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a b s t r a c t

In the last decade many researchers have been carried out on semi-active control systems, a large number
of academic publications have been presented. Semi-active control systems which are used the magnetic
field controlled fluid have been shown significant improvements by the researchers. In the study, a design
optimization method that has been carried out for the objectives of target damper force and maximum
magnetic flux density of an MR damper has been presented. Finite element methods, electromagnetic
analysis of magnetic field and CFD analysis of MR flow, have been used to obtain optimal value of design
parameters. The new approach that is use of magnetic field and MR flow together and simultaneously has
specified optimal design values. Two optimal design of MR damper obtained have been verified with
experimental study by manufacturing and testing of the dampers.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Semi-active controllable devices with magnetorheological (MR)
fluid have drawn significant attention especially in transportation
vehicles, building suspensions and biomedical applications in the
last two decades owing to their unique advantages. MR fluids are
suspensions of magnetically polarizable particles with a few
microns in size dispersed in a carrying liquid such as mineral or
silicon oil.

Recently, some studies in literature have been focused on the
modelling and control strategy of MR devices. Design methods that
can decrease the cost and the manufacturing period and improve
the performance have been more important. Many factors need
to consider in developing of MR damper to obtain optimal designs,
which makes the problem very challenging when using conven-
tional optimization methods.

Wereley and Pang [1] developed a quasi-static model based on
the Bingham plastic model. They characterized the damper perfor-
mance using the control ratio that depends on nondimensional
numbers, which are the Bingham number and ratio of plug thick-
ness. Felt et al. [2] and Dimock et al. [3] observed that the Bingham
plastic model is inadequate to describe the shear-thinning flow that
is seen in MR fluid. Hesselbach and Abel-Keilhack [4] implemented
flow simulations of the MR fluid using three flow models consisting

of the Bingham, the Herschel–Bulkley and the Bi-Bingham. Wang
[5] carried out analytical flow analysis of the MR fluid devices using
the Herschel–Bulkley model. Wang and Gordaninejad [6] improved
a model to calculate pressure through pipes and parallel plates in
which the MR fluid flows. Yasrebi et al. [7] presented an electromag-
netic and flow finite element analysis of a MR damper using ANSYS
codes. They modelled only the annular gap that is between cylinder
and piston head, where is subjected the magnetic field, in the flow
analysis. Widjaja et al. [8] developed a mathematical model based
on the Herschel–Bulkley model to describe flow characteristic that
cannot be obtained as experimentally. They showed thanks to the
model that the gap size of less than 1 mm causes a significant in-
crease of the damper force. Ericksen and Gordaninejad [9] presented
a theoretical fluid mechanics-based model to predict the controlla-
ble damping force in terms of the physical parameters of the device,
the MR fluid properties, the electromagnetic circuit parameters, and
the input motion for semi-active suspension systems of off-road
motorcycle. Li and Du [10] investigated yield stress of a MR brake
system experimentally based on Bingham Plastic model. Ellam
et al. [11] investigated two-dimensional steady isothermal flows
of a Bingham plastic fluid between two plates, one moving and
the other stationary. A commercial CFD package was used to verify
for similar flows in more complex situations including heat transfer,
electrical conductance, thermal and shear rate effects on fluid prop-
erties, and unsteady motion. Susan-Resiga [12] presented blending
rheological model of a MR fluid that is related to Newtonian and
non-Newtonian behaviours at very low shear stress and large shear
stress, respectively. The Herschel–Bulkley model was used for value
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of large shear stress where the suspension displays a shear-thinning
behaviour. The model parameters allow the identification of a yield
point, which MR fluid passes to non-Newtonian type from Newto-
nian type, on the flow curve (shear stress vs. shear rate). They ex-
plained that their model could be used in regular CFD codes to
compute the MR fluid flow in practical applications.

