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Magnetorheological (MR) dampers can be controlled effectively by a magnetic field and with minimum
power requirement. Under the magnetic field, MR fluid behaves as a non-Newtonian fluid with
controllable viscosity. Damper performance can be enhanced by getting to know better the non-
Newtonian flow in the annular gap of piston head.

Keywords: In the study the non-Newtonian flow in the annular gap is investigated by a quasi-static analysis
Magnetorheological fluid that enables to calculate plug thickness and damper force. Also CFD analysis of the MR damper is
MR garr(;per performed by using transient and deformed mesh to be able to simulate moving of piston head in the
MR flui

damper considering non-Newtonian regions. Results of the analyses have been compared to experi-
mental data obtained from MR dampers manufactured for the study. Good agreement has been
observed between experimental and analyses data. In addition, effects of stroke and velocity on the

Finite element
Computational fluid dynamics
CFD

damper performance are examined in the study.
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1. Introduction

Magnetorheological (MR) fluid devices have been employed in
many applications, especially transportation vehicle, building sus-
pensions and biomedical, owing to their unique advantages. Mag-
netorheological fluid exhibits significant change in rheological
properties under magnetic field. When a magnetic field is applied
to the fluid, particles in the fluid form chains, and the suspension
becomes like a semi-solid material in a few millisecond. Under the
magnetic field, an MR fluid behaves as a non-Newtonian fluid with
controllable viscosity. However, if the magnetic field is removed, the
suspension turns to a Newtonian fluid and the transition between
these two phases is highly reversible, which provides unique feature
of magnetic-field controllability of the flow of MR fluids. If possible,
an ability to obtain the flow phenomenon inside the MR damper can
simplify assessments of the damper performance, thus it can be
particularly useful in reducing the number of testing of prototypes
and providing a good insight in the phenomena occurring in the MR
damper. For that purpose, numerous analytical, experimental and
numerical studies have been performed so far.

Wereley and Pang [1] developed a quasi-static model based on
Bingham plastic model that can be characterized the damper
performance using control ratio depending on nondimensional
numbers. Felt et al. [2] and Dimock et al. [3] observed that Bingham
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plastic model is inadequate to describe the shear-thinning flow in
MR fluid. Hesselbach and Abel-Keilhack [4] implemented flow
analysis of an active hydrostatic bearing with magnetorheological
fluid using Bingham, Herschel-Bulkley and Bi-Bingham models.
Wang [5] carried out flow analysis of MR fluid device using the
Herschel-Bulkley model. Wang and Gordaninejad [6] improved a
model to calculate pressure through pipes and parallel plates.
Yasrebi et al. [7] presented electromagnetic and flow finite element
analysis of a MR damper using ANSYS codes. Widjaja et al. [8]
developed a mathematical model based on the Herschel-Bulkley
model to describe flow characteristic that cannot be obtained as
experimentally. Ericksen and Gordaninejad [9] presented a theore-
tical fluid mechanics-based model to predict the controllable
damping force in terms of the physical parameters of the device,
the magnetorheological fluid properties, the electromagnetic circuit
parameters, and the input motion for semi-active suspension
systems of off-road motorcycle. Attia and Ahmed [10] investigated
the unsteady flow of a dusty viscous incompressible electrically
conducting Bingham fluid through a circular pipe. Li and Du [11]
investigated yield stress of a MR brake system experimentally based
on Bingham Plastic model. Bullough et al. [12] implemented CFD
analysis of a piezo-hydraulic valve using a user-defined subroutine
in Fluent software that allows Bingham CFD model. Ellam et al. [13]
investigated two-dimensional steady isothermal flows of a Bingham
plastic between two plates, one of them moving and the other
stationary and they used a CFD package to verify for similar flows.
Susan-Resiga [14] presented blending rheological model that allows
the identification of a yield point and that can be used in regular CFD
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codes to compute the MR fluid flow. Lekic and Kok [15] implemen-
ted a CFD model using a moving mesh for the compressor with
piston. Bompos and Nikolakopoulos [16] presented a simulation
study via CFD and FEM for MR fluid journal bearing.

