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Hindering particle agglomeration and re-dispersion processes, gravitational sedimentation of suspended par-
ticles in magnetorheological (MR) fluids causes inferior performance and controllability of MR fluids in
response to a user-specified magnetic field. Thus, suspension stability is one of the principal factors to be
considered in synthesizing MR fluids. However, only a few computational studies have been reported so
far on the sedimentation characteristics of suspended particles under gravity. In this paper, the settling
dynamics of paramagnetic particles suspended in MR fluids was investigated via discrete element method
(DEM) simulations. This work focuses particularly on developing accurate fluid-particle and particle-par-
ticle interaction models which can account for the influence of stabilizing surfactants on the MR fluid sed-
imentation. Effect of the stabilizing surfactants on interparticle interactions was incorporated into the
derivation of a reliable contact-impact model for DEM computation. Also, the influence of the stabilizing
additives on fluid-particle interactions was considered by incorporating Stokes drag with shape and wall
correction factors into DEM formulation. The results of simulations performed for model validation pur-
poses showed a good agreement with the published sedimentation measurement data in terms of an initial
sedimentation velocity and a final sedimentation ratio.
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1. Introduction

A magnetorheological (MR) fluid consists of three basic
components: paramagnetic particles, carrier fluid, and
additives (Phule, 2001). Chaining of the paramagnetic par-
ticles under an application of external magnetic field
increases the yield stress of MR fluids (Jolly ef al., 1999).
This field-dependent rheological behavior makes MR flu-
ids a suitable material for various smart damping appli-
cations such as semi-active vehicle suspension systems
(McManus et al., 2002; Yao et al., 2002) and soft body
armor systems (Kozlowska and Leonowicz, 2013; Son
and Fahrenthold, 2012).

The dynamic behavior and performance of MR fluids
are sensitive to the magnetomechanical properties of para-
magnetic particles, the hydrodynamic properties of carrier
fluids, and the physicochemical properties of additives.
Hence, various kinds of MR fluids can be synthesized by
varying the type and combination of the three constituents.
Characterization and evaluation of the synthesized MR
fluids have been performed using a rheometer equipped
with permanent magnets or electromagnets to polarize and
aggregate the suspended particles in a controllable way
(Hato et al., 2011; Lim et al., 2005; Shah and Choi, 2015).
The magnetic-field-induced structural transition of dis-
persed particles into aggregated chains on a micrometer
scale has been observed using high-resolution micro-
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scopes such as a digital microscope (Dodbiba et al., 2008)
and a scanning electron microscope (Lopez-Lopez et al.,
2007; Zhang et al., 2012). On the other hand, the settling
rate and sedimentation ratio due to gravity have been mea-
sured using an inductance meter (Chen and Chen, 2003)
or simply by visual identification on a long-term basis
(Fang et al., 2009; Hato et al., 2011; Lim et al., 2005;
Shah and Choi, 2015). As mentioned above, most of the
material properties of MR fluids can be experimentally
obtained by currently available measurement techniques.
Nevertheless, for material design purposes, computational
characterization and prediction of MR fluid properties are
more cost-effective and time-efficient in material design
and manufacturing than purely experimental approaches.

Most of the previous computational investigations have
focused on the simulation of magnetic-field-induced par-
ticle aggregation and the associated rheological behavior.
Han ef al. (2010) performed modeling and simulations for
the particle chain formation under an external magnetic
field and for the rheological response due to external shear
loading. They employed a discrete element method (DEM)
and Stokes hydrodynamics for chain formation simula-
tions. The interparticle magnetostatic force and Stokes
drag force were incorporated into the conventional dis-
crete element method via an external body force to indi-
vidual particles. On the other hand, a combined discrete
element and lattice Boltzmann method was used in com-
puting complex particle-fluid interactions under shear
loading. Their magnetostatic and hydrodynamic interac-
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tion models can compute the short-term responses asso-
ciated with particle chaining and shearing on millisecond
time scale. Climent ef al. (2004) simulated the aggregation
dynamics of paramagnetic particles in MR fluids by incor-
porating the magnetostatic attraction, hydrodynamic drag,
and Brownian diffusion models into a two-way coupling
method called the force coupling method (FCM). Their
model specifically aimed at computing the transient par-
ticle aggregation dynamics of low-concentration MR flu-
ids. The simulations results predicted the mean chain and
magnetic dipole strengths length at varying particle con-
centrations. However, their mechanical contact-impact
calculations were based on a too simplified repulsion
model without consideration of the elastic-plastic defor-
mation of impacted particles during the compression and
restitution phases.