Hitchcock [13] found performing a 3D FEM analysis, and re-
ported that the magnetic field direction should be perpendicular
to the MR fluid flow direction. Zhang et al. [14] proposed a design
method for the MR dampers based on FEM. They showed by exper-
imental verification, the damper force was effectively scaled by the
magnetic design. Nguyen et al. [15] applied the optimal design
model for single-coil, two-coil, three-coil and radial–annular types
of the MR valves constrained in a specified volume. They found
that two-coil MR valve provided the best value of valve ratio while
the annular–radial type provides the best pressure drop at the
optimal design parameters. Nguyen et al. [16] proposed a similar
model for the MR valve but considering the control energy as well
as the time response. Nguyen and Choi [17] extended the previous
research works [15,16] to vehicle MR dampers considering an ad-
vanced objective function which includes the damping force, the
dynamic range, and the inductive time constant altogether. Also,
Nguyen and Choi [18] presented an optimal design of a MR shock
absorber based on FEM. The MR shock absorber was constrained in
a specific volume and the optimization problem identified the geo-
metric dimensions of the shock absorber that minimize a multi-
objective function. They determined the optimal values for the coil
width, flange thickness, piston radius and gap width. Yang et al.
[19] introduced an MR smart structure design method. In their
optimization procedure, the objective function was selected as
the damping force, and the volume fraction, target time constant,
magnetic field intensity, wire winding turns, lost power were cho-
sen as constraints. They determined the optimal values of for
damping force, the magnetic field intensity, time constant and lost
power for various wire winding turns at constant cylinder diame-
ter, length and gap. Karakoc et al. [20] worked on design consider-
ations for building an automotive MR brake. They performed a FEM
analysis to analyses the resulting the magnetic circuit and heat dis-
tribution within the MR brake and a design optimization procedure
to obtain optimal design parameters that can generate the maxi-
mum braking torque in the brake. Grunwald and Olabi [21] pre-
sented the parametrical analysis, which is used optimization
purpose, with magnetic simulations of a MR valve and a MR orifice.
Based on the analyses they designed, fabricated and tested the
devices.

In our brief study [22] was dealt with the geometrical optimiza-
tion of an MR shock damper using the Taguchi method. Four
parameters were specified for the optimization and dynamic range
to be desired at maximum value was target value. It was per-
formed the analysis using analytical equations instead of experi-
mental study.

The present study deals with a new optimization strategy of an
MR damper based on the Finite Element method (FEM), electro-
magnetic analysis of magnetic field and CFD analysis of fluid flow
are used to obtain optimal value of design parameters. Unlike the
existing optimization methods, this approach can specify optimal
value of parameters by using a magnetic field and MR flow to-
gether and simultaneously. Thus, physics of magnetic field and
fluid flow of MR damper are considered in the optimization meth-
od. Two objectives, a target damper force and maximum magnetic
flux density, are determined to get the optimal values in FEM anal-
yses. The finite element analyses are realized with ANSYS v12.1,
which is also used for optimization tool, as three-dimensional in
the study. The main contribution of the study is to propose a
new approach to optimize of an MR device that use of FEM analy-
ses of the magnetic field and fluid flow together and simulta-

neously. When applied a current excitation on MR damper,
distribution, direction and magnitude of the magnetic field are
specified by the finite element analysis. Values of the magnetic
field intensity convert to values of the yield stress to use in the flow
analysis. CFD analysis in the study that is implemented with de-
formed (moving) mesh approach by taking into consideration
movement of the piston. While moving piston, numerical and vi-
sual results of fluid flow in the MR damper are obtained by the
CFD analysis, then damper force can be calculated. In addition, in
the CFD analysis, non-Newtonian flow in the annular gap of piston
head of the MR damper due to the magnetic field is modelled using
the Bingham CFD model by taken into consideration piston posi-
tion due to moving firstly presented in the study. The optimal dam-
per configurations obtained after the optimization study are
manufactured and tested.

2. MR fluids

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 a unique feature of magnetic-
field controllability of the flow of MR fluids. The chains form causes
about 50 kPa of yield stress depending on type of MR fluids in a few
millisecond, the case creates a resistance against the fluid flow.

If a force is applied on the chains form, the shape of the form
changes in terms of magnitudes of the force and magnetic field.
The pressure reaction on MR fluid is called ‘‘MR effect’’. In Fig. 1
as can be seen that the particles are scattered randomly in the li-
quid carrier, when magnetic field applied, the particle array in
the direction of the magnetic flux lines to resist the flow
(Fig. 1b), and the chains form is changed in term of force applied
to the particles (Fig. 1c).

