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Abstract: Recent advances in the research of magnetorhedl@igctrorheologic: (MR/ER) fluid based devices have i-
cated the opportunities for smart fluid based deviatilizing more than one operation mode. As subk, purpost
of thepresent research is to draw attention to the egjstiodels of magnetorheological (MR) mourperating in two of the
three fundamental operating modes, namely, the ftmsdle and the squeeze mode, and to highlight ttenpal application:
of these modes in hydraulic mount applications.réfoge, in the paper the authors focus on receplicgicns of MR/ER
fluids in that domain, and then proceed to sumriragizhe modeling principles for the two operatiomdas followec
by a finiteelement magnetostatic analysis of the mount’s ntagnicuit, parameter sensitivity study and exeanplhumi-
ical simulations of each mode. The simulation resules@mverted into the frequency domain and preseintede form
of dynamic stiffness and damping vs. frequency platspectively

1. INTRODUCTION

Nearly all magnetorheological/electrorheologicalRl
ER) devices can belassified as operating in at least «
of the following three operation modes: flow mode, sl
mode, and squeeze mode as showin Fig. 1. The device
operating in either flow mode or shear mode (lifregary
shock absorbers, clutches, engine mourave been com-
mercialized, and the theory well developed (Philip369;
Gavin et al., 1996a; Gavin et al., 1996b; Wiliantsak,
1993, Sproston et al., 1994).
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Fig. 1. Configurations of MR hardware: a) flamode,
b) shear mode, c) squeeze m@dtly et al., 199¢

For example, BWI Group (formerly the Chassis i-
sion of Delphi Corp.) has developed and impleme
an MR flow-mode based shoabsorber (Hopkins et a
2001; Kruckemeyer et al., 2001) (known under thm-
mercial name of MagneRide) and an MR f-mode based
powertrain mount for the automotive industry (Bauis-
tel et al., 2002, Baudedistel et al., 2003). Alsord Corp.

has bee rather active in developing commercial afa-
tions of flowmode MR dampers as well as si-mode
rotary MR dampers (brakes) (Carlson et al., 19%ly,J
1998). To the authors’ best knowledge, no commk
applications of the squee-mode based hardware have
been reported. There is, however, an ongoing eagimg
and research interest in the development of MR/ERI
based hardware operating in the squ-mode (Wiliams et
al., 1993; Sproston et al., 1994; Jolly and Carlsk#96,
Bolter and Janochd998; Tang et al., 1998, Stanway et
2000, Farjoud et al., 2009). In the case of MRdfluhe
devices employ a layer of MR fluid sandwiched betm
two magnetic poles of which at least one is subpkdb
vertical motion. As a result, the distanceween the poles
varies according to the displacement or force [@pfind
the fluid is forced out of the between them. Thaesg«-
mode seems very suitable for |-stroke (few millimeters
or less) and high damping force MR/ER applicatic
namely powertra mounts or gener-purpose vibration
isolaors. As such, controllable sque-mode devices can
be more compact when sized for same damping fce-
quirements. Research challenges are due to the sc-
mode model capable of predicting flow field, pres dis-
tribution across squeezing plates and shear ssréSagouc
et al., 2011), control schemes (Zhang et al., 20MByu-
facturing challenges may arise, though, due tortrge
of displacenents required for effective operati

However, ER fluids may 1t be suitable for implement-
ing a real-world squeezmode device as one of the failt
modes of such hardware is due to the contact afextijng
plates (and electrical short circuit). MR fluid sgze-mode
applications may be less problematic in that re.

At the present moment, the most novel and promi
squeezenode application seems a mi-mode MR fluid-
based damper or an MR mount (Brigley et al., 208inh,
2009). Such a device might utilize the flow mode lfrge
stroke motion damping, and makse of the squeeze flow
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mode in order to enhance the primary flow modeointiol-
ling small amplitude displacements. So far, seversgarch
studies have been conducted in that regard andharra
thorough summary of the recent research efforts deas
scribed by Minh (2009).

