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ABSTRACT

This paper presents an optimal design of a magnetorheological(MR) fluid-based mount(MR mount) 
that can be used for to vibration control in diesel engines of ships. In this work, a mount that uses 
mixed-modes(squeeze mode, flow mode, and shear mode) is proposed and designed. To determine 
the actuating damping force of the MR mount required for efficient vibration control, the excitation 
force from a diesel engine is analyzed. In this analysis, a model of a V-type engine is considered. 
The relationship between the velocity and pressure of gas in terms of the torque acting on the pis-
ton is derived. Subsequently, by integrating the field-dependent rheological properties of commercially 
available MR fluid with the excitation force, the appropriate size of the MR mount is designed. In 
addition, to achieve the maximum actuating force under geometric constraints, design optimization is 
undertaken using the ANSYS parametric design language software. Through magnetic density analy-
sis, optimal design parameters such as the bottom gap and radius of coil are determined.

요  약

이 논문은 선박용 디젤엔진의 진동제어에 적용할 수 있는 MR 유체기반 마운트(MR 마운트)의 

최적설계를 제시한다. 이 연구에서는 압착모드, 유동모드, 전단모드를 포함하는 혼합모드가 제안되

었고 설계되었다. 효과적인 진동제어를 위하여 요구되는 MR 마운트의 작동 댐핑력을 결정하기 

위하여 디젤엔진의 기진력이 분석되었다. 이 분석에서 V-type엔진이 고려되었으며 피스톤의 토크

에서의 속도와 가스압력간의 관계를 유도하였다. 결과적으로 상업적으로 이용 가능한 MR 유체의 

장의존적 유동특성과 기진력을 통합함으로써 적절한 MR 마운트의 크기가 설계되었다. 게다가 기

하학적 제한조건이 고려된 최대 구동력을 얻기 위해 ANSYS를 이용하여 최적설계가 수행되었다. 
자기밀도분석을 통해 바닥간격과 코일의 반지름과 같은 최적설계변수가 결정되었다. 
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1. Introduction

A mount is normally used to support an object 
and suppress vibration. There are many types of 
mounts such as passive, active, and semi-active 
mounts. Semi-active mounts such as magneto-
rheological(MR) mounts can be used to isolate vi-
bration at low frequency ranges where diesel en-
gines primarily operate. The advantages of MR 
mounts include continuous damping control and 
simple design. It is well-known that MR fluids 
have three modes of operation - flow mode, shear 
mode and squeeze mode. These modes give MR 
fluids some special characteristics such as immedi-
ate change in viscosity upon the application of a 
magnetic field. Hence, MR fluids have become 
popular in applications such as brakes, mounts 
and dampers. 

The flow mode is a phenomenon in which the 
fluid flows as a result of the pressure gradient be-
tween two stationary plates. The shear mode is a 
phenomenon in which the fluid flows between 
two plates that are in relative motion. The 
squeeze mode refers to the fluid flows between 
two plates that move perpendicular to their planes.

Recently, there has been an increasing level of 
interest in determining whether the modes of MR 
fluids can be combined for the purpose of design-
ing dampers(2,7~14). Some  of these researches have 
noted that squeeze mode dampers can handle 
higher loads than other modes(15,16), and hence, 
this mode can be applied in mount systems, while 
other modes can be used for dampers(15~19). In a 
research aimed at finding an optimal design 
mount, Nguyen et al.(1) studied an analytical meth-
od based on quasi-static modeling and magnetic 
circuit analysis. Nguyen et al.(4) also evaluated the 
zero-field friction heat and geometric dimensions 
in optimization progress of an automotive brake 
based on the finite element analysis model. A de-
sign of isolator included multi-mode using MR 

fluids was devised by Brigley(2), but he could not 
provide an optimal solution to the design. Farjoud 
et al.(15) and Zhang et al.(16) performed tests to 
find the characteristics of a squeeze mount that 
could withstand higher loads. These works are 
mostly related to MR dampers and small load 
mounts in automotive systems. The application of 
MR mounts in engines of ships has hardly been 
studied yet. 