Properties of hydrocarbon-based MR fluid product
(MRF-132DG) used in the study can be seen Table 1 [23].

2.1. Flow models of MR fluid

MR fluid can be modelled by nonlinear models such as the Bing-
ham plastic.

The Bingham plastic model;

s ¼ syðBÞsgnð _cÞ þ lp
_c jsj > sy

_c ¼ 0 jsj < sy

ð1Þ

where s is shear stress, _c (du/dr) is shear rate, sy (B) is yield stress
changing with magnetic flux intensity, lp is plastic viscosity inde-
pendent on magnetic field.

Behaviours of the MR fluid when active in other words under
the magnetic field in the gap, the fluid acts like a rigid body below
dynamic yield stress considering the Bingham plastic model. This
plug region is called the 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 the post-yield region and then the fluid
acts like a viscous fluid. The pre- and post-yield regions are shown
in Fig. 2 with the velocity profile. As can be seen in Fig. 2, the veloc-
ity profile is divided into three regions: Region I and III denote the
post-yield regions and Region II denotes the pre-yield region [24].
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3. MR damper

MR dampers have attracted the interest of researchers because
of their variable damping feature, mechanical simplicity, low
power consumption, fast response and complying with electronic
control.

Fig. 3 shows a schematic for the prototyped the MR damper
consisting of two chambers in the cylinder separated by a sliding
piston. A section of the piston head is filled with MR fluid, and
the other section is an accumulator, which is for compensating
the volume changes induced by the movement of the piston rod
to the up and down, is filled with the pressurized nitrogen gas.
While moving the MR damper’s piston rod, the fluid flows the
other side of piston head through the annular gap. Inside the piston
head, a coil is located and coil wire used for winding is heat-resis-
tant and electrically insulated. When electrical current is applied to
the coil, a magnetic field occurs around the piston head.

The controllability of the MR damper is provided by varying the
excitation current. When the MR fluid is activated a plug region
occurs in the gap, the remaining unbound fluid does great shear
force that causes a pressure drop though the gap that is energy loss
due to the magnetic field and viscosity.

Typically, the MR devices have generally one annular gap
through which fluid is forced, but this is not a strict constraint.
In numerous papers single rectangular and annular ducts and con-
centric multiple annular gaps were employed in the devices. The
fail-safe design feature is accomplished by selecting appropriate

Fig. 2. Velocity profiles across the annular duct.

Fig. 1. MR effect.

Table 1
Properties of MRF-132DG.

Property Value/limits

Base fluid Hydrocarbon
Density 3090 (kg/m3)
Coefficient of thermal expansion
0–50 (�C) 5.5e�4
50–100 (�C) 6.6e�4
100–150 (�C) 6.7e�4
Specific heat at 25 (�C) 800 (J/kg K)
Thermal conductivity 25 (�C) 0.25–1.06 (W/m K)
Viscosity 0.09 (±0.02) Pa s

Fig. 3. Schematic for the prototyped MR shock damper.
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channel flow geometry to obtain the minimum required viscous
(passive) damping force at zero magnetic field [13]. Rosenfeld
and Wereley [25] assumed that the off-state damping requirement
had been fixed (e.g., by safety requirements for minimum damp-
ing), and that the damper should achieve the greatest possible
on-state damping.

In the study, a damper with one-coil, annular gap and volume-
constrained was used by also considering manufacturing simplifi-

cation. However, the gap width, active flange length, piston head
housing thickness, radius of piston core, coil width, gap length,
and coil wire diameter were specified as variables to obtain opti-
mal damper geometry.

3.1. Controllable force and the dynamic range

The total force generated by an MR damper consists of three
components: viscous force (uncontrollable force) due to the vis-
cous effects Fl, friction force Ff and field dependent force (control-
lable force) Fs due to magnetic field [26].