Therefore, the purpose of the research is to dittam-a
tion to the existing models of MR mounts operatimgwo
of the above mentioned modes (flow, squeeze), amigh-
light the potential applications of these modesydraulic
mount applications (e.g. automotive powertrain nisun

As such, the authors highlight some applications
of MR/ER fluids in that domain, and then proceedstmn-
marizing the modeling principles for the two opé&rat
modes followed by a finite-element magneto-statialygsis
of the mount’s magnetic circuit, a parametric study
and exemplary simulations of each mode.

2. MR HYDRAULIC MOUNT

The flow-mode MR damper is the smart-fluid based de
vice that has been most commercialized over thesyeaa
number of automotive vehicle platforms in particulAl-
exandridis, 2007). The number of reported autoreokiR
damper applications well exceeds twenty in Eurgisa,
and US. Recent application areas also include anjlive-
hicle suspension applications (Lord Corp.). By devnar-
gin, it is the MR damper of the conventional de@arb
monotube design that is the most often impleme&d
fluid based device. Apparently, another MR devicelar
development is the MR hydraulic mount for powertrai
applications (Baudendistel et al., 2002). The MRunio
is claimed to operate in flow mode. Most ER fluidsbd
mounts or MR fluid based ones follow the same desig
principle that conventional passive mounts are dhagen,
and with smart fluids the mount stiffness and damgpi
characteristics can be controlled in real-time.
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Fig. 2. MR hydraulic mount (courtesy of BWI Group)

The upper volume is the pumping chamber, and thero
one is the so-called reservoir. In the case of Méumts,
the flow path is designed in such a way to be eped by
the magnetic field generated in the circuit. WithRM
mounts, the presence of the magnetic field causesrmart
fluid’s yield stress to be altered according to léneel of the
magnetic field strength across the flow path height
As described by Baudendistel et al. (2002, 2003) op-
tional components of the MR mount are the so-caled
tia track, and the decoupler. The decoupler is liysua
a partitioning plate located in a bypass flow pattiith
passive mounts it is a feature for providing mefomsen-
hancing the mount in isolating the low-displaceméigh-
frequen-cy inputs, whereas the inertia track (ia fbrm
of a long de-energized fluid channel) is used asaddi-
tional feature for controlling the fluid flow atwofrequen-
cies (Singh et al., 1992). These features have hedealy
used in passive conventional hydraulic mounts; heawe
their applications in MR mounts are none.

Active or semi-active mounts for have been of gieat
terest for the automotive industry OEMs (Origina]ulip-
ment Manufacturers) (Kowalczyk et al., 2004). Those
mounts are capable of overcoming the conflictingigle
requirements of standard passive hydraulic moumtdet
liver a device that is capable of providing a sstfpport
for the engine and good isolation at the same time.

3. MODELING OF MR MOUNTS

The following sections contain a brief summary oRM
mount displacement-driven models operating in froade,
squeeze mode, and the mixed mode (combined flonemod
and squeeze mode), respectively.

3.1. Flow mode

The flow mode MR hydraulic mount exemplary con-
figuration is shown in Fig. 3. The annular gap éstained
Inthe stationary core. The magnetic field strength
is perpendicular to the surfaces of the annulusiénpiston
in order to restrict the fluid motion in the dirxt perpen-
dicular to the surfaces of the annulus. A majodfythe
magnetic field strengthl is generated in the circuit incor-
porating the core, the fluid volume contained ie #nnu-
lus, and the outer ring of the core. The heightefannular
gap ish, b is the mean radius of the annulus, and the cross-
sectional area of the annular gapAisbh. Also, the upper
chamber cross-sectional areaMs The combined length
of the active pole sections Iig (the total length of the an-
nular gap idg). The MR fluid is characterized by the bulk
modulusg, the density, the field-induced yield stress,
and the field-invariant base viscosity The top of the
mount is driven by the known external displacenpofile
X(t) (or the velocityv(t)), and the motion of the upper mem-
ber forces the fluid to flow from one chamber te tther.
The pressure drop across the stationary cor®#P,—P,,

As shown in Fig. 2, the components of each mount whereP; andP, are pressures in the fluid chambers above

are rubber shells each constituting a fluid chanfilkd
with smart fluid and incorporating flow paths fdwet fluid.
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and below the core assembly, respectively. The dange
of the upper chamber ;, and that of the lower one &.