The present study deals with quasi-static analysis of fluid flow
in the annular gap and CFD analysis of the MR damper. The quasi-
static analysis is presented based on Navier-Stokes equations
using Bingham plastic model for non-Newtonian region in the
annular gap of piston head. Some assumptions are made to
simplify the continuity and the Navier-Stokes equations, thus a
nonlinear equation system is obtained as a function of location of
plug thickness, which occurs as a result of non-Newtonian flow, in
the annular gap. Pressure drop and damper force are calculated
after solving of the nonlinear equation system. In addition, plug
thicknesses obtained by quasi-static analysis are compared to the
model presented by Wereley and Pang [1], which depends to
dimensional Bi number, and an analytical presented firstly in the
study. A CFD model is presented by using a commercial CFD
package, ANSYS CFX 12.1, for the MR damper as three dimen-
sional. The CFD analysis that is to implement with deformed
(moving) mesh approach by taking into consideration movement
of the piston has not been seen in the literature until the study,
thus filling the gap in the literature. Flow magnitudes are
observed and obtained their values of during piston movement
due to moving mesh. Also, the CFD analysis that is with non-
Newtonian flow modeled by Bingham CFD model is taken into
consideration together with deformed mesh firstly in the study.
The damper configurations performed by the quasi-static and CFD
analyses are manufactured and tested. The test data are compared
with both quasi-static and CFD analysis ones. In addition the
dampers are tested to find out effect of stroke and velocity on the
damper performance.

2. Quasi-static analysis of flow in MR damper

Flow inside the annular gap that behaves as non-Newtonian can
be analyzed based on Navier-Stokes equations by using the Bing-
ham plastic model. In the analysis, pressure drop along the gap can
be obtained as function of MR fluid properties, geometry and
volume flow rate. Cross-section of MR damper can be seen in Fig. 1.

Behavior of MR Fluid when active in other words under
magnetic field in the gap, the fluid acts like a rigid body at below
dynamic yield stress then fluid flow can be modeled considering
the Bingham plastic model or the Herschel-Bulkley model. This
plug region is called as pre-yield. In the pre-yield region, the local
shear stresses have not yet exceeded the dynamic yield stress.
When the local shear stresses exceed the dynamic yield stress,
these regions are called as post-yield region, then the fluid acts
like a viscous fluid.. The pre- and post-yield regions are shown in
Fig. 2 with the velocity profile. As shown in Fig. 2, the velocity
profile is divided into three regions: Regions I and III denote the
post-yield regions and Region Il denotes the pre-yield region [17].
As can be seen in Fig. 2, because there is no velocity gradient on
the plug region, MR fluid flows as a rigid body.

The flow is occurred in an annular gap and with a constant piston
velocity. Following assumptions are made to simplify the continuity
and the Navier-Stokes equations in cylindrical coordinates.

Assumptions:

1. The flow is only in the z-direction, implying that u,=0 and all
partial derivatives with respect to r (9/or) are zero.

2. The flow is steady in the annular gap implying that all partial
derivatives with respect to t (o/ot) are zero.

3. The flow is incompressible implying that p=constant.
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Fig. 1. Cross-section of MR damper.
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Fig. 2. Velocity and stress profiles across annular gap.
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4. The flow is two dimensional and no swirl, implying uy=0 and
all partial derivatives with respect to 6 (6/60) are zero.

5. The flow is laminar and fully developed.

. Gravitational effects are neglected.

7. A constant pressure gradient, (dP/dz) is applied in the
z-direction.

)]

Simplifying the continuity equation with respect to above
assumptions yields

ouy

0z =0 M

It does mean that u, is not dependent on z then velocity stays
constant at any location of z, it can be specified as u,=u=u(r).
z-momentum equation,

1op 1d / _du
woz ~ rdr(dr) )

and r-momentum equation,

a—p =0, P=P(2) 3)
as can be seen in Eq. (3) pressure is only dependent on z.
Shear stress is t.,=u(du/dr) and Eq. (2) can be rearranged as

dP _d(rtyy)

"< dr “)

when integrating Eq. (4) with respect to r shear stress can be
obtained as follows:
1dpP Cq

Trz = 2dz +* (5)

where c; is the integral constant.
The Bingham plastic model is used in the study in order to
describe non-Newtonian behaviors of the MR fluid [1,3,18-21]
Bingham plastic model

T:Ty(B)SgnO‘))'hupj) “L" > ‘Ty
7=01t| <t ®

where 7 is shear stress, y(du/dr) is shear rate, 7y(B) is yield stress
changing with magnetic flux intensity, and p, is plastic viscosity
independent of magnetic field. Each region in Fig. 2 should be
evaluated separately due to their different structures.

