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Abstract: The paper presents the concept of the throttle-return valve dedicated for magne-
torheological fluid. Basic properties of the magnetorheological fluid, valve conception and
field calculations were presented.
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1. Introduction

Modern SMART materials (with special properties) give the possibility of designing and con-
structing devices whose functionality can be significantly higher than traditional solutions (due to
these special properties). Liquids of varying viscosity (magnetorheological, electrorheological)
belong to one of the seven groups of smart materials.

The real development of manufacturing technology of magnetic fluids and their use in tech-
nical applications occurred in the 90s of the twentieth century, when the US company LORD
Corporation introduced magnetorheological fluid for commercial sale. The carrier material was:
mineral oil (e.g. 132LDMRF), silicon (e.g. MRF336AG) and water (241ESMRF) [7]. Nowa-
days, liquid with hydrocarbons as carrier materials are used (MRF122EG, MRF132-2DG, or
MRF140CG). A kinematic viscosity 1 (without magnetic field) for liquids currently produced
is several (over a dozen) times smaller than for the older generation liquids. Simultaneously the
value of shear stress, which can be obtained for currently available liquids, is about 3 times higher
compared to the previous generation of liquids [6].

Prevailing solutions and applications assume that the magnetorheological fluids can work in
three basic modes [6]:

— liquid works in flow mode (the so-called valve mode) — liquid flows between the fixed

walls in the perpendicular directions to the magnetic flux. The mode valve as a concept is
illustrated in Fig. 1.
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— liquid works in clutch mode — one of the walls limiting the volume of liquid is stationary
or walls velocities are different and the direction of magnetic flux is perpendicular to the
wall surface,

— liquid works in compressive/tensile mode — elements limiting the area with the liquids
move apart and the direction of magnetic flux coincides with the pole piece direction.

MR fluid

[

flow direction
= Fig. 1. The liquid flow for valve mode
P<pPy

The described work modes of magnetorheological fluid are used in many different construc-
tions. One of the most interesting groups is a group of valves with flow direction control. In the
paper [3] a solution for a 4/3 valve which allows one to control the direction of movement of the
2-way actuator was proposed. The proposed solution allows one to combine a directional control
operating mode with control of an actuator velocity. In [2] the construction of a throttle valve
with an additional non-magnetic duct was contemplated. The purpose of this modification was
to change the flow velocity versus the pressure difference curve v = f(Ap).

In the next paper [4] an analysis of the valve with flow control of magnetorheological fluid
with used field method MES was presented. In [15] the authors proposed an interesting solution
of the shock absorber with a screw valve controlling the fluid flow between the chambers of
the actuator. Paper [10] presents the concept of the throttle valve/non-return with the hybrid
excitation field (permanent magnet and coil).

In [9] a solution for the construction of a pressure valve was proposed. Maintaining the
required pressure in the system is carried out by changing the current value of the coil valve.

2. The basic properties of the MR fluid

MR fluid properties depend mainly on the percentage (by weight) of solids content which, for
MRF140CG reaches almost 85.5%. Shear stress T versus flux density B curve is shown in Fig. 2.

Data points known from the literature [12] are marked, and the approximating function takes
the form:

(B) = (—49.14~B3 162.4-B +45.47-B+0.1959) 103 (Pa). (1)

Other parameters of the MRF140 CG liquid [12]: density 3.54-3.74 g/cm?, working temper-
ature —40°C to 130°C, dynamic viscosity 0.28 £0.07 Pa-s, ignition temperature > 150°C.
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Fig. 2. Shear stress T versus flux density B curve for MRF140CG

3. The concept of throttle-return valve

The throttle-return valves are commonly used in fluid drives. They serve to limit the dis-
placement velocity of the actuator in one direction. When the fluid flow is forced in the opposite
direction, the flow is free — the actuator is moving at maximum velocity.

The hydraulic diagram of this type of valve with determination of flow rates for the two
directions of flow movement is presented in Fig. 3.
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Fig. 3. Hydraulic diagram of throttle-return valves

For cases indicated in Fig. 3:

a) p1 > p2, Qaut = Q1 + Oz, where O, > Q) (return valve oriented in the flow direction),

b) p1 > p2, Qaut = O1, and Q> = 0 (return valve oriented in blocking direction).

In Fig. 4 presented the conception of the throttle-return valve dedicated for flow control of
the magnetorheological fluid.

The idea of the valve is based on the separation of the incoming liquid flux Qj, into two
fluxes Q; and Q5. The flux Q; flows through the part of the valve, which is responsible for the
controlled flow, depending on the power supply coil 1, whereas flux Q, assumes the value 0 for
the coil current i = iy« (closing of the valve), and the maximum value for i = 0 (opening of the
valve).
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Fig. 4. Design idea of the throttle-return valve dedicated for the magnetorheological fluid

Shear stress change for magnetorheological fluid is described (in accordance with the model
Bingham) by:
dy dy
T= — | (B — 2
sen (7)) +u 5T @
where: 7 is the shear stress, 7(B) is the shear stress limit value as a function of magnetic flux
density B, u is the dynamic viscosity of the liquid, ¥ is the liquid deformation.