Numerical simulation can also calculate the packing
density of paramagnetic particles (Dodbiba et al., 2008)
and predict the particle sedimentation dynamics (Climent
and Maxey, 2003; Sun and Xiao, 2016). Using DEM,
Dodbiba et al. (2008) investigated the influence of particle
sizes and mixing ratio on the packing density of a binary
particle mixture. The packing density is closely related to
the magnetic susceptibility of particle clusters and hence
to interparticle cohesion forces that determine the perfor-
mance of MR fluids. Climent and Maxey (2003) extended
the force coupling method first introduced by Maxey et al.
(1997) to model the sedimentation dynamics of quiescent
suspensions at low Reynolds number conditions. Their
numerical model can compute carrier fluid flows as well
as suspended particle motions. The estimated mean sedi-
mentation velocity using FCM showed a good agreement
with the measured data. Sun and Xiao (2016) introduced
the open-source and parallel DEM-CFD solver called Sed-
iFoam, which can carry out three-dimensional and two-
phase flow simulations of particle-fluid suspensions. The
inter-particle contact force is represented by a spring-dash-
pot model, and the fluid-particle interaction force was
determined by the combined hydrodynamic effects such
as drag, lift, buoyancy, and added mass. Such a DEM-
CFD coupling approach is versatile in that it can solve
complex particle-fluid interaction problems by preserving
the benefits of each computational method. However, the
DEM-CFD coupling approach suffers from high compu-
tational cost and a relatively complex parameter tuning
procedure. If a solution accuracy is guaranteed, an uncou-
pled computational method is desirable for modeling
dynamics of many-particle systems (Son and Fahrenthold,
2014) due to its computational efficiency. Therefore, an
uncoupled but modified DEM approach was applied to
this computational study of the micron-sized particle sed-
imentation in MR fluids.

In the above-stated studies by Han et al. (2010), Climent
et al. (2004), Dodbiba et al. (2008), Climent and Maxey
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(2003), and Sun and Xiao (2016), the repulsion due to
intermolecular forces in the presence of surfactants was
not incorporated into the numerical simulations. However,
stabilizing surfactants have been observed to play a sig-
nificant role in interparticle repulsion and hence in sus-
pension stability of MR fluids (Chen and Chen, 2003;
Fang et al., 2005; Fang et al., 2009; Hato et al., 2011, Jang
et al., 2005; Lim et al., 2005). The surfactants can sur-
round iron particles and form a repulsive and low-stiffhess
coating layer. The increase in particle size due to surfac-
tant coating enhances anti-settling hydrodynamics effects.
Thus, this soft and dispersing surface layer may effec-
tively reduce the particle sedimentation rate and conse-
quently enhance the suspension stability of MR fluids
(Fang et al., 2005). Incorporating the surfactant effects
into DEM modeling is a key stage in this modeling and
simulation research.

The particle forces that should be considered in DEM
sedimentation analysis consist of the weight due to grav-
ity, the contact forces due to collision with neighboring
particles or wall boundaries, the hydrostatic buoyancy
force, and the hydrodynamic drag force due to the vis-
cosity of surrounding fluid. In addition to buoyancy and
drag, an additional hydrodynamic effect, called the added
mass effect (Falkovich, 2011), should be considered for a
more accurate sedimentation simulation. The previous
modeling studies on MR fluid sedimentation (Han et al.,
2010; Climent ef al., 2004) have utilized a Stokes drag
model to calculate the drag force on a translating sphere
under low Reynolds number conditions (Re << 1) without
accounting for the added mass effect except in the cited
reference by Climent and Maxey (2003). The Stokes model
is based on the assumption that a single spherical particle
is moving at a constant speed in an infinite fluid medium
(Douglas et al., 2005). It neglects any contributions of
neighboring particles or container walls to the hydrody-
namic drag. In addition, the drag model employed in the
previous studies on MR fluid sedimentation simulations
takes into account neither the shape irregularities and sur-
face roughness of paramagnetic particles nor the added
mass effect.

