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A transmission method of magnetorheological (MR) fluid in cylindrical-type driven by shape memory alloy (SMA) spring with the
thermal effect was proposed. The torque can change rapidly with temperature. Based on the thermal effect of SMA, the expression
for displacement of SMA spring was established. The rheological property of MR fluid under the magnetic fields was described by
Bingham model. Based on momentum equation, the shear flow of MR fluid between two cylinders was analyzed and the expressions
of flow velocity and torque have been obtained. The experimental results show the output displacement of SMA spring and the

transmit torque of MR fluid is directly proportional to the temperature and the applied magnetic field, respectively.

1. Introduction

MR fluids and SMAs are known as smart materials for their
properties can change rapidly on different external condi-
tions. By applying a magnetic field, the fluids show the vis-
coplastic behavior with yield strength [1, 2]. Altering the
strength of the magnetic field will precisely control the shear
yield stress of the fluid. MR fluids are useful for the efficient
control of the torques and forces transmission, and they can
be used in clutches [3-7], brakes [8, 9], dampers [10-12],
valves [13, 14], and so on. SMAs may undergo mechanical
shape changes at relatively low temperatures and retain them
until heated and then coming back to the initial shape [15, 16].
This makes SMAs unique compared to other smart materials
that can be used for actuator applications [17, 18].

MR transmission is a device that transmits torque by the
shear stress of the MR fluids. It has the property that their
transmitting torque changes quickly in response to an exter-
nal magnetic field. A literature review indicates that the trans-
mission using MR fluids can be classified as having either
disc-type or cylindrical-type [6]. In the disc-type, the MR
fluid within the activation region between two parallel discs is
acircular plate. In the cylindrical-type, the activated MR fluid
between two concentric cylinders is an annular cylinder.

In order to rationally design the MR transmission devices
driven by SMA spring under thermal effect a designer should
analyzes the output displacement of SMA springunder ther-
mal effect, and the torque transmission ability of MR fluid. In
this paper, Bingham model is used to describe the constitutive
characteristics of MR fluids subject to an applied magnetic
field. The expressions for the output displacement of SMA
spring and the torque of the cylindrical type MR transmission
are established to provide the theoretical foundation for the
design of MR device.

2. Transmission Principle

The schematic of the cylindrical MR transmission driven by
SMA spring under thermal effect is shown in Figure 1. The
driving shaft and driving cylinder are initiative members, and
the shell is the driven one. The initiative members rotate at
definite velocity w,. At low temperature, MR fluid is saved at
oil chamber, and the transmission system is in the state of sep-
aration. When the temperature gets higher, the SMA driving
spring will pushes the MR fluid filling into the working gap
between the driving-cylinder and shell through pipe rapidly.
The cylindrical MR transmission device depends on the shear
stress of the MR fluid to transmit torque. In the absence of
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FIGURE 1: MR fluid shear transmission driven by SMA between two
cylinders.

an applied magnetic field, MR fluid keeps flowing, so its trans-
mission torque is only a very small viscous torque. However,
in the course of operation, a magnetic flux path is formed
when electric current is put through the coil assembly. As a
result, the MR particles are gathered to form chain-like struc-
tures, in the direction of the magnetic flux path. These chain-
like structures increase the shear stress of the MR fluid. With
the increase of the applied magnetic field, the shear stress
developed by the MR fluid goes up rapidly. When the shear
stress is large enough, the initiative and driven members can
finish a synchronous rotation. The amount of torque can be
adjusted continuously by changing the input current in coil
assembly.

3. Thermal Characteristics of SMA Spring

The displacement of bias type SMA actuating device based on
SMA spring can be expressed as follows [19]:

(G (T) - GM) ASF yy,

s = (d/nnD?) G (T) ASF, + (Fy = F) Gyyr

@

where S(T') is the displacement of temperature control switch
at temperature T, d is the diameter of SMA wire, D is the
diameter of spring, » is the number of spring turns, Gy is the
elasticity modulus of martensite phase, y,; is the shear strain
of martensite at low temperature, F; and Fy; are axial loads of
SMA spring in martensite phase and austenitic phase, respec-
tively, AS is the maximum displacement of bias type SMA
temperature controlled switch, and G(T') is the shear elasticity
modulus of SMA spring at temperature T

Consider
G(T)
Gu T <M, T<A,
G, - Gy , )
= GM+f[l+sm<p(T—Tm)] M <T<A;
G, T>A, T>M,

where G, is the elasticity modulus of austenitic phase and M,
and A, are the starting values of phase change temperature
for martensite and austenitic, respectively. M; and A, are
the final values of phase change temperature, respectively.
In the heating process, T, = (A,+A)/2and ¢ = w/(A—Ay).
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FIGURE 2: The displacements of SMA spring versus temperatures.
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FIGURE 3: Circular flow of MR fluid between two cylinders.