F ¼ Fl þ Fs þ Ff ð2Þ

where

Fl ¼ upðAp � ArÞ
6lpLAp

pR1g3 ð3Þ

Fs ¼ 2c
t
g

ApsysgnðupÞ ð4Þ

where up is piston velocity, Ap is cross-section area of the piston
head, Ar is cross-section area of piston road, lp is plastic viscosity,
L is the annular gap length of the piston head, R1 is the average ra-
dius of the annular gap, g is annular gap width, t is active (pole)
length exposed to the magnetic field, c is the coefficient that de-
pends on the flow velocity profile and sy is yield stress that function
of magnetic field intensity. Dynamic range, D, is defined as the ratio
of the total damper force to the uncontrollable force:

(a) (b)
Fig. 4. (a) B–H curve of C1010 steel (b) B–H curve of MRF-132DG.

Fig. 5. Steps of calculation of magnetic flux density.

Fig. 6. Geometrical sizes of the piston head.
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D ¼ 1þ Fs

Fl þ Ff
ð5Þ

The dynamic range is introduced to evaluate the overall perfor-
mance of an MR damper: D is desired as large as possible to
maximize the effectiveness of an MR damper. Parameters such
as the piston radius, the yield stress, pole length and the gap
width will play an important role in searching for the right
design.

The magnetic circuit design provided changes in the yield stress
of the MR fluid is one of the most important stage in the design
considerations of an MR damper. In this study, MRF-132DG from
Lord Corporation was used. By applying the least-squares curve fit-
ting method to the fluid property specifications [27] the yield
stress is determined to be

sy ¼ 52:962B4 � 176:51B3 þ 158:79B2 þ 13:708Bþ 0:1442 ð6Þ

Fig. 7. Meshes of the piston head.

Fig. 8a. Magnetic flux density.

Fig. 9. The steps for fluid flow.

Fig. 10. Mesh and boundaries of computational domain.

Fig. 8b. Directions of magnetic flux.

Table 2
Value of magnetic flux density and yield stress.

g (mm) t (mm) dk (mm) I (A) W (mm) Nc B (T) sy (Pa)

0.6 5 0.45 1 4.9 220 0.563 32.02
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In Eq. (6), the unit of the yield stress sy is kPa while that of the mag-
netic flux density is Tesla (T). The magnetic flux density of the MR
fluid can be approximated by Nguyen and Choi [28]

B ¼ l0NcI
2 g

lr;m

ð7Þ

where l0 is the magnetic permeability of free space, I is current, lr,m

is the relative permeability of MR fluid. Nc is number of coil turns.
Low carbon steels that have a high magnetic permeability and

saturation are desired to design the magnetic circuit of the MR sys-

Fig. 11. Bingham CFD model.

Fig. 12. Variation of pressure on a plane at 0.36 s.

Fig. 13. Dynamic viscosity on a plane at 0.26 s.

Fig. 14. Variation of temperature on a plane at 1.12 s.

Fig. 15. Streamlines at 0.45 s.
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tems. In the study, low carbon steel C1010 steel was used in the
cylinder, coil housing and piston head materials. B–H (Magnetic
flux density–Magnetic field intensity) curves of the C1010 [29]
and the MRF-132DG [23] can be seen in Fig. 4.

4. Calculation of magnetic flux density using finite element
method

The MR damper is shaped to guide the magnetic flux axially
through the bobbin, across the bobbin flange (active pole) length
and gap at one end, through the flux return, and across the gap
and bobbin flange again at the opposite end. The fluid volume
through which the magnetic field passes is defined as the active
volume. The MR effects only occur within the active volume. For

most effective dampers, it is needed to have a high magnetic flux
density passing through a large active volume.

Fig. 16. Optimization study for magnetic field analysis.

Fig. 17. Optimization study for CFD analysis.

Table 3
Lower and upper boundaries of the parameters.

Parameter LB UB

Flange length (t) 2 mm 7 mm
Gap width (g) 0.4 mm 1.2 mm
Piston head housing thickness (gh) 1.5 mm 2.5 mm
Radius of piston core (Rc) 6 mm 8 mm
Gap length (L) 18 mm 22 mm
Number of coil turns (Nc) 100 mm 581 mm
Current (I) 0 A 2 A
Radius of piston head (R) 14.5 mm
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Magnetic flux density in dampers was calculated by FEM anal-
ysis that realized by Magnetostatic tool in ANSYS v12.1. A 45� slice
of this computational domain was modelled for computational
time reduction, and assuming the magnetic flux to be axi-
symmetric.