For plug region (II)

Trz(Ta) = Ty
Trz(Tp) = —Ty 7
substituting Eq. (7) into Eq. (5) gives
1dP dp N CJ
2dz'°
1dP C]

PYTILANN ®

Ty =
—Ty =

when subtraction and summation are made, respectively, in
Eq. (8) yields

1dpP

€= EErarb )
2y

rp—Ta=— dp/dz (10)

For post-yield region (III)
Since flows is nonlinear in the region Il (du/dr >0 and thus
sgn(du/dr)=1), substituting Eq. (6) into Eq. (5) gives

du 1dpP C1

AR T ¥ A b

integrating with respect to r
_(1dP, ¢ Ty
u(r)= (@d—r +— ln(r)—ﬁr+c2 12)

c, is the integral constant which can be determined by the
boundary conditions that is r=r; for u=—u,

1dpP,

czz—up—ﬂarl——ln(r )+ﬁr1 (13)

at that u(r) concludes with

1.dp
u(r)=<4 o P+

For post-yield region (I)
Since flow is nonlinear in the region I (du/dr <Oand thus
sgn(du/dr)= —1), substituting Eq. (6) into Eq. (5) gives

du 1dP ¢

IR PN LI N
Hln(ﬁ) ﬂ(r ) up)rlsrsra 14)

7‘Cy+,ua = fdz +* (15)
ur) = (%i—ir%rc] In(r)+ Fr+c3) (16)

c3 is the integral constant which can be determined by the
boundary conditions that is r=r, for u=—u,

1P, ~ (), 17)

="t 4u " m

at that u(r) concludes with

_(1dP 5, 5 r Ty
ur) = (@E(r —13)+ Eln(g) +E(r—r2)—up Ty <r<r
(18)

It can be seen in Fig. 2 that u(r,) equals to u(ry) due to du/dr=0.
Thus, when equalized to Egs. (14) and (18) under the boundary
conditions, pressure gradient can be obtained as follows:

dp 4
= [ o N [q ln<ra >+ry(rb+ra Tl*r2):| (19)

Total volume flow rate through the annular gap can be
calculated by velocity profiles of these three regions in the gap,
which yields

Q=2m /rz u(ryrdr (20)

The velocity profiles in each of these three regions have been
already known with equations above, then the total volume flow
rate can be described by

I dp dp
Q= 4 (12r$c1 +3r14E +24r%up,u—8r?fy+3ar§

,63—pr]r +24c¢172In <:—‘;) —12¢1r2 167,13

d—pr§+ 12¢12 481,13 —1213¢

+24r2tyr1+3 &

-3r5 Z—p —24r%up,u—8r3 7,—6 dp rars

dz
dP 5 5 2
+6d—r2r —24cyrgIn( = Tz —241,r,r2 4241271, 21
On the other hand, the total volume flow rate must be equal to

volume flow rate displaced by the piston head as follows:
Q+Qu+Qu=Qp= (A—Ar)Up (22)

where A, is cross-sectional area of the piston head, and A; is cross-
sectional area of the piston rod.