Unlike previous computational work, this paper aims at
developing a discrete element model suitable for simulat-
ing the transient settling of MR fluid particles by incor-
porating (1) the shape irregularities and surface roughness,
(2) the added mass effect, and (3) the surfactant effects
into the particle-particle contact model and the fluid-par-
ticle interaction model. A series of simulations were car-
ried out to obtain the initial sedimentation velocity of MR
fluid samples prepared with and without surfactants. The
computational accuracy of the proposed DEM model is
validated against the measured sedimentation data pub-
lished in Fang er al. (2005).

The rest parts of this paper are organized as follows. The
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next section derives the equation of motion of a micron-
sized spherical particle settling down at a low Reynolds
number in a viscous fluid. The equation of motion includes
the particle-particle and particle-fluid interaction terms
that can also account for the surfactant effects. The section
that follows describes the procedure and results of simu-
lations that were conducted to evaluate the validity of the
derived discrete element model. Lastly, the final section
draws general conclusions about this computational study.

2. Modeling

Sedimentation hinders the paramagnetic particles in MR
fluids from promptly forming columnar agglomerates.
Interruption of the structural transition of particles may
significantly degrade the shear thickening capability of
MR fluids under an external magnetic field. Anti-sedi-
mentation equipment such as shakers and mixers are often
used to avoid sedimentation problems in some other par-
ticle suspensions like concrete. However, due to simplicity
and sustainability, an intrinsic anti-sedimentation capabil-
ity of MR fluids is preferred to the use of additional anti-
sedimentation equipment. One of the most widely used
anti-sedimentation techniques is the addition of stabilizing
surfactants to MR fluids (Fang et al., 2005; Fang et al.,
2009; Hato et al., 2011; Jang et al., 2005; Lim et al., 2005;
Wu et al., 2006). Anti-settling surfactants surrounding and
coating the suspended particles in MR fluids can contin-
uously prevent the particles from being deposited. From a
modeling point of view, first of all, the surfactants increase
the particle size that affects the resultant hydrodynamic
force as well as the particle inertia. Secondly, the surfac-
tants much more compliant than the particle material dra-
matically reduce the contact stiffness. Lastly, the micron-
or submicron-sized surfactants left dissolved in the solu-
tion increase the fluid viscosity. In this section, a discrete
element model for suspended particles in MR fluids is for-
mulated in consideration of the influence of surfactants on
particle-particle and fluid-particle interactions.

2.1. Equation of motion
The equation of motion for a paramagnetic particle 7 in
a magnetorheological fluid is

=FV+FY + by F(c’ DA FY+FO+Fy (1)

j¢l

(mj;)+m£,”)d;
where m! is the particle mass m” is the added mass, u”
is the partlcle center-of -mass velocity vector, F/ 1s the
magnetic force, FY is the weight due to gravity, Fo’
the contact force exerted by neighboring particle j, FB) is
the buoyancy force F}) is the drag force due to fluid vis-
cosity, and Fy the resultant force of other weak forces
such as Van der Waals forces and Brownian forces. In this

study, the magnetic force F), and the weak force F) are
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neglected. Modeling magnetic interactions under an appli-
cation of external magnetic field is beyond the interest of
this study focusing on the settling dynamics of non-mag-
netized particles, but a comprehensive review on magnetic
force modeling can be found in Han ef al. (2010). In addi-
tion, the weak molecular forces and thermal fluctuations
are negligible for micron-sized iron particles at room tem-
perature (Ly et at., 1999). Hence, the equation of motion
used in this simulation study can be reduced to the form
as below.