The steps to calculate of magnetic flux density can be seen in
Fig. 5.

Geometrical parameters of the piston head can be seen Fig. 6.
Where g is gap width, t is flange (pole) length, gh is piston head
housing thickness, W is coil width, L is gap length, R is radius of pis-
ton head, Rc is radius of piston core, e is epoxy thickness.

According to varying damper dimensions, computational do-
main consists of about 90,000 nodes and 64,000 tetrahedral vol-
ume elements to solve magnetic analysis (see Fig. 7).

4.1. Results of magnetic field analysis

A damper configuration specified for initial analysis was per-
formed and obtained magnetic flux density (B) at a point in the
gap and B was converted to yield stress (sy) by Eq. (6) as can be
seen in Table 2. Visualized results of the magnetic analysis can
be seen in Fig. 8. Intensity of the magnetic flux density in the core

Fig. 19. Magnetic flux density vs. flange length.

Fig. 18. Magnetic flux density vs. applied current.

Fig. 20. Magnetic flux density vs. gap width.

Fig. 21. Magnetic flux density vs. piston head housing thickness.

Fig. 22. Magnetic flux density vs. radius of piston core.

Fig. 23. Magnetic flux density vs. gap length.
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of the piston head can be seen in Fig. 8a, while closing to edge the
intensity decreases due to turn the effect of the magnetic circuit.
Magnetic flux density of MR fluid in the annular gap under mag-
netic field can be seen in Fig. 8a and b.

5. Finite element analysis of fluid dynamic of MR damper

CFD analysis was carried out CFX tool of ANSYS v.12.1. For com-
putational time reduction, and assuming the fluid flow to be axi-
symmetric, a 45� slice of the computational domain was modelled.
CFD analysis was realized by moving (deformed) mesh and tran-

sient methods. Movement of the piston in the cylinder could be
simulated due to the moving mesh. The damper force–velocity
and damper force–displacement curves were obtained by the tran-
sient method so that to compare with experimental data. Regions
not under magnetic field (Newtonian) within the gap in parallel
to coil and the regions under magnetic field (non-Newtoinan)
within the gap in parallel to flange could be defined by CCL’s –
CFX Command Language – expressions depending on time in the
same computational domain. While moving the piston in the do-
main, it can be specified with the CCL expressions whether a node
is in the active region or not.

The steps to realize of CFD analysis can be seen in Fig. 9.

Fig. 24. Magnetic flux density vs. number of coil turns.

Fig. 25. Surface from magnetic flux density, gap width and flange length.

Fig. 26. Damper force vs. yield stress.

Fig. 27. Damper force vs. flange length.

Fig. 28. Damper force vs. gap width.

Fig. 29. Surface by damper force, gap width and flange length.
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According to varying damper dimensions, a computational do-
main consists of about 6200 nodes and 25,000 tetrahedral volume
elements. The mesh and the boundaries can be seen in Fig. 10.
Moving parts of the damper, piston and sliding piston, were taken
into account while creating the mesh.

Non-Newtonian regions in the gap were described by setting
viscosity as material properties on CFX-Pre. The Bingham viscosity
is expressed as a variable in the CFD analysis using Bingham CFD
model [30] based on Bingham plastic model (see Eq. (1)).

lB ¼
sy;k

_c
þ lp for _c � _ck

lB ¼ ls for _c < _ck

ð8Þ

In Eq. (8) and Fig. 11, sy,k is yield stress defines the transition to non-
Newtonian region. ls is high (solid-type) viscosity, _ck is a critical
shear rate and is starting point of transition to non-Newtonian from
Newtonian.

In pre-yield region viscosity is solid-type viscosity (ls) in the
Bingham CFD model. After the critical shear rate or critical yield
stress is exceeded viscosity decreases to value of the plastic viscos-
ity (Fig. 11). lB approaches infinity at low shear rates.
ls > 100 � 1000 times the plastic viscosity lp then a high degree
of computational precision is achieved [30]. In the study, it was de-
fined as ls = 100 � lp in our CFD model.