The volume flow rate through the annuluQ. The geome-

try of the mount may contain a bypepath characterized

by the hydraulic diametet, (the discharge coefficierC,
and the aredy,). The volume flow rate through the bypi

is Qb-
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Fig. 3. Flow mode MR mountRaudendistel et al., 200
dashed lines show the magnetic field strength IH

To arrive at the equations governing the behavidhe
mount, the volumetric approach is used to desquikssure
variations in each chamber. The method has beed
In analyzing passive shock abisers (Lee, 1997) and
common in engine mount analyses (Adiguna et aD3}(
Also, an inertia track model is implemented intce
mount’s model to account for the lumped mass of flui
the annulus inertigSingh et al., 1992, Kim and Sin¢
1993, He ad Singh, 2007). The hydraulic losses at
entry tothe annulus (and the exit of the annular gap)
the effects of fluid flow development in the anrailare
omitted, too. Then, the following set of equations te
drawn:

dap _ APV_(Q+Qb)
dt C

dp; _Q*Q, W
dt C:
dQ_ A

dt pL, (Pl_ PZ_APMR)

Briefly, Eq. 1 accounts for the pressure variati
in each fluid chambeand the fluid mass inertia whi
bouncing on compliant fluid volumes. The pressurep:
APyr across the annulus can be expressed as give
Gavinet al. (1996a, 1996b):

APMR=S“QL3@+3T{co{laco{1—54( T )j]+1] (2)
b’ 3 1+3T 2

whereT is the nondimensional yield stres

T =bh'ro (3)
12/Q

Eq. 2 utilizesthe solution of the Bingham model v-
erning the quasi-steadfate relationship between the fli
rate through the energized gap and the -induced pres-
sure drop in flow mode (Philips, 1969). - bypass flow
rateQ, is as follows:
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Q,=Cb Ao ZH;P%QWH—PJ )

In the absencef magnetic field the laminar flow in tt
flow path is assumed. Therefore, the pressure dtojne
de-energized (OFF) condition

HLg (5)
bﬁQ

APyr =12

Moreover, assuminthe masM is attached to the upper
base the equation governing the mass inertia ¢ derived
as follows:

M%"'Crv-'-er:ApPl (6)

wherec, andk; are the rubber damping coefficient and
stiffness ratio, respectively. The equations regmesa se
of expressions governing the force of flow mode
mounts.

3.2. Squeeze mode

The squeeze mode MR mount is shown in Fig. 4.k
configuration the lower pole is stationary, wherdhs
upper pole is driven by the displacemx(t). Also, a planar
plate is attached to the upper fixture. The inijap acros
the upper plate and the upper surface of the shy.

44JTx(ﬂ
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Fig. 4. Squeeze mode MR mount (Gotdasz and i&pi 2011);
the magnetic field strengH shown with dashed lines

Then, the continuity equations and the MR squt
mode expressions can be derived in the followingimes
(Kim et al., 1998, Stanway et al., 2000, Hong et 2002;
Farjoud et al., 2009):

dap, _ AV
dt

éi;TFf %
T 2(h+ )’

3

Csq

FSq gn&)

=ro———S
" 4(h,+ %)
Finally, the masfnertia can be described as follo

dv
Ma+CrV+CSqV+FSq+er:ApPl (8)

wherecsggis the viscous damping coefficient in the abse
of magnetic field,Fs, is the field induced force, andR
is theouter radius of the upper plate. The first of equa-
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tions in the above set accounts for the compliaaféects
of the MR squeeze mode mouthamber complianc.
Theabove equations represent a set of expressionsn-
ing the output of squeeze mode MR mounts.

3.3. Mixed mode

The mixed mode mounshown in Fig. 5include
thepumping chamber, the reservoir chamber, and fa-
tionary core incl. the annular gap. The magnettdfithat
isinduced in the gap (upon the application of curierthe
primary coil) is perpendicular to the fluid flow Igfv
mode). The other coil faces the plate opposing theet
surface of the core.