4. Field method calculation for throttle-return valve

The curve presented in Fig. 2 shows that the value of magnetic flux density above 1 T will not
increase the value of shear stress. Therefore, the field excitation system should be designed so
that the direction of magnetic flux is perpendicular to the direction of fluid flow and controllable
in the range of magnetic flux density O to 1.1 T.

Selection of the electro-magnetic circuit parameters was realized according to an algorithm
presented in Fig. 5.

The first (preliminary) field model was formulated in the FEMM 4.2 program using LUA
script for: coil cross-sectional area 20 mm?Z, number of turns 400, current value 3 A.

As simulation results obtained flux density distribution for both ducts of the throttle-return
valve — see Fig. 6.

On the basis of simulation results determined (using the Bingham model) shear stress distri-
bution of MR fluid — see Fig. 7.

The simulation results for the first model of the throttle-return valve showed that optimal
properties of the MRF1040CG fluid could not be achieved (too low value of the magnetic flux
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density), therefore the next simulations that were carried out aimed at selecting coil dimensions
and supply parameters. The simulations for the diameter of the winding wire from 0.2 to 0.5 mm
and for the maximum current value for each case were performed.

sg=const; n=const;
I=const; d,.=const

sq=const; n=var;
I=var; d,.=const

$4=CONSt; n=const;
I=var; d,.=const

$4=CONSst; n=var;
I=var; d,.=var

NO o <1\ YES

W

Fig. 5. Algorithm of the valve modelling process
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Fig. 6. Flux density distribution for both ducts of the throttle-return valve



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

42 Z. Pilch, J. Domin Arch. Elect. Eng.

Shear stress (kPa)

T = 6
Axis Y (mm) 2 TNy 4 Axis X (mm)

Fig. 7. Shear stress distribution for throttle duct of the throttle-return valve

In Table 1 the model parameters are presented together: current value, number of coils, wire
diameter and simulation results: magnetic flux density for MR fluid and for magnetic core.

Table 1. Parameters and result for the simulation model

Current | Number | Diameter of | Magnetic flux density | Magnetic flux density
Sample value of coils the wire for fluid for magnetic core
mumber | (x) © (mm) (B) (B)
1 2.5 637 0.2 0.719 2.048
2 3.0 577 0.21 0.733 2.090
3 3.7 526 0.22 0.746 2.129
29 834 111 0.48 0.947 2.762
30 90.5 106 0.49 0.953 2.786
31 98.2 102 0.5 0.961 2.816

Simulation results (magnetic flux density for MR fluid and magnetic core) from Table 1 in a
graphical way are presented in Fig. 8.

The simulation results demonstrated that in order to achieve magnetic flux density for MR
fluid about 1.1 T, without magnetic core saturation, it is necessary to change dimensions of the
magnetic core.

The last simulation model was focused on selecting the value of magnetic core width and
was performed for a magnetic core width from 5 to 7.5 mm (in increments of 0.5 mm) and for
31 cases presented in Table 1.

The value of magnetic flux density for MR fluid as well as for magnetic core, obtained by
simulation, are presented in Fig. 9.
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Fig. 9. Value of magnetic flux density for MR fluid and for magnetic core obtained
for modified magnetic core

Obtained results of magnetic flux density were related to their maximum values:

B B
i7 aMRzﬂa 3)

OFe =
BFe max BMR max

where: B, is the magnetic flux density for magnetic core, Bremax 1S the maximum magnetic
flux density for magnetic core, By is the magnetic flux density for MR fluid, Bygrmax is the
maximum magnetic flux density for MR fluid,

The determined values of coefficient o, and oyg for analyzing 186 cases in a graphical way
was shown in Fig. 10.

Next with the help of the coefficient S (4), the case was selected (number 94) for the last
simulation model — see Fig. 11.

B = Buitr + abs(Bsr), “4)

where:
OFe + OpMR
By = %, Baitt = Olpe — OpR - )
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Fig. 11. Value of coefficient 8, Bg;sr and By

The last simulation model was performed for: the coil cross-sectional area equals 20 mm?,
the number of coils equals 637, the wire diameter equals 2.5 mm, the current value from 0.1 to
2.5 A (in increments of 0.1 A).

The curve of magnetic flux density for MR fluid as well as for magnetic core versus the
current were obtained as the result of simulations — see Fig. 12.
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Fig. 12. Magnetic flux density for MR fluid and for magnetic core versus current curve
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5. Maximum pressure value needed to close the valve

Next, an analysis was performed in order to determine the maximum pressure value of the
MR fluid which is needed to close the valve (Qqgy = 0). The analysis performed for one of the
two ducts because both have the same dimensions and both can work as return or throttle valve.