The angular velocity and frequency are as follows.

x ¼ umax

Smax
ð9Þ

f ¼ x
2p

ð10Þ

The total time for a cycle of the piston can be calculated as
follows.

ttotal ¼
1
f

ð11Þ

Sinusoidal movement and velocity of the piston are calculated
with the equations following:

S ¼ Smax � Smax � cosðxtsÞ ð12Þ

up ¼ umax � sinðxtsÞ ð13Þ

where ts is time step and analyses have been realized using the time
step until reaching ttotal. In the study, time step, stroke and velocity
were taken as 0.01 s, 0.0125 m, and 0.05 m/s, respectively.

5.1. Results of the CFD analysis

Some CFD results can be seen in Figs. 12–15. In Fig. 12, variation
of pressure in the MR damper at 0.36 s while the piston is moving
in the direction of compression can be seen, pressure drop has oc-
curred notably in the annular gap. The dynamic viscosity through-
out the active length exposed magnetic field has reached to
approximately 1000 Pa s (see Fig. 13). Minimal variation of tem-
perature due to viscous effect that is considered as a heating effect
in the CFD analysis can be seen Fig. 14. Velocity of the inactive re-
gion in the annular gap is higher than those of active region as can
be seen on velocity streamlines in Fig. 15.

Table 4
Optimal parameters for maximum B.

t (mm) g (mm) gh (mm) Rc (mm) L (mm) Nc dk (mm) I (A) B (T)

Candidate damper 1 2.34 0.52 2.22 7.90 21.60 498 0.3 0.5 0.827
Candidate damper 2 2.21 0.55 2.08 7.96 20.97 432 0.32 0.56 0.818
Candidate damper 3 3.04 0.44 2.14 7.71 21.91 292 0.4 0.4 0.594

dk: Maximum coil wire diameter for the number of coil turns.

Table 6
Optimal geometry 1.

t (mm) g (mm) gh (mm) Rc (mm) L (mm) Nc dk (mm) I (A) B (T) sy (Pa) F (N)

3 0.44 2.1 7.7 21.9 292 0.4 0.4 0.594 33,913 1080

Table 5
Damper forces from CFD analysis.

B (T) sy (Pa) F (N)

Candidate damper 1 0.827 45,019 894
Candidate damper 2 0.818 44,708 830
Candidate damper 3 0.594 33,913 1080

Table 7
Lower and upper boundaries of the parameters.

Parameter LB UB

Flange length (t) 2 mm 7 mm
Gap width (g) 0.4 mm 1.2 mm
Yield stress (sy) 0 Pa 50,000 Pa

Table 8
Optimal parameter for 1000 N damper force.

g (mm) t (mm) sy (Pa) F (N)

Objective No No Minimum 1000 N
Candidate damper 4 0.52 6 28,208 1045.7

Table 9
Magnetic flux density, number of coil turns and current.

sy (Pa) B (T) Nc dk (mm) I (A)

Candidate damper 4 28,208 0.504 175 0.45 1.6

Table 10
Optimal geometry 2.

t (mm) g (mm) Nc dk (mm) I (A) B (T) sy (Pa) F (N)

6 0.52 187 0.45 1.6 0.504 20,208 1045.7

Z. Parlak et al. / Mechatronics 22 (2012) 890–903 899
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6. Optimization with FEM of magnetic field and fluid dynamic

Optimization method that would be carried out by experimen-
tal data has accompanied manufacture difficulty and high cost. A

large number of parameters that would be specified to find optimal
geometry require the manufacturing of many dampers and then it
becomes more costly. Because of the constraints, optimum geom-
etry has been searched by numerical methods in the study. The
optimization strategy can be seen schematically in Figs. 16 and
17 for electromagnetic and CFD, respectively.

6.1. Optimization study with magnetic field analysis

In the analysis, the values of parameters that would be yielded
maximum magnetic flux density are evaluated as optimal damper
geometry. Multi objective genetic algorithm (MOGA) was used in
ANSYS Goal Driven Optimization tool as optimization algorithm.
The design parameters were searched between lower and upper
boundaries as can be seen Table 3.