Cry kr A.U
Pumping G Rubber
chamber shells
%/ P W R AN 2 Squeezing
B ! [ plate

] - Ao -
Base | j_:H ﬁ Non-magnetic

=N spacers
QR Py f ~
. C
Reservoir :

Fig. 5. Mixed-mode MR mount (Minh, 2009)

As a result of the plate displacement squeezingirsc
Both circuits can operate independentlyiroserie. In this
layout the flowmode MR mount equations can be modil
to include the squeeze mode circuit as follows (M
2009):

ap: _ APV_(Q+Qb)

dt C. (9)
dP._Q+Q,

dt Cx
dQ _ A

at oL, (Pl_ PZ_APMR)

dv
Ma+(0r+CSq)V+FSq+er: Ao P2

(10)

where 4Pyr is the field induced pressure drop defii
In Section 3.1. Again, entry/exit effect are omittedthe
analysis. Egs. 9 and 10 reveaket of expressions gan-
ing the dynamic output of mixed mode MR moul
Theequations may present a squeeze mode MR m
aflow mode mount or a mixed mode mounor instance,
freezing the flow in the annulus by setting theld/istress
In the flow path to a high level results in fiow conditions
and reduces the set of Egs. 9 and 10 to the systé&ms. 7
and 8. Also, setting the large initial gap betwethe
squeezing plate and the core remotles squeeze moc
contribution, and the flow mode can &tediec on its own.

4. NUMERICAL SIMULATIONS

The numerical simulations include the developn
of a two-dimensional axdymmetric model of the mixe
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mode MR mount of Fig5, the parameter sensitivity stu

as well as calculations of the complex transfercfiom

of the MR mount when subjected to a sw-sine constant
amplitude displacement input.

The geometry and material properties of a m-mode
mount virtual prototype arshowr in Table 1. The data
contained in the table represent the base configar
of the MR mount virtual prototyp

Tab. 1. Geometry and material properties of the Imount

Symbol Description Value
A, mnt Mount effective are 2827
Cy, N/mn? Pumping chamber compliar 3100
C,, N/mn? Resevoir chamber complian: 120000
Lg, mm Annulus lengt 31
L, mm Active length (flow mode 13
h;, mm Annulus height (gaj 1.8
Ag mn? Annulus crossection are 281.6
R, mm Plate radius (squeeze mo 21
hg, mm Initial gap (squeeze moc {1, 3}

H,, mm Bypass siz 0

p, glen? MR fluid density 3.1
u, Ns/mnf MR fluid viscosity 0.00000003
k;, N/mm Rubber stiffnes 200
¢, Ns/mm Rubber dampin 0.1

4.1. Magnetostatic model

Two-dimensional axsymmetric simulations (using ti
finite-element platform FEMM) were needed to optin
the geometry of the mourindto extract the flux density
data for each gap that are necessary calculatiegyigid
stress levels. Both coils were assumed to takeurrents
up to 500 ampere turns (AT). TIB—H curve for the MR
fluid is shown in Fig. 6 and SAE 1010 material pdjes
were assumed for components in the magnetic cir€ai
exemplary distributions of the magnetic field ir ttircuits
at 500 ampere tas each are shown in Figs. 7 throug

1.6

% ) g 6 8 10 12
H, A/m x 10°
Fig. 6. MR fluid B-H curve (courtesy of BWI Grou
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Fig. 9. Primary coil and secondary coil at ON condition

It is apparent from the illustrations both circuitsn be
operated independently with little influence of ommde
on the other. For example, raising the coil currenthe
squeeze mode circuit even up to 500 ampere tumithia
effect on the magnetic field strength in the swéithoff
flow-mode annulus, and the calculated flux densiyel

is less than 0.04 T.