In the cooling process, T,, = (M + M,)/2 and ¢ = m/(M, -
Mf).

The theoretical and the experimental results of the rela-
tionship between output displacements and temperatures of
SMA spring are shown in Figure 2. The SMA is NiTi alloy,
and the phase transition temperatures are M; = 50°C , M, =
78°C, A, = 74°C, and A; = 95°C. The shear elasticity mod-
ulus at austenitic and martensite phase is G, = 25GP and
Gy = 7.5 GPa, respectively; the shear strain of martensite at
low temperature is y;; = 2%. The parameters of spring are as
follows: D = 8.5mm, d = 1mm, n = 7, and the angle of
inclination o = 6°.

4. The Shear Transmission of MR Fluid
between Two Cylinders

Figure 3 shows the circular flow of an MR fluid within the
operational gap between two cylinders. When the inner
cylinder is rotated by the rotating speed w,, the MR fluid is
sheared and flowed at the rotating speed w, in 8 direction. The
outer cylinder is rotated by the rotating speed w, because of
the shear stress of the fluid.



Advances in Materials Science and Engineering

In the cylindrical coordinate system, the momentum
equation of the shear flow in 0 direction can be expressed by

a'Vg V@ aV9 a'Vg )
”<at T 7o
10 0 10 0 2 ®
_ P Tro _ﬂ T26 z
=fo=730 % troe T as Toe

where p is the density of MRE, vy is the flow velocity of the
fluid in the O direction, t is time, fg is the mass force in 8
direction, and T;; is the shear stress.

In order to analyze the behavior of MR fluids flow in the
gap between two cylinders, the following assumptions are
given: the fluid is incompressible. There is no flow in radial
direction and axial direction, but only tangential flow. The
flow velocity of MR fluid is a function of radius. The pressure
in the thickness direction of MR fluid is a constant one. The
strength of magnetic field in the working gap of the activation
region is well distributed. In the cylindrical coordinate sys-
tem (r, 0, z), z-direction is coincident with the axis of two cyl-
inders, and the distribution of the flow velocity is

v, =0 vg =rw (1) v, =0, (4)

r
where v, and v, are the flow velocity of the fluid in the r-
direction and z-direction, respectively. w(r) is the rotation
angular velocity of the fluid in the 0 direction. The angular
velocity w(r) is the function of r-coordinate.

In the mode of flow, assume that the MR fluid within
the gap is regarded as a cylindrical fluid. The momentum
equation of the shear flow at the narrow gap may be approxi-
mated by

dr 2
0y Zr,=0, (5)
dr r

where 7,4 is the shear stress developed by MR fluid.

Ignore the wall slip effect, and the boundary conditions of
MR fluid flow can be expressed as

Velr:Rl = Rywy, (6a)

V9|r:R2 = Ryw,. (6b)

The behavior of MR fluids is similar to Newtonian fluid
without applied magnetic field. When a magnetic field is
applied, the characteristics of MR fluids can be described by
Bingham model [20]:

T =T, +Hy 12T,
7)
y=0 7<7,

Integrating the momentum equation (5), shear stress can
be indicated as

G

Trg = 1‘_2’ (8)

where ¢, is the integrating constant. Because the rotating
speed decreases with the increase of the radius r, and the
shear rate y in (7) can be calculated by

S dw (r)
Yo = dr (9)

The flow velocity w(r) can be obtained from (7), (8), and
(9) as

w(r)=—
n

where ¢, is the integrating constant.