Seventy-nine sample solutions were realized by ANSYS then the
curves of magnetic flux density vs. one of the parameters while
keeping constant other parameters could be plotted between the
lower and upper boundaries (Figs. 18–29). The magnetic flux den-
sity, which changes with the applied current exponentially, espe-
cially increases linearly up to 1 A, however, this rising decays
gradually between 1 A and 2 A due to saturation (Fig. 18). The
flange length through which flux lines pass to perpendicular to
the flow direction that causes a field-dependent resistance on the
MR flow is critical size. Because it is necessary to keep the mag-
netic flux density constant throughout the circuit, any magnitude
of the magnetic field has to also pass in smaller flange length that
cause bigger magnetic flux density on the MR fluid in the gap
(Fig. 19). The magnetic flux density is inversely proportional to
the gap width in Fig. 20 and it can be seen parallel in the Eq. (7).
The magnetic flux density remains insensitive as from 2 mm of
piston head housing thickness (Fig. 21). The magnetic flux density
changes almost linearly with radius of piston core, however the to-
tal value of the increasing is about 0.04 T, which corresponds to
increasing of 2 mm of the radius of the piston core (Fig. 22). As
can be seen in Fig. 23 the gap length has a significant effect on
the magnetic flux density, increasing of approximately 3 mm of
the gap length gets increasing of approximately 0.6 T of magnetic
flux density. The number of coil turns has an exponential effect
on magnetic flux density can be seen Fig. 24.

6.1.1. Optimal parameters obtained by magnetic field analysis
Optimal design parameters, which provide targeted maximum

magnetic flux density, suggested by ANSYS as three candidate
dampers can be seen in Table 4.

The magnetic flux density of the candidate dampers was con-
verted to yield stress using Eq. (6) and the values of the yield stress
together with values of gap width and flange length in Table 4 have

Fig. 30. The test machine with the damper under test.

Fig. 31. Manufactured optimal dampers.

Fig. 32. Damper force vs. displacement by comparison with experimental data and CFD analysis for optimal damper 1.
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been employed to CFD to obtain damper force under the optimal
conditions (Table 5).

It can be seen in examining of the candidate damper that the
candidate damper 1 and 2 cannot be close to the desired damper
force, 1000 N. Besides providing desired damper force the candi-
date damper 3 that can be realized with less the applied current
and the magnetic flux density than the others is specified optimal
damper in the optimization study of magnetic field analysis (see
Table 6).

6.2. Optimization study with CFD analysis

In the analysis, the values of parameters that would be yielded
targeted damper force, 1000 N, are evaluated as optimal damper
geometry. Multi objective genetic algorithm (MOGA) was used in
ANSYS Goal Driven Optimization tool as optimization algorithm.

The design parameters were searched between lower and upper
boundaries as can be seen Table 7.

Fifteen sample solutions were realized by ANSYS and then
curves of damper force vs. one of the parameters while keeping
constant other parameters between the lower and upper bound-
aries (Figs. 26–28). In Fig. 26 can be seen that while increasing
the yield stress damper force increases linearly up to 30,000 Pa
of the yield stress, however, this rising decays gradually at higher
the applied current between 30,000 Pa and 40,000 Pa, after the va-
lue damper force decreases due to saturation. In little values of
flange length give lower damper force expectedly from Eq. (4), it
implies that controllable force increases with flange length
(Fig. 27). According to Eq. (3) increasing of gap width decreases
damper force as validation in Fig. 28 from CFD analysis. However,
increasing of the damper force is related to uncontrollable force,
this is not desirable.

(a) (b)
Fig. 33. Curves of (a) Damper force vs. displacement and (b) Damper force vs. velocity of optimal damper 1 for currents of 0 A, 0.2 A, 0.8 A, 1.2 A, 1.6 A, 2.0 A.

(a) (b)
Fig. 35. Curves of (a) damper force vs. displacement and (b) damper force vs. velocity of optimal damper 2 for currents of 0 A , 0.4 A, 0.8 A, 1.2 A, 2.0 A.

Fig. 34. Damper force vs. displacement by comparison with experimental data and CFD analysis for optimal damper 2.
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6.2.1. Optimal parameters obtained by CFD analysis
Optimal design parameters, which provide targeted damper

force, suggested by ANSYS can be seen in Table 8.
Yield stress of the candidate damper is converted to mag-

netic flux density using Eq. (6). The yield stress and current
and the number of coil turns calculated by keeping constant
gh (2 mm), Rc (7 mm), L (22 mm) and dk (0.45 mm) can be seen
in Table 9.