Two equations are required in order to find the two unknowns,
e and rp. First equation can be obtained by equaling of Egs. (21)
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and (22)
Fonc; =Q-Q,=0 (23)

Pressure gradient across the annular gap can be got by Eq. (10)
as follows:
P 21,
dz = rp-rqg

(24)
Second equation can be obtained by equaling of Egs. (19)
and (24). Thus, we have

4 Tyl 2Ty
) Clln — +Ty(rb+rg7r]fr2) +
rpe—T1=+1q“—Tp Tal2 Tp—Ta

25)

Foncy =

The nonlinear system of the two equations, Eqs. (23) and (25),
can be solved by determining values of r, and r,. Once the values
are put into Eq. (24), pressure gradient can be obtained. Thus,
pressure drop across active length in the annular gap is
APy, =Py, —Py = — Z—I;Ztk (26)
where t; is active length, the pressure drop caused by field-
dependent yield stress is called as controllable or yield pressure
drop. However, in inactive regions of the annular gap in which
particularly adjacent to the coil winding, (L—2t;), MR fluid
exhibits a Newtonian like behavior and thus pressure drop should
be evaluated separately. There is only viscous pressure drop in the
region, Nguyen et al. [19] suggest the viscous pressure drop
equation for annular gap is as follows:

6L —2ty)

APL—Z[,( = ﬂjR1g3

27)
L is the annular gap length and R, is the average radius of the

annular gap given by R;=R-—(g,+0.5g). Total pressure drop

through the annular gap is

dP 6u(L—2ty)

APL = APZtk +APL,2[’( =——2t+

dz g 2 28)

On the other hand, the total pressure drop can be calculated
as follows [20]:
6QuL 2t

R g3 —H:?Ty @9)

APL = AP#+AP-[ =

where AP, and AP; are the viscous and controllable pressure drop
of MR damper, respectively. c is the coefficient which depends on
the flow velocity, Spencer et al. [22] proposed the following
approximate relation for the coefficient c:

6Qu

The damping force can be determined from
Frebound =AP, (Ap_Ar) +F;s 31
Fcompression = APLAp +Fs (32)

where F; is the friction force and measured experimentally.
Wereley and Pang [1] presented a method in order to calculate

the plug region thickness. They suggested a cubic Eq. (33) in

terms of nondimensional plug region thickness and nondimen-

sional Bi number.

13 [3 6]< ~

jé—{§+ﬁ}6+lzo. 0<d<1 (33)

where § is nondimensional plug region thickness and Bi is

nondimensional Bingham number; they can be determined from

o0 (rp—Ta)

=2 ld 34
z 2 (34

S

T
Bi= Y
' W(uo/8)

where u, equals to Ap/Agli,,.

The Bingham number is the ratio of the dynamic yield stress of
a Bingham plastic material to the shear stress. The Bingham
number is large when the damper shaft velocity is small, or when
the damper is operating close to the yield point of the Bingham
plastic material. The Bingham number is small when the damper
shaft velocity is large, or when the damper is operating in a
strongly post-yield condition. Also, the Bingham number is zero
when the dynamic yield stress is zero, as is nearly the case in the
absence of field. Thus, the Bingham number can be interpreted as
a measure of how close the damper is operating to the yield
condition [1].

(35)

3. Experimental study
3.1. Manufacturing of MR dampers

Three MR dampers are fabricated and tested to validate results
of quasi-static and CFD analysis result for the study. Some
dimensional are specified as constant for each damper as can be
seen in Table 1. On the one hand, gap width, active pole (active)
length and coil height are manufactured in different values (see
Table 2). When active length is specified at different values, it is
yielded at different values of coil height, then at different number
of turn of the coils. In Table 2 can be seen number of turn, coil
wire diameter values used and values of yield stress calculated by
ANSYS Magnetostatic tool.

During the assembling, about 50 mm> of MR fluid is filled
without any air space in the cylinder volume obtained when
sliding piston is kept at maximum stroke, then about 20 bar
nitrogen gas is compressed in the accumulator. The dampers can
be seen in Fig. 3 after the assembling.

3.2. Test set-up

The fabricated dampers were tested on a mechanical scotch-
yoke type shock machine Roehrig MK-2150. The shock machine
has its own software (SHOCK 6.3) to collect data from the data
card. Its characteristic data curves are force vs. time, force vs.
velocity, and force vs. displacement. The machine has also an IR

Table 1
MR damper constant dimensions.