(m O <:))d ; _FO 4 5" IFEI D FOLFD @)
J#i
with
() i)y ,()=
e :p;)V( g 3)

where p, is the particle mass density, V' is the particle vol-
ume, and g is the gravitational acceleration vector. It
should be noted that the density for the surfactant-coated
particle is an apparent density.

2.2. Particle-particle interactions

The contact force term Fi” in Eq. (2) can be further
decomposed into the normal component F./) and the tan-
gential component F.? in an additive manner such that
Fo” = F) + F) . Among various contact models for dis-
crete element analysis (Kruggel-Emden et al., 2007;
Kruggel-Emden et al., 2008), this study uses the modified
Hertz model and the Mindlin model to calculate the vis-
coelastic normal and tangential contact forces, respec-
tively. These contact models are beneficial in the sense
that their model parameters can be derived from the elastic
materials properties such as Young’s modulus and Pos-
sion’s ratio.

The normal viscoelastic contact force extended from the
classical Hertzian elastic contact model (Poschel and
Schwager, 2005) can be expressed as a function of the
overlap distance 5" depicted in Fig. 1 and its time deriv-

ative 5 by

Fol) = ‘31 2E0D, [RED 50D ( 500 _ 4 S VH(S )i ~(0.)) 4)

Particle j Surfactant coating

Particle i
I . f.®R® Z

P £.9O RO

Fig. 1. (Color online) Illustration of the contact overlap J*”
between two particles with radii of R” and R? (left) and that
between surfactant-coated particles with radius magnification
factors £, and £, (right).
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where E% is the effective modulus of elasticity, R% is
the effective radius, H is the Heaviside step function, A4
is the dissipative coefficient that is related to material
damping and thus the coefficient of restitution as dis-
cussed in details in Tsuji ef al. (1992), and A" is a unit
directional vector along the center-to-center direction from
particle j to particle i. The effective modulus of two col-
liding elastic spheres i and j is written as
L1
= +

ET“’) S g0 £0
where £ and v denote the elastic modulus and the Pois-
son’s ratio, respectively, for each particle. The effective
radius of two colliding spheres of radius R” and R? is
given by

©)

1 1 1

— ~ + —
Ri’t}]) R(l) R(/)
The tangential viscoelastic contact force from the work

of Tsuji et al. (1992) can be rewritten in a similar form to
Eq. (4) as

FuP = 8GUD JRED 500 (56D _ gl 5/(1,_,-)) H( 5(1-,]-))%0.,/) %

where §, is the tangential overlap, 5, is the tangential
overlap velocity, B the dissipative coefficient, & is a
unit directional vector perpendicular to n@) in Eq. (4),

and G is the effective modulus of rigidity given by

(6)

G D G ®)
It should be noted that the magnitude of FE{j’}) computed
from the spring-dashpot representation must be limited by
the kinematic Coulomb friction force.

OIS ))
1 2v+2v

2.3. Particle-fluid interactions

MR fluids are a fluid-particle mixture whose dynamics
is determined by the coupled motion of immersed parti-
cles and a base fluid. The flow simulation of the base fluid
using computational fluid dynamics is not the main con-
cern of this sedimentation simulation study. A simple but
reliable method is to incorporate hydrodynamic interac-
tions such as buoyancy, drag, and added mass into the cal-
culation of particle motion with no CFD analysis.

The buoyancy force on an immersed particle i is

Fo = p 78 9)

where py is the fluid density. A hydrodynamic drag force
on a spherical particle i at a low Reynolds number can be
calculated using the following Stokes’ formula (Douglas
et al., 2005).

Fy = 67uR"a"” (10)

where g is the fluid viscosity. The added mass for particle
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i is given by
N i)
m{p = EPfV( (11

when the fluid is stationary and incompressible. The added
mass is a virtual inertia of a fluid volume which should be
removed and accelerated before being occupied by a solid
particle in motion (Falkovich, 2011).