Candidate damper 4 was selected as optimal geometry (see Ta-
ble 10).

7. Confirmation of the optimization studies

Two optimal dampers specified the FEM analyses were manu-
factured and tested to validate the values of damper forces (see
Fig. 31). The dampers were tested on shock machine Roehrig
MK-2150. The shock machine has its own software (SHOCK 6.3)
to collect data which curves are force vs. time, force vs. velocity,
and force vs. displacement. A programmable power supply
(GWinstek PPE 3223) was used to feed current to coil of the MR
dampers (see Fig. 30).

The test results are compared with the results of CFD analysis in
Figs. 32 and 34 for optimal geometry 1, and optimal geometry 2,
respectively. A good agreement has been observed between the
experimental and simulated data.

In addition to, curves of damper force vs. displacement and
damper force vs. velocity at some values of current for the Optimal
damper 1 and Optimal damper 2 can be seen in Figs. 33 and 35,
respectively. As can seen in Fig. 33, damper force at 1.6 A is slightly
greater than the one at 2 A for optimal damper 1 due to saturation
and high temperature that arises at high current values and affects
damper performance negatively.

8. Conclusion

The purpose of the study was to optimize MR damper geomet-
rically in accordance with two objectives, target damper force as
1000 N and maximum magnetic flux density. The optimization
studies were carried out by finite element method using electro-
magnetic and CFD tools of ANSYS v12.1. The FEM analyses were
employed to get desired optimal values in ANSYS Goal Driven Opti-
mization tool. Values of optimal of the design parameters of the
MR damper were searched between lower and upper boundaries
in both electromagnetic and CFD analyses. The parameters were
geometrical magnitudes, current excitation and yield stress.

In the electromagnetic analysis gap width, flange length, gap
length, piston head housing thickness, radius of piston core, the
number of coil turns and the applied current were selected as de-
sign parameters to be able to get maximum magnetic flux density.
The values were used in CFD analysis to obtain damper force under
optimal conditions. Optimal damper was specified as g = 0.44 mm,
t = 3 mm, I = 0.4 A and under these conditions damper force be-
came 1080 N.

In the CFD analysis gap width, flange length and yield stress
were selected as design parameters to be able to get targeted dam-
per force with their optimal values. The values were used in elec-
tromagnetic analysis to obtain magnetic flux density, the number
of coil turns and the applied current. Optimal damper was deter-
mined as g = 0.52 mm, t = 6 mm, I = 1.6 A and under these condi-
tions damper force became 1045.7 N.

The analysis method can be described briefly as follows; Opti-
mal parameters obtained electromagnetic analysis were employed
in CFD analysis thus damper force could be calculated. Similarly,
optimal parameters obtained CFD were employed in electromag-

netic analysis thus magnetic flux density, the number of coil turns
and the applied current could be calculated.

Thanks to the CFD analysis performed with deformed (moving)
mesh and transient method, rebound and compression movement
of piston could be modelled as in real work of the damper. In addi-
tion to, flow magnitudes (flow velocity, pressure, dynamic viscos-
ity, temperature shear rate, etc.) at any position of the piston
could be obtained easily. In the CFD analysis, Bingham plastic mod-
el was employed to model flow of non-Newtonian region. Value of
yield stress in Bingham plastic model varies with the applied cur-
rent was obtained by magnetic flux density, which is converted to
yield stress. Also, to be able to catch up non-Newtonian regions in
the piston head for any time in moving mesh, CCL expressions
were written in ANSYS CFX.

Optimal damper configurations obtained at the end of FEM
analyses were manufactured and then tested. Test results showed
that the optimal dampers have provided to the expected damper
force and that a good agreement has been observed between the
experimental and simulated data.

A new method was presented to get the optimal design of MR
damper with the finite element analyses. The method that uses
both electromagnetic and CFD can be determined optimal design
parameters of a MR damper getting damper force desired and max-
imum magnetic field that provides maximum controllability of the
MR damper.
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