Gap length 22 mm
Piston rod diameter 8 mm

Piston core diameter 14 mm
Coil width 4.9 mm
Inner diameter of cylinder 32 mm
Sliding piston width 8 mm

Inner length of cylinder 80 mm

Table 2
Gap width, active pole length, coil width and height.

Damp. no. g (mm) t (mm) dk (mm) NC Ty (Pa)
1 0.6 5 0.45 220 32.02
2 0.6 6 04 233 28.34
3 0.6 7 0.35 241 24.83
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Fig. 3. Manufactured dampers.

Fig. 4. Test machine with the damper under test.

temperature sensor to read the temperature data during the tests.
Experimental set-up is shown in Fig. 4 with its main components.
A programmable “GWinstek PPE 3223 power supply was used to
feed current to coil of the MR damper.

The dynamic tests of the dampers is performed by varying
applied current from OA to 2 A in increments of 0.25 A, while
maintaining the piston velocity and stoke at constant levels of
0.05 m/s, 0.1 m/s, 0.15m/s and 0.2 m/s and 5 mm and 25 mm,
respectively. Force vs. time, force vs. displacement, and force vs.
velocity curves are obtained and in addition temperature, gas
force, friction force is measured for each test.

4. CFD analysis of MR dampers

CFD analysis was carried out CFX tool of ANSYS v.12.1 in the
study. For computational time reduction, and assuming the fluid
flow to be axi-symmetric, the dampers were modeled as a 45°
slice of this computational domain. CFD analysis was realized on a
moving (deformed) mesh that implies to a transient model.

Movement of the piston inside the cylinder can be simulated just
by using the moving mesh. Moreover, damper force-velocity and
damper force-displacement curves can be obtained by the tran-
sient analysis so that compared to experimental data. Regions not
magnetized (Newton fluid) within the gap in parallel to coil and
the regions that do magnetized (non-Newtonian fluid) within the
gap in parallel to active (flange) length can be defined by CCL -
CFX Command Language - expressions depending on time in the
same computational domain. While moving the piston in the
domain, it can be specified with the CCL expressions whether a
node is in the active region or not.

According to varying damper dimensions, computational
domain consists of about 6200 nodes and 25,000 tetrahedral
volume elements. The mesh and boundaries can be seen in Fig. 5.
Moving parts of the damper that are piston and sliding piston
were taken into account while creating the mesh.

CFX v12.1 consists of CFX-Pre, which provides to able to
specified boundary condition, flow type, fluid type and solution
method, CFX-Solver, which solves equations of flow model by
numerical methods considering convergence criteria specified on
CEX-Pre, and CFX-Post, which gives numeric and visual results.

Non-Newtonian regions in the gap were defined in terms of
viscosity by characterizing the material properties on CFX-Pre.
The viscosity is expressed as a variable on CFX-Pre by using the
Bingham CFD model [12] based on the Bingham plastic model.
Bingham viscosity, pg, is defined in the Bingham CFD model as
follows:

g = - - 7= 36
Hp=Hs 7V <Vk

In Fig. 6, Ty is yield stress that defines transition to non-
Newtonian region. , is plastic viscosity, ys is high (solid-type)
viscosity, 7, is critical shear rate and is start point of transition to
non-Newtonian from Newtonian.

In pre-yield region MR fluid has high viscosity (us) for the
Bignham plastic model. After the critical shear rate or critical
yield stress is exceeded, viscosity decreases to value of the plastic
viscosity (see Fig. 6). yp approaches infinity at low shear rates.
To avoid problems due to the high viscosity, it should be defined
that s is 100-1000 times bigger than the plastic viscosity up,
then a high degree of computational precision is achieved [12]. It
is defined as ps=100 x u, in our CFD model.

In the study, values of critical shear rate were taken from study
of Susan-Resiga [14] that carried out in range of 0.1 A to 3 A for
MRF-132DG fluid. 7, is 0.001 s~'and 0.002 s~ ! for 1 A and 1.5 A,
respectively. 0.0015 s~ ! is calculated by interpolation for 1.25 A.
Susan-Resiga [14] proposed to use a function as tan h(y/y,),
erf(y/7,) or 1—e(—y/7,) in order to avoid the discontinuity in
the flow curve in transition from Newtonian region to non-
Newtonian region. In the CFD model of the study, yield stress
that can be provided the continuity was calculated as follows by
using a tan h function considering the critical point, y,.