The basic dimensions for the pressure analysis is shown in Fig. 13.
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Fig. 13. Volume of the MR fluid with a separate infinitely small fluid volume z axis

The differential of the shear force is given by Equation (6):
dF = p-dx-dy, (6)

where p is the the pressure acting on the infinitely small field dS = dx - dy.
Shear stresses acting in the plane zx and zy are calculated by formula:

dF dF
-4 = 7
Tex ds,.’ Toy dSyy ’ )

where: dS,, = dx -z is the area of impacts of the shear force dF for shear stress 7.y, dS;y = dy-z
is the area of impacts of the shear force dF for shear stress Ty,

The magnetic flux distribution in the cross-section marked A—A was determined — see Fig. 14.

o

Magnetic flux density (T)
5 =
g o

——7 Auds X (mm)

Fig. 14. Magnetic flux distribution in the cross-section A—-A (Fig. 12)
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The results shown in Fig. 14 were saved as matrix By, and next, using Equation (8) the matrix
of the shear stress was determined (shown in graphical way in Fig. 15.).

(7] = —49.14 - [Byy|> +62.4 - [B,)* +45.47 - [Byy] +0.1959, (8)

Shear stress (kPa)

Axis Y (mm) L S — 4
2 TedeEme—— Axds X (mm)

Fig. 15. Shear stress distribution in the cross-section A—A

Based on the distribution of shear stress in the cross-section and the dimensions of the duct
the maximum pressure value was calculated with using Formulas (9), (10).

_t(B)z _t(B)z
P = dy , Py = dx ' 9
B)- B)-
po = 2E)2, py = ZELZ. (10)
y X

In paper [11] a formula is given of the maximum fluid pressure taking into account a com-
ponent related to liquid viscosity Apy. The formula was transformed taking into account the size
and axis mark in Fig. 13.

12-u - . c-T(H)-
Ap = Apy +Ap; = ;'S”ZJF (y)z, (11)

where: dynamic viscosity u Pa-s, orifice flow rate Q, m%/s, yield stress t(H), z m, y m and x m
represent respectively length, fluid gap and width of the flow orifice between the fixed magnetic
poles (see Fig. 13), dimensionless constant ¢ (varies between 2 and 3 [11]).
Next, the value of the pressure drop for which the valve works as an off-valve was determined.
The calculation was performed for:
— variable value of y: y =1 :dy: 10 (see Fig. 13),
— dynamic viscosity g = 0.28 Pa-s, fluid density MR p = 3600 kg/m>, kinematic viscosity
v=u/p=777e"> m?/s,
— parameters of the actuator which cooperates with the valve: actuator speed v, = 0.1 m/s,
piston diameter D, = 0.1 m, piston rod diameter ¢, = 0.03 m, on this basis was calculated:
area of therod A, = - (Df) - dg)/4 m? and flow rate Q, = A - v),.
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d
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Fig. 16. Hydraulic schema: cylinder-valve
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On the basis of the flow continuity principle Q, = Q, (with known parameters A, v, and A,)
the fluid flow speed was calculated:

Qp Ap'Vp
_ PP 12
Vy = A, A, (12)

Using Equation (11), the values of the pressure drop as a function of the variable value of y
were determined and are shown in Fig. 17.
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Fig. 2. Pressure drop (bar) vs. gap diameter y (mm)

Also, the Reynolds number for the fluid flow through the valve duct was calculated according
to the equations:
- Vy - dh 4Av

R, = dy =20 13
e v ) h U ( )

where: v, m/s is the fluid flow speed into valve duct; dh m is the hydraulic diameter; v m?/s is
the kinematic viscosity; duct area A = x-y m?; constructional variable U = 2 - (x+y).

The value of the Reynolds number equals 918 for y = 10 mm and 1671 for y = 1 mm. The
range of this value means that for flow rate Q, (see Fig. 16) MR fluid flow will be laminar.

The maximum force F, which the system can transfer without displacement, determined as

the product of the piston surface area and pressure value, equals 88 N for y = 10 mm and 2580 N
fory=1mm.
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Fig. 3. Reynolds number (-) vs. gap diameter y (mm)

6. Conclusions

The paper presents the concept of the throttle-return valve intended for magnetorheological
fluid.

For the proposed construction field calculation focused on coil parameters selection, power
parameter selection and magnetic core dimension selection were performed. On the basis of
Equations (3) to (5), the solution was selected for which, using Bingham model, shear stress
distribution in the cross-section A—A was determined (Fig. 15).

The proposed construction, as opposed to the typical hydraulic solution, has no moving parts
and allows one to regulate flow continuously in throttle and return part, and can work as a re-
turn valve, throttle valve, the off-valve or throttle-return valve. The proposed construction of the
return-throttle valve for a magnetorheological fluid can be used for an advanced magnetorheo-
logical dumper.

Further works will include a return-throttle valve prototype with the use of 3D printing tech-
nology and optimization oriented on optimal selection of the: coil parameters, power parameters
and magnetic core dimension.
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