Consequently, the main purpose of this work is 
to develop a new type of MR mount that can be 
used for vibration control in the huge diesel en-
gines of ships. This type of MR mount uses 
mixed modes(flow mode, shear mode, squeeze 
mode), which are based on the complicated oper-
ation of ship engines, involving forces and 
moments.

To achieve the research goal, the excitation 
from a diesel engine is analyzed by using a 
V-type engine. Then, using the field-dependent 
rheological properties of MR fluids the damping 
force required to suppress the vibration is 
calculated. The initial design parameters such as 
the length of the magnetic pole and the diameter 
of the piston rod are determined using the equa-
tions governing the MR mount. In addition, to 
maximize the damping force under geometric con-
straints, an optimization process is undertaken us-
ing the commercial software APDL(ANSYS para-
metric design language). Computer simulation is 
undertaken to investigate the actuating force with 
respect to the distance between the piston and the 
bottom of the housing.

2. Excitation Forces from Diesel Engine

There are two modes in the operation of a die-
sel engine: the rigid mode and the flexible mode. 
The rigid mode includes phenomena such as roll-
ing, pitching, bouncing, and yawing. The flexible 
mode has two sub-modes, which we focus on: the 
vertical bending mode and the horizontal bending 
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mode. The vertical bending mode is more im-
portant in terms of its effects on the capabilities 
of the operation system.

There are some phenomena in the operation of 
diesel engines that are undesirable due to their ill 
effects on human health and the longevity of the 
engine. Figure 1 shows the external forces and 
moments in an engine. Fv represents the un-
balanced vertical external force, whereas FH is the 
unbalanced horizontal external force. Similarly, Mv 

is the unbalanced vertical external moment, and 
MH is the unbalanced horizontal external moment. 

To calculate and find out the common features 
between the forces and moments transmitted to 
the mount, it is essential to know where a force 
appears and what the consequence of the moment 
is. A model of a V-type engine for convenient 
computation of forces is shown in Fig. 2. From 
Fig. 2, the inertia forces due to reciprocating parts 
of piston 1 and piston 2 along the line of stroke 
are expressed as(5)

)](2cos)[cos(2
1 αθαθω −+−⋅⋅=

c

if

L
RRmF (1)

)](2cos)[cos(2
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c
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where m is mass of reciprocating parts per cylin-
der(kg), ω  is angular velocity of crank(rad/s), R 
is radius of crank(m),   is inclination of the 
crank to the vertical(rad), and cL  is length of the 
connecting rod(m).

The V12-type engine has 12 pistons, with six 

Fig. 1 External forces and external moments in diesel 
engine

couple of pistons placed equal distances apart. 
Engine manufacturers keep the parameters of their 
engines confidential, but these parameters vary for 
each company. Therefore, to find the solution, we 
shall use a mathematical model and then eliminate 
parameters involved with it.

In the Eq. (1) and Eq. (2) above, the vertical 
components and horizontal components are defined 
as follows:
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where Fv is vertical force, FH is horizontal force, 
and iφ  is firing angle of the ith piston. 

We can easily find the equilibrium conditions 
from Eq. (4) as 

0;0 == HV FF (5)

Equation (5) can be rewritten as follows

Fig. 2 Model of V-piston of diesel engine
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Fig. 3 Operating angle of V12-type engine with V 
angle 2=90˚

Fig. 4 Configuration of couples of pistons in V12-
type engine

∑∑ == ;0sin;0cos ii φφ

∑ ∑ == 02sin;02cos ii φφ
(6)

In Fig. 3, the firing angle for a V12-type engine 
with a V angle of 90˚. To use the forces to cal-
culate the moments caused by these forces, we 
shall use the fact that the distances  between each 
adjacent couple of pistons are equal, as shown in 
Fig. 4. This figure shows the configuration of the 
pistons of the V12-type engine.