Ty =Tytan h-L (37
Vi

Piston is moved as sinusoidal into cylinder. The sinusoidal
movement and velocity are defined with the following equations:

S = SmaxCOs(wts) (38)

Up = UmaxSIN(WL5) 39

where t; is timestep, ® is angular velocity, Spax and up,gy are
maximum stroke and maximum velocity, respectively. Analyses
have been realized for each timestep until to reach total time of a
cycle of piston. In the study, timestep, maximum stroke and
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Fig. 5. Mesh and boundaries of computational domain.
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Fig. 6. Bingham CFD model.

maximum velocity were specified in parallel to experimental
studies as 0.01 s, 0.015 m, and 0.05 m/s, respectively.

The CFX code solves Navier-Stokes equations using a finite
volume method for the equation discretization. Heat transfer
in a fluid domain is governed by the thermal energy equation
on CFX (Eq. (40)).
a(aLth) - % +V(pUh) = V(AVT)+UVp+1 : VU+Sg (40)

The term 7:VU is always positive and called viscous dissipa-
tion and 7 is the molecular stress tensor (including both normal
and shear components of the stress) [23].

A second-order high resolution approximation was used for
the advection terms. Convergence criteria and coefficient loop
were specified as 1.10~% and 10, respectively.
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e
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400 (.__,.’I /:
200 7 0 15 rn/s
— - 02m/fs
0 T T T T T T T 1
0 025 05 075 1 1.25 15 175 2

Current [A]

Fig. 7. Damper force vs. current excitation varying with piston velocity at
stroke=25 for damper 1.
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5. Test results and validation of the proposed model
5.1. Test results

MR dampers were tested at current of 0 A, 0.25 A, 0.5 A, 0.75 A,
1A, 1.5A, 1.75 A and 2 A. Curves of maximum damper forces vs.
currents at changing values of piston velocity can be seen in Figs.
7-9 and at changing values of stoke can be seen in Figs. 10-12.

As can be seen in Figs. 7-12, damper force varies exponentially
with the applied current. Damper force especially increases
linearly up to 1A, however, this increase decays gradually at
higher excitation currents, i.e., 1.0-2.0 A, which can be attributed

1200 ~
1000 A

800

600

Force [N]

—0.05 m/s

400 + - ==0.1m/s
200 - «0.15 m/s
-+ 0.2m/s
0 T T T T T T T 1

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Current [A]

Fig. 8. Damper force vs. current excitation varying with piston velocity at
stroke=25 for damper 2.
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Fig. 9. Damper force vs. current excitation varying with piston velocity at
stroke=25 for damper 3.
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Fig. 10. Damper force vs. current excitation varying with stroke at piston
velocity=0.05 m/s for damper 1.
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Fig. 11. Damper force vs. current excitation varying with stroke at piston
velocity=0.15 m/s for damper 2.
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Fig. 12. Damper force vs. current excitation varying with stroke at piston
velocity=0.2 m/s for damper 3.
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Fig. 13. Damper force vs. displacement for damper 1.

to the fact that MR damper is magnetically saturated with
increasing excitation current. In short, damper force does not
increase remarkably in current values much larger than 1 A.

Tests of MR dampers were performed for 0.05 m/s, 0.1 m/s,
0.15 m/s and 0.2 m/s of piston velocity. Results of the test exhibit
that damper forces in 0.15 m/s and 0.2 m/s of piston velocity are
very close each other (see Figs. 7-9). It is pointed that the rate of
rise of damper force decreases substantially in larger than 0.15
m/s of piston velocity.

Values of damper force were investigated under magnetic
field, up to 2 A, in 15 mm and 25 mm stroke when piston velocity
was kept constant. One can observe from Figs. 10-12 that up to
0.5 A, damper forces nearly equal each other for 15 mm and
25 mm of stroke. while increasing the current value, the damper
force is separated from each other and larger stoke values gives
larger damper force.



