping gap of 0.5 mm, and the applied current of 2 A. Furthermore,
the corresponding damping forces of simulation and theory are mostly larger than those
experimental results at the different radial damping gaps. The possible reason is that the
MR fluid flowing through the hydraulic pipe has a large linear loss in the experimental test,
which will be a certain difference between the experiment value and the simulation and
theory values. On the other hand, because the Bingham model does not consider the effect
of fluid shear thickening in the magnetic field simulation, and under the effect of magnetic
field, the iron powder particles of the MR fluid in the liquid flow channel are aggregated
from single chain to columnar, so that the saturated shear stress in the simulation and
theory are greater than that in the actual test. In addition, there is a certain degree of
magnetic leakage in the magnetic field during the experiment, which will also lead to the
low experimental results.
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Figure 23. Dynamic variation of experiment, simulation, and theory damping forces under different currents and variable

radial gaps: (a) simulation versus experiment, (b) theory versus experiment.

6. Conclusions

This paper designed and developed a compact annular-radial-orifice flow MR valve
with variable radial damping gaps which consist of annular damping gap, radial damping
gap, and small orifice flow channel in sequence. Simultaneously, the size of radial damping
gap can be guaranteed by replacing the washers of different thickness. Additionally, the
average magnetic flux density in annular, radial, and small-orifice flow channels were
analyzed based on finite element methodology.

The pressure drop performance and response characteristics of the proposed MR
valve with radial damping gaps of 0.5 mm, 0.8 mm, 1.0 mm, and 1.5 mm were investigated
experimentally. The maximum experimental pressure drop up to 2.67 MPa at the radial
damping gap of 0.5 mm and the applied current of 2.0 A. Moreover, in the rising state, the
response time of the MR valve increases with increment of the applied current, but in the
falling state, the applied current has little effect on the response time of the MR valve.

Experimental damping forces of the MR valve controlled cylinder systems with dif-
ferent radial damping gaps were tested on the dynamic test rig. Furthermore, dynamic
performance of the MR valve was validated by a series of dynamic tests at different currents,
amplitudes, and frequencies. The experimental result demonstrates that the corresponding
experimental damping force of valve controlled cylinder system remarkably increases with
decreases of the radial damping gaps, and when the radial damping gaps were 0.5 mm,
0.8 mm, 1.0 mm, and 1.5 mm and the applied current was 2 A, the output damping force
of the valve controlled cylinder system reaches the maximum, and the corresponding
maximum values were 4.72 kN, 2.89 kN, 2.68 kN, and 1.60 kN, respectively.

The proposed MR valve significantly improves its efficiency through compact de-
sign and variable radial damping gaps. The experimental result illustrates that different
radial damping gaps correspond to different response characteristics and dynamic perfor-
mance. Hence, the proposed MR valve can be used as a bypass valve for various vibration
reduction applications.
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