The closed-form solution of Eq. (2) may help better
understand the influence of hydrodynamic forces given in
Egs. (9)-(11) on the sedimentation of particles. The diffi-
culty in obtaining an analytical solution arises from the
fact that the contact forces expressed in Egs. (4) and (7)
are nonlinear. An analytical solution exists in an ideal case
where there are no particle-to-particle interactions, i.e., the
case where only a single spherical particle is settling due
to gravity in a quiescent fluid medium. Being modified
from Egs. (2), (3), (9), (10), and (11), the one-dimensional
form of the equation of motion for a spherical particle
slowly moving in the direction parallel to gravity can be
written as

(m,+m,)u=Fs—Fy—F), (12)

where u# and « are the speed and acceleration of the par-

ticle, respectively, the force due to gravity is F; = %”RS 0,8

the buoyance force is Fj = %[Rﬂ),»g, and the Stoke’s drag

force is F=6ruRu .
Solving the differential equation of Eq. (12) for the zero-

velocity initial condition yields the following closed-form
solution for the sphere velocity.

v(f) = g(l—e_m) (13)

4 (1 & ' -
where «o 2,0,,R2 and (1 p,,)g' Especially, the lead
ing coefficient f/a in Eq. (13) is the steady-state settling
velocity of the sphere immersed in a viscous fluid. With
the properties of Table 1, the steady-state velocity of a car-
bonyl iron particle of 4-pum diameter immersed in a silicon

oil is 491.2 mm/day. The Reynolds number associated

Table 1. Physical and geometric properties of the MR fluid con-
stituents.

Property Unit Ca.rbonyl Silic.one Hydrated
iron oil guar gum
Mean diameter ~ pm 4 - -
Density kg/m’ 7470 950 800
Viscosity Pa-s - 0.01 -
Elastic modulus ~ GPa 211 - 3120
Poisson’s ratio - 0.31 - 0.25
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with this calculation result of settling velocity is Re =
2.167x10°°, which satisfies the Stokes flow condition Re
<< 1. However, the analytical solution significantly over-
estimates the sedimentation speed more than 60 times
greater than the measured settling rate of 8 mm/day from
Fang et al. 2005. Such an overestimation is mainly caused
by the underestimation of the Stokes drag force in Eq.
(10). Such a computational error due to the underesti-
mated hydrodynamic drag is not apparent in the simula-
tion of a short-term particle aggregation which takes place
in a few milliseconds upon application of magnetic field
to MR fluids. However, in the simulation of MR fluid sed-
imentation that occurs over a long-term period (several
days or even several months), a computational error due to
the inaccurate estimation of the Stokes drag is quite large.
Therefore, for the use in this sedimentation simulation, the
Stokes drag model in form of Eq. (10) should be modified
by appropriate correction factors that can account for real
situations where there are many particles surface irregu-
larities of some degree.

One of the correction factors to the Stokes drag is a wall
correction factor. It is defined by the ratio of the drag force
in a finite fluid medium bounded by wall boundaries or
neighboring particles to that in an infinite medium, i.e.,
the Stokes drag force in Eq. (10). Haberman and Sayre
(1958) modeled a wall correction factor for a rigid sphere
settling in a stationary fluid inside a cylindrical tube. Their
correction factor was expressed in the form of the rational
polynomial about the diameter ratio which denotes the
ratio of the sphere dimeter to the tube diameter. On the
other hand, this study uses the following form of the cor-
rection factor that was fitted to the data published in
Haberman and Sayre (1958) as shown in Fig. 2.

£, =MIN( £ 389.15304""+1) (14)

where f,, is the wall correction factor, MIN is the mini-
mum function that returns the minimum value of the argu-
ments, £, the upper limit of £, and A the diameter ratio
that quantifies the closeness of a particle to a solid wall.

In this study, a modified diameter ratio in the following

- 501 o Data from Haberman and Sayre (1958)
§ 40| [—Fitting curve (Eq. (14))
“—
S 30t
3
£ 20+
(&)
3T 10}
=
b o
0’ - I L 1
0 0.2 0.4 0.6 0.8

Diameter ratio

Fig. 2. (Color online) Wall correction factor versus diameter
ratio data published in Haberman and Sayre (1958) and the
regression curve fit in Eq. (14).
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form is proposed to approximate the closeness of a par-
ticle to the neighboring solid particles in addition to the
container wall.