Z. Parlak, T. Engin / International Journal of Mechanical Sciences 64 (2012) 22-31 29

5.2. Validation of the CFD analysis

In this section the CFD analysis model has been verified by
comparing the model results with the experimental data. The
comparisons are presented in Figs. 13-15 as curves of damper
force vs. displacement. It is observed that the predicted values by
CFD model agree well with the measured values. Nevertheless,
because deformed mesh brings with it some handicaps, the
agreement didn’t accrue in desired level. It can be especially seen
at ends of stroke where piston reaches to upper and bottom dead
points at which direction of flow changes. In addition, in order to
minimize dependence of mesh on solution and to get better
solution, very different mesh structures should be carried out
with the same analysis so that dependence of mesh on the
solutions can be determined.
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Fig. 14. Damper force vs. displacement for damper 2.
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5.3. Validation of the quasi-static analysis

Nonlinear equation system consisting of Egs. (23) and (25),
which has two unknowns r, and r,, which determine the plug
thickness, has been solved by the Newton-Raphson method by
using the MATLAB code. After the calculation to be determined
the plug thickness, pressure drop through the annular gap and
damper force can be obtained. Once the equation system had
been solved at certain range of piston velocity up to its maximum
value, damper force can be determined for different piston
velocity, thus quasi-static analysis model has been verified by
comparing the model results with the experimental data. The
comparisons are presented in Figs. 16-18 as curves of damper
force vs. piston velocity. It is observed that the predicted values
by the quasi-static model agree with the measured values, except
in the hysteretic region seen in the curve of force vs. velocity. The
quasi-static flow models can be successfully adapted to design
MR dampers, they unfortunately fail to capture the dynamic
operational behavior of these dampers [17]. Nevertheless, the
model can be successfully adopted to predict the dynamic
operating range of MR dampers.
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Fig. 17. Damper force vs. piston velocity for damper 2.
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Fig. 18. Damper force vs. piston velocity for damper 3.

Table 3
Pressure gradients and plug region thicknesses calculated by Eq. (10).

Damper no. dP/dz (kg/m *s?) Oanalyticar (M)

1 —122,755,010.2 0.5287
—112,538,815 0.5288

3 —102,686,265.3 0.5277
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5.4. Comparisons of plug region thickness

Plug region thickness in Eq. (10) and pressure drop in Eq. (28)
are a function of pressure gradient. In order to calculate plug
region thickness from Eq. (10), pressure gradient should be
known. Pressure gradient is calculated from Eq. (28) at value of
pressure drop that is obtained from Eq. (29). The pressure
gradients and plug region thicknesses (Janaiyricar) €an be seen in
Table 3.

Nondimensional plug region thickness can be calculated by
Eq. (33) depending on the nondimensional Bingham number, then
plug region thickness is obtained by Eq. (34). The results of the
calculation can be seen in Table 4.

Plug region thicknesses can be also calculated by obtainingrg,
starting location of plug region, and r,, ending location of plug
region, by solving numerically of Egs. (23) and (25). In Table 5 can
be seen values r, and r, and plug region thicknesses.

According to comparison of the these three calculations to be
done among each other exhibit that largest deviation is 5.23% and
mean deviation is 1.81%.

The velocity profiles can be seen in Fig. 19, which were
obtained by solving numerically of Egs. (23) and (25) to calculate
plug region thicknesses then velocity profiles specified Eqs. (14)
and (18), occurred in gap consisting of I, Il and III regions. As can
be seen in Fig. 19, for a damper configuration, velocity profiles in
the annular gap that is under magnetic field are calculated. It is
observed while increasing current, plug velocity increases. But,
rising tendency declines by increasing current, the situation can

Table 4
Bi numbers and plug region thicknesses calculated by Eq. (34).

Damper no. Bi dpi (mm)
1 248.22 0.5269
2 227.62 0.5240
3 207.28 0.5206

Table 5
e and r, and plug region thicknesses obtained by Eqgs. (23) and (25).