(10)

Applying the boundary conditions in ((6a) and (6b)), the
integrating constants can be determined as

2RIR}T, 2R
q = nk, 21K, R ( w - w,), (lla)
RE-R? R2 R, R2
_ Rw,~Rlw; 7, (RjInR, RilnR (11b)
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Submit ((11a) and (11b)) into (10), and the velocity distri-
bution can be obtained as

T RIR2 R, 1

Zlnr+ 21 22<yl n=2+w - w2> =

n R5-Ri\n R r
Rw,-Rw, T, (RglnR2 R 1an>

R-R 7 \R-R R-R

w(r)=

As shown in Figure 3, MR fluids flow between two cylin-
ders. The transmission torque of MR fluid can be expressed
as

M = 27r’Lt, 13)

where L is the width of the working gap. There are two parts
of transmission torque of MR fluids between two cylinders,
which are torque M, produced by viscosity of MR fluids and
torque M produced by yield stress 7. If all of the MR fluids
in working gap between two cylinders are yielded in shear
mode, the transmission torque M, produced by viscosity of
MR fluids can be derived by combining (7), (9), (12), and (13):

(w1 - wz) RfR;

M, = 4L
CTTR-R

(14)
The torque M; produced by yield stress of MR effect can
be described as

L, (R, +R,)’

eV T 15
- : . 15)

where L, is the effective width of the MR effect developed by
the MR fluid. The transmission torque of MR fluids between
two cylinders is

2 2p2

nL,(R, + R,) (w; — w,) R{R

M=My+M, =—2 U 1 t4ppl~——22 12
N 2 y P R R

(16)
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FIGURE 4: The overall sketch of performance experimental system for cylindrical-type MR fluid transmission driven by shape memory alloy.
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FIGURE 5: The performance experimental system for cylindrical-
type MR fluid transmission driven by shape memory alloy.

5. Test and Analysis

Figure 4 shows the overall sketch of performance experimen-
tal system for cylindrical-type MR fluid transmission driven
by shape memory alloy. Based on this system, the transmis-
sion torques of MR fluids between two cylinders under differ-
ent applied magnetic fields are analyzed. The shearing rate of
MR fluids between two cylinders can be adjusted by motor in
the test system; see Figure 5. The magnetic field strength can
be controlled by electric current in coil. All parameters in sys-
tem are measured in real time by temperature sensor, speed,
and torque sensors.

For this example, we use a typical MR fluid. Figure 6
shows the relation, obtained from the experiment, between
the dynamic yield stress and the magnetic field strength for
a typical MR fluid. The result shows that the shear stress is
heavily influenced by applied magnetic field. In this study, the
following parameters are given: # = 0.86 Pa-s, L = 140 mm,
L, = 50 mm, R, = 50, and R, = 52.

When temperature is 60°C and the speed of driving shaft
is 60 r/min, the relationship between the transmission torque
of MR fluid between two parallel cylinders and the field
current in coil assembly was obtained according to the test
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FIGURE 6: Yield stress versus magnetic flux density.
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FIGURE 7: Torque versus field current.

system in Figure 5. The comparison of the theoretical and the
experimental results is shown in Figure 7. When the currents
are0A,0.2A,0.4 A, 0.6 A,and 0.8 A, the experimental results
of transmit torque are 0.6 N-m, 4.9 N-m, 7.6 N-m, 9.0 N-m,
and 10.1 N-m, respectively. The transmit torque developed by
MR fluid goes up rapidly with the increase of the applied
magnetic field. The transmit torque with a variation of shear
rate under field currents in coil assembly is shown in Figure 8.
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In a variety of input speeds, the transmit torque remains gen-
erally stable.

The results show that the torque measured by experiment
has the same trend with the calculated value basically. The
deviation between experimental and theoretical values is
brought by the error of yield stress, the structural error, the
magnetic flux leakage, the simplification of theoretical analy-
sis model, and so on.

6. Conclusions

(1) Based on the heating and driving characteristics of
SMA, the relationship between displacement and
temperature of SMA spring was analyzed. The exper-
imental results were well satisfied with the theoretical
results. In the range of phase transition temperature,
the output displacement of SMA spring increases with
the rising of temperature.

(2) The MR fluid can be driven into working chamber
by SMA Spring. The volume of MR fluid in working
chamber increases with the increasing of output dis-
placement of SMA spring.

(3) Based on rheological characteristics of MR fluid, the
flow and transmission of MR fluid between two cylin-
ders were analyzed, and the equations of flow velocity
and transmit torque of MR fluid between two cylin-
ders were obtained. The transmit torque of MR fluid
between two cylinders increases with the increasing
of applied magnetic field.
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