The averaged flux density distribution (normal camp
nent) in the radial direction for the squeeze mouleuit
AT the initial distance of 1.0 mm is revealed irgFL0,
and the flux density vs. ampere turns vs. plateete dis-
tance mapping is illustrated in Fig. 11. As shownthe

acta mechanica et automatica, vol.5 no.4 (2011)

images, the flux density in the squeeze mode gaptleer
uniform; however, there is a significant differenicethe

flux density level across the inner and outer olea, re-
spectively. The results indicate there is some rfeedm-

provement and further optimization required in sogieeze
mode circuit geometry.

Radial length, mm

Fig. 10.Flux density distribution, squeeze motigz1.0 mm
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Fig. 11. Averaged flux density in the annulus, squeeze mode
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Fig. 12.Flux density distribution, flow mode
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Similarly, the distribution of the averaged fluxndgy
normal component along the annulus (in the axi&ation)
and the flux density vs. ampere turns mapping Herftow
mode circuit are shown in Figs. 12 and 13, respelsti
The flux density distribution in the annulus is abh
symmetrical across the two poles with little flusakage
to the other circuit.

0.7

0.61 4

0.21 4

L L L
GU 200 300 400
Ampere-turns, AT

Fig. 13. Averaged flux density in the annulus, flow mode
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100 500

4.2. Parameter sensitivity study

The parameter sensitivity study was required toeand
stand the effect of material properties and geametri-
ables on the performance of the MR mount. To acdisimp
this, the mount model (at OFF condition) in Simklin
was subjected to a sweep-sine constant amplitude di
placement input. The results in time domain were th
transmitted force and the input displacement. litests the
input displacement amplitude was 2 mm, and theutaqy
varied from 0 to 300 Hz. The data were then comeeito
the frequency domain using FFT with Matlab — segsFi
14-25. The MR mount performance metric of interest
In the frequency domain is the so-called dynaniffnsiss
Kayn By definition, the dynamic stiffness is the ratibthe
force to the displacement in frequency domain ef fibl-
lowing form (Kim et al., 1993):

Kdyn(w) =37 (11)

whereF(w) and X(w) are the frequency domain force and
stroke, respectively. It is a complex variable framich the
amplitude Kq,q and phas@ can be calculated. Calculating
the damping effects requires the calculation ofstiealled
dynamic dampin@gampin the following form:

Coun ()= K ayn(c) [sin(c)

12)
Both metrics are common when analyzing dynamic sys-
tem data and have been used in the present studfheA
OFF condition the contribution of squeeze modenisilk
therefore, the study focused on the flow mode gegme
and the material properties at this point. The patac
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study involved the following flow mode parametessnu-
lus lengthLg, gap sizeh, bypass sizél,, pumping chamber
complianceC,, base viscosity, and density.

The influence of the annulus lendthis shown in Figs.
14 and 15. Here, increasing the annulus lengthedses
the fluid resonant frequency. This effect is dudhio larger
mass of the fluid contained in the annulus.

2500 T

T
24.8 mm

31.0 mm
37.2 mm

-
wonon

2000

500+

L L L L Il Il L L
%0 20 30 40 50 60 70 80 90
Frequency, Hz

Fig. 14. Dynamic stiffness: influence of gap length,
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L A i
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30-

Ns/mm

damp ’

60
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Fig. 15.Damping: influence of annular gap lengtl,

100

For comparison, increasing the gap size resulisgher
resonance frequencies of the fluid — see Figs. rib14.
Also, increasing the stiffness of the upper chamaed
decreasing the complian€y) shifts the resonant frequency
towards higher frequencies as seen in Figs. 18 Xhd
In addition to that, the respective effects of biypass size
and the viscosity lower the amplitude of the resbriee-
guency peaks as seen in Figs. 20 through 23. Alstgas-
ing the density of the fluid results in an effduatis similar
to the influence of the annulus length — see Rigsand 25.
It is due to the increased mass of the fluid inaheulus.