Damper no. T (Mmm) rp (Mmm) Onumericar (M)
1 11.937 12.461 0.5245
2 11.945 12.453 0.5085
3 11.945 12.453 0.5085
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Fig. 19. Velocity profiles depending on current excitations for damper 1 at 0.05 m/s
of piston velocity.

be explained with saturation of the damper. The saturation
obviously can be seen after 1A.

6. Conclusions

One of the purposes of the study was to examine effect of
piston velocity and stroke of MR damper on the damper perfor-
mance. In addition, CFD analysis were performed with transient
and deformed mesh to simulate movement of piston head in the
damper considering non-Newtonian regions in the annular gap
due to exposed magnetic field on the MR fluid. On the other hand,
a quasi-static model was proposed to calculate damper force and
specified plug thickness in the annular gap. Three MR dampers
were manufactured and tested to confirm the quasi-static and
CFD model in the study.

A series of tests was conducted for each MR damper to obtain
the dynamic response of the damper by varying the applied
current from O to 2 A in increments of 0.25 A, while maintaining
the piston velocity and stoke at constant levels. The tests were
carried out at velocity of 0.05 m/s, 0.1 m/s, 0.15 m/s and 0.2 m/s
and at stroke of 15 mm and 25 mm. Results showed that damper
force especially increases linearly up to 1 A, however, this rising
decays gradually at higher currents between 1 A and 2 A due to
saturation. In addition that damper force was very close each
other in 0.15 m/s and 0.2 m/s of piston velocity. It was observed
that the rate of increase of damper force decreases substantially
in larger than 0.15 m/s of piston velocity. Up to 0.5 A, damper
forces were occurred at very close values for 15 mm and 25 mm
of stoke, while increasing the applied current, test performed at
larger stoke provided bigger damper force.

Thanks to the CFD analysis that performed with deformed
(moving) mesh and transient, rebound and compression move-
ment of piston could be modeled in real work principle of the
damper. Moreover, flow magnitudes (flow velocity, pressure,
dynamic viscosity, temperature shear rate etc.) in any position
of the piston could be obtained easily. In the CFD analysis, the
Bingham plastic model was employed to model the non-
Newtonian region, which is exposed to magnetic field, in the
gap. Value of yield stress in Bingham plastic model varying to
current excitation was obtained from magnetic flux density by
converting to yield stress using the equation that gives relation-
ship between magnetic flux density and yield stress. Also, be able
to catch up non-Newtonian regions in the gap for any time in
moving mesh, CCL expressions were written in ANSYS CFX. CFD
analyses were performed for three dampers specified and the
results of these analyses were compared to experimental data.
A good agreement for curves of damper force-displacement has
been observed between the experimental and simulated data.
Nevertheless, because of handicaps of deformed mesh, the agree-
ment has not got in desired levels.

In the study a quasi-static model based on Navier-Stokes
equations was proposed by assuming that regions exposed
magnetic field behave in accordance with Bingham plastic model.
Pressure drop through the annular gap was obtained in terms of
MR fluid properties, MR damper geometry and volume flow rate.
Pressure gradient is a key parameter to get plug thickness that
characterizes non-Newtonian flow in the annular gap. Radius of
starting and end point of the plug region in reference to centerline
of the damper, which are two unknowns in the nonlinear
equation system that enabled to solve by the Newton-Raphson
method using the MATLAB code, could be calculated to determine
the plug thickness. Thus, pressure drop through the annular gap
and damper force could be obtained. Once the equation system
had been solved at certain range of piston velocity up to its
maximum value, curves of damper force-piston velocity could be
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plotted. The results were compared to experimental ones and a
good agreement was seen excepting hysteresis behaviors that
arise from inherent of quasi-static analysis.

Plug thicknesses obtained from the quasi-static analysis pre-
sented in the study were compared to ones calculated from
Wereley and Pang [1] model depended to dimensional Bi number
and an analytical method presented firstly in the study. The
results showed that mean deviation among the calculations
became as 1.81%. Also, the quasi-static model and the analytical
method will be able to used to calculate the plug thickness in
future. In addition, velocity profiles in the annular gap were
depicted for various currents, it was observed that plug thickness
and velocity increased by increasing of current. Rate of the rising
decreased together with increasing of current especially bigger
than 1 A due to saturation.
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