Let the distance between each adjacent couple 
of pistons be l. Combining with the firing an-
gle(Fig. 3) and applying the moving force princi-
ple to the first couple of pistons, we obtain the 
vertical unbalanced moment MV and horizontal 
unbalanced moment HM  as 

)sin72.1cos5(2 θθω +−⋅⋅⋅= lRmMV (7)

cos72.1sin5(2 θθωH lRmM +⋅⋅⋅−=

)2cos244.3 θ
cL

R
+

(8)

Now, to find the vertical force, the relative po-
sitions of the mounts with respect to the center of 

mass of the engine should be noted. Given this 
information, we can find the exact value of the 
vertical force that we shall further use to design 
the mounts.

From Fig. 5, the displacement of piston S is 
defined as 
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It can be rewritten by using MacLaurin’s ex-
pansion as(6)
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The relationship between the velocity and pres-
sure of gas in terms of the torque acting on the 
piston Tpiston, of piston can be given as 

θθθ
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d
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Using Eq. (10) in this equation, we further have 

)4sin42sin2(sin 42 θθθ aaRAPT ppiston ++⋅⋅−= (12)

Equation (12) makes it convenient to compute the 
gas force required to impact the mount. Equation (7) 
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Fig. 5 Model of single piston

and (12) are used to calculate dynamic force and 
gas force respectively. To find the acceleration, it 
is assumed that the system vibrations are 
harmonic. With this assumption, the dynamic force 
acting on the system can be computed. The total 
vertical force acting on the mount is the sum of 
the values of the vertical unbalanced force and 
the gas force, which are evaluated from Eq. (7) 
and (12) respectively. To be on the safer in prac-
tical applications, this value should be multiplied 
by a safety factor which in the range of 1.1 to 
1.2.

3. Design and Optimization

3.1 Design of MR Mount

In this study, an MR mount has been designed 
by the addition of an MR piston part to a rubber 
mount. A schematic configuration of the proposed 
MR mount is shown in Fig. 6. This design is 
used to control dynamic vertical force that appears 
in the operation of the engine. We chose a mount 
model that uses two coils; one is in the longi-
tudinal body of piston and the other is at the bot-
tom of the housing. The parameters of these two 
coils are taken to be equal in the calculation of 
mount. Other parameters of this MR mount are 
computed using the initial values in the mathemat-
ical model of this mount. 

Table 1 shows the parameters calculated in this 
research, while the model for calculating the 

Fig. 6 Schematic configuration of MR mount

Table 1 Calculated parameters of mount
Parameter Value

Initial mass 4400 kg

Type of MR fluid MR132DG

Length of magnetic pole(Lp) 10 mm

Radius of piston(Rp) 90 mm

Diameter of piston rod 27 mm

Current(I) 2.5 A

Number of turns(N) 104

Radius of first coil(Rc1) 85 mm

damping force in an MR mount is shown in Fig.
7. In the figure, Lp is the length of the pole coil, 
L is the height of the piston, Rc1 is the radius of 
the first coil, Rp is the radius of the piston, Rc2 

is the radius of the second coil, Rtc is the total 
radius of the second coil, do1 is the width of the 
gap between inside the vertical housing and the 
piston and do2 is bottom gap between the piston 
and the housing.

The type of MR fluid used in this research is 
MR132DG, which has a medium yield stress giv-
en by

79.15851.176962.52 234 +−= BBByτ

1442.0708.13 ++ B
(13)

where yτ  is 
the yield stress(kPa) of MR132DG fluid in a 

magnetic field, with flux density B(T). To eval-
uate optimization results, it should be noted that 
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Fig. 7 Geometry for calculating force of MR mount

the saturation of steel is not over 1.8 T, and 
MR132DG fluid is less than 1.65 T(4).