= (ﬁl)l (15)

where ¢, is the volume fraction of the particles dispersed
in an MR fluid. The upper limit of the wall correction fac-
tor £ is set to 48.985 which is the value approximated
by Haberman and Sayre (1958) when A= 0.8.

The other correction factor to the Stokes drag considered
in this study is a shape correction factor. It reflects the
influence of shape irregularity and surface smoothness of
the particle moving in a viscous fluid on a hydrodynamic
drag force. One of the widely used regression models pro-
posed by Loth (2008) is given by

= A (16)
where f; is the shape correction factor, and A, is the
dimensionless max-med-min area defined by

maxdmed
A mmm = 2 ( 1 7)

dmin
where d,,x the maximum dimension, d,.q the medium
dimension, and d;, is the minimum dimension of an irreg-
ular, non-spherical particle.
Incorporating the two correction factors f,, and £; into Eq.
(10) yields the following modified Stokes drag model for
particle i.

Fp =6/, /uR"a". (18)

In Eq. (18), the drag force proportionally increases with
the total Stokesian drag correction factor f,f. Conse-
quently, the steady-state settling velocity f/a in Eq. (13) is
inversely proportional to the product f, f. It should be
noted an accurate application of drag corrections is very
important to calculate the particle settling velocity.

2.4. Effects of stabilizing additives

An organic surfactant that can surround and coat para-
magnetic particles dispersed in MR fluids is used to
enhance the suspension stability. The surfactants have
been observed to thicken suspension fluid, increase the
particle size, and soften the contact stiffness.

Firstly, the micron- or submicron-sized surfactants left
dissolved in the solution without being adsorbed onto
metallic particles may impede the shear motion of the base
fluid and hence increase its viscosity (Casas et al., 2000).
The increase in fluid viscosity can be quantified with a
viscosity magnification factor £, that is defined by the ratio
of the viscosity of the fluid containing surfactants to the
viscosity of the original base fluid. It can be experimen-
tally measured by standard rheometry techniques (Fang et
al., 2009; Hato et al., 2011).
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Secondly, the increase in particle size due to the coating
can be modeled with a radius magnification factor f, that
is defined by the ratio of the surfactant-coated particle
radius to the intact particle radius as illustrated in Fig. 1.
If a particle i with the radius of R and the density of p,
is coated by surfactants with the density of p., the equation
of motion in Eq. (2) for the coated particle can be rewrit-
ten as

(m (:) gza d; ~FO 4 o FE”)+F$)+F (19)
/;tl
with
miy = [P DIV, (20)
n=3p S, e2))
F(G]) - pp+pc(f» - 1) V([)é s (22)
Fi =—p /1", (23)
O~ 6 OF®
D = ﬂfwfff#R 24
where m is the mass of coated particle i and mLp . 1s the

correspondmg added mass. The modification of contact
model is discussed in the next paragraph.

Thirdly and lastly, the effect of the compliant coating on
the interparticle contact forces can be considered by an
appropriate stiffness model. Since the normal and shear
stiffness values associated with the nonlinear contact mod-
els in Egs. (4) and (7) are non-constant, the contact stiff-
ness is defined as a tangential stiffness in the following
differential form.

dF = K(8)ds (25)