Also, it is interesting to note the reduction i thmpli-
tude of the notch frequency (located below thedflteéso-
nance) was achieved through varying the bypass fiath
geometry, and changing the viscosity of the MR dflui
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Other parameters resulted in varying the locatiérthe 60 — —
notch frequency (along with the resonance frequebey || 21 _ 3'1?11 :;ms
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4.3. Effect of magnetic field

The effect of magnetic field on the MR mount charac
teristics is illustrated in Figs. 26-33. Again, ttiata were
obtained by running sweep-sine numerical tests lon t
mount model described by Egs. 9 and 10. Each made w
first investigated on its own without the contrilout of the
other mode. For example, the flow mode tests wendig-
ured to minimize the contribution of the squeezitage. As
such, the initial gap between the core surface ted
squeezing plath, was set to 3 mm, and the stroking ampli-
tude to 2 mm. Also, the squeeze mode coil was peaver
OFF. Then, the contribution from the viscous foncehe
squeeze mode gap is almost none, and squeezirgiaf f
does not interfere with flow mode. The results sinewn
In Figs. 26 and 27.

For comparison, the squeeze mode tests first iedolv
cutting off the MR fluid flow in the annulus by sieg the
coil current level to a large value (above 200 amperns),
and powering the squeeze mode coil circuit. Asaalye
mentioned, at this condition the MR mount modelucss
to the configuration described in Section 3.2. Mwe,
in order to observe the contribution of the squeesmsle
on the flow mode performance the flow mode ciraudts
set to the OFF condition, and the squeeze modegoiént
varied from 0 to 500 ampere turns. Also, the ihifiatance
between the squeezing plate and the core surfasesata
down to 1 mm, and the stroking amplitude to 0.7 mm.
The results are revealed in Figs. 28 and 29 (fr@zerulus)
as well as 30 and 31. At this condition, the presgirop
across the annulus is less than the field-indudeld gtress,
and the fluid flow is effectively eliminated so thtoere
is no contribution of the fluid in the annulus teetdamp-
ing, and the performance characteristics of the mhou
are solely controlled by the squeeze mode circuit the
mount rubber stiffness and damping, respectively.

The squeeze mode contribution modifies the stifnes
(and the damping) rather uniformly across the fesuy
range. The squeeze mode effect is additive, and doé
interact with the flow-mode directly. It is congst with
observations of other researchers (Minh, 2009). dffect



is related to the addition of a parallel springd@ndashpot)
of variable stiffness (and damping).
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Finally, a simple control scheme was briefly anelyz
In the present study. The tests involved excitimg tmount
with the sweep-sine displacement profile, powering
the flow mode circuit, and switching the currentionthe
flow mode circuit above the resonance frequency.
The effect is shown in Figs. 32 and 33. In a simitenner
the effect can be controlled below the resonaneguincy.
The purpose of the test was to investigate thetiegi®p-
portunities for controlling the MR mount performanc
characteristics.

5. SUMMARY

The purpose of the modeling study was to present
a lumped parameter model of a mixed mode MR mosint a
well as to examine the opportunities for adapting tly-
namic characteristics of the mount operating at fomela-
mental operation mode (flow or squeeze) or a coatlmn
of two modes (flow and squeeze). In addition to e
effect that was introduced into the analysis by mseaf the
Bingham plastic model the presented models caphge
effects of rubber stiffness and damping, fluid cbham
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compliance and the fluid inertia. The effects o¥itztion
In fluid chambers were not examined in the studyheW
energized, both modes result in distinct performeacicar-
acteristics. The effect of increasing the magrfitid In the
annulus  contribute to  higher  damping/stiffness
(and amplitudes of the peak at the resonance),eslethe
squeeze mode shows as a rather uniformly distdbate
perposition on the flow mode characteristics. Witle
squeeze mode the best effect can be achieved wigii s
gaps between the core and the squeezing plate malll s
amplitude displacements. The squeeze mode effextds
tive. Briefly, the results indicate the mixed maolatential
for varying the stiffness and the damping of theurto
AT any frequency region of interest. Shortly, thpueeze
mode offers interesting engineering benefits; hawev
the device itself presents serious manufacturirglehges
due to the low displacement amplitudes needed dbiea-
ing an optimum performance of the mount. Also, eqee
mode fluid characterization study would need toubder-
taken for further understanding of the materialiealogy
when operating in that mode and a suitable costbéme
developed as well.
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