Damping force Fd of this mount is the sum of 
four forces, given as(2)

msqmsfmvfmbred FFFFFF ++++= (14)

where Fre is the force on the rubber mount that 
can  stand static load, Fbfm is the force in the 
flow mode of MR fluid at bottom of the housing, 
Fvfm is the force in the flow mode of MR fluid 
at longitudinal piston, Fsm is the force in the 
shear mode of MR fluid at longitudinal piston, 
Fsqm is the force in the squeeze mode at the bot-
tom of the housing.

It is observed that the force from the bottom 
includes two forces. One is the squeeze force in 
the initial state of the MR fluid whose magnitude 
is set up in a short time span with less intense 
vibrations. The other is the flow force that ap-
pears when the system has vibrations of large am-
plitudes, as shown in Eq. (16). The forces may be 
expressed as(2)
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where μ  is the off-state plastic viscosity (Pa.s), 
u  is the velocity of pistion (m/s), and u  is its 
displacement(m).

3.2 Optimization of MR Mount

Based on the initial results obtained in the cal-
culation of MR mount, the values are optimized 
to design a practical mount. The software APDL 
is used for optimization process. First, the order 
of the optimization module is used to optimize 
the design of MR mount. In this module, various 
steepest descent and conjugate direction searches 
are enforced for each iteration until convergence 
is reached. A flow chart for optimization of MR 
mount is shown in Fig. 8.

Because this research focuses on the vertical 
forces from the engine, it is important to determine 
the distance between the bottom of housing and the 
piston. This area will create a force larger than other 
areas, that is enough to maintain a high force from 
MR fluid when current is supplied to the system. As 
shown in Fig. 9, the total force is inversely propor-
tional to the distance between the piston and the 
bottom of the housing. Although the recommended 
values for the distance between the piston and the 
bottom of the housing are between 1 mm to 2 mm, 
it is difficult to control its value. Hence, its values 
is chosen between 1 mm to 5 mm. It is noted that 
the larger is the distance between the piston and the 
bottom of the housing, the smaller is the damping 
force in MR mount.

In this MR design, the squeeze mode occurs at 
the bottom for a short time span. Figure 10 shows 
the relationship between the piston-bottom distance 
and the squeeze mode which does not change. 
Since the squeeze mode does not remain all 
through the operation of the system, we use the 
next mode for the optimization progress. This state 
is the flow mode, which is the main force for 
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Fig. 8 Flow chart for optimization of MR mount
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Fig. 9 Relationship between piston-bottom distance 
and total forces
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Fig. 10 Relationship between piston-bottom distance 
and squeeze forces

with standing high vertical loads, and is shown in 
Eq. (16).

The objective of damping force in the MR mount 
is 26400 N. Three main parameters that influence 
the progress of optimization are the bottom gap 

Table 2 Optimized parameters
Parameter Symbol Min Max Result Unit

Bottom gap between 
piston and housing 2od 1 5 2 mm

Length 
of second coil

)( 2ctc RR −
2cL 20 33 20 mm

Radius 
of second coil 2cR 47 65 60 mm

Total forces TTF  26400 26703 N

between the piston and housing do2, radius of the 
second coil Rc2, total radius of second coil Rtc. 
These parameters directly impact the optimization 
done to obtain the objective force. The function 
used to find optimal values and the convergence 
can be defined by the following equation(4):

totalF
OBJ 1

= (19)

where Ftotal is objective total force of mount(N), 
and Ftotal=Fd. In Table 2, optimized force is found 
to be 26703 N, with a tolerance of 1 %.

4. Conclusion

In this work, a new type of MR mount that 
can be used for vibration control in the diesel en-
gines of ships was proposed and optimally 
designed. The excitation force of a V-type diesel 
engine was analyzed, and the appropriate size of 
an MR mount that can produce an actuating force 
of over 25000 N was designed. In addition, the 
actuating force was maximized under geometric 
constraints using the optimization tool of the 
APDL software. The optimally designed MR 
mount will be manufactured and its performance 
will be evaluated in a future study.
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