Paramagnetic particles coated with surfactants in MR flu-
ids have a high-stiffness core and a low-stiffhess coating
layer as shown in Fig. 1. Such inhomogeneous particles
have a piecewise smooth but discontinuous tangent stiff-
ness as schematically illustrated in Fig. 3 where K, K,
and K, denote the tangent stiffness between soft surfac-
tants, between the surfactant and hard particle, and
between hard metallic particles, respectively. If the pene-
tration depth is extremely high, the tangential stiffness is
contributed by all of the three stiffness values. However,
if the overlap distance is much smaller than the thickness
of coating layer, only K|, is effective in the normal inter-
action of colliding particles. This small ¢ case occurs
when the momentum of colliding particles is not high
enough to result in the overlap between the surfactant
layer and the iron particle core. The settling particles in a
quiescent MR fluid move at very low velocity due to the
significant viscous effects compared to the inertia effect.
The momentum associated with the impact between set-
tling particles is low enough to satisfy the above-men-
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Fig. 3. (Color online) Schematic illustration of contact stiffness
(K, < Ky << Kj;,) based on the degree of penetration depth
between the particles with a soft coating layer and a hard inner
core: soft-to-soft contact (left), soft-to-hard contact (middle), and
hard-to-hard contact (right).

tioned small ¢ condition. Therefore, in the sedimentation
simulations of MR fluids, the contact model parameters
for the coated particles are computed based on the phys-
ical properties of a soft coating material.

2.5. Computational time step

A proper choice of a computational time step for explicit
integration in DEM simulations is important for the sake
of both computational efficiency and accuracy. A too large
time step may cause an extremely high contact force and
a sudden unphysical scattering of particles. On the other
hand, a too small time step leads to an excessively high
computational time. At least, it should be chosen as a
value smaller than the critical Rayleigh time step (Ren et
al., 2012), which is given by

R |p
fe 0.1631v+0.8766«/; (26)

where G is the modulus of rigidity. This Rayleigh time
step is related to the particle dimension (i.e., R), the par-
ticle inertia (i.e., p,), and the particle elastic properties
(ie, v and G).

Especially, in this simulation study, the transient kine-
matics due to hydrodynamic forces on a settling particle
should also be considered in the choice of the computa-
tional time step. The closed-form solution similar to Eq.
(13) is useful to determine the time interval within which
the transient particle kinematics can be computationally
well approximated. Solving the differential equation of
Eq. (19) with Egs. (20) - (24) for the zero-velocity initial
condition gives the following closed-form solution for an
one-dimensional sedimentation velocity v.(f) of a coated
particle

vn=L-e ) @7)
ac
where a, = Lf‘é‘z and g, = [ZA_—ZIJ From Eq.
QoA R 2Pt py
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(27), the rise time ¢. is defined as the time required for the
particle velocity to rise from 0 to 99% of its steady state
value f/a,., and can be expressed as
_ a7’

q—%mprWﬁ}. (28)

A computational time step should be smaller than 7. and
t. to avoid solution instability due to the overestimation of
contact force and to capture the hydrodynamic effects on
the sedimentation velocity, respectively. In this study,
computational time step Af is chosen as

MING., )

At 7

(29)
where 7, is the time refinement factor.

3. Sedimentation Simulation Results and Discus-
sions

A discrete element model including hydrodynamic and
contact interactions has been derived in the previous sec-
tion to simulate the sedimentation of MR fluids with and
without organic surfactants. For computational analysis,
the derived discrete element model, i.e., Egs. (19) - (24)
and the computational time step discussed in this section,
ie., Eq. (29) were integrated into the commercial code
EDEM developed by DEM Solutions Inc. by using an
application programming interface (API) through which
user-defined particle kinematics and kinetics can be
implemented. For the purpose of model validation, three
cases of sedimentation simulations have been performed:
(Case 1) sedimentation of surfactant-free particles without
any Stokes drag corrections; (Case 2) sedimentation of
surfactant-free particles with Stokes drag corrections; and
(Case 3) sedimentation of surfactant-coated particles with
considerations of the corrections for both hydrodynamic
and contact interactions.

The two simulation outputs interested in this study are
(1) the initial sedimentation velocity and (2) the final sed-
imentation ratio (Shah and Choi, 2015). The sedimenta-
tion velocity is defined by the rate at which a boundary
between the sediment and the supernatant descends. The
final sedimentation ratio is the ratio of the height of com-
pletely settled particles to that of initially well-dispersed
particles. Those two output values are compared with
experimental data for model validation purposes. The two
sedimentation properties obtained from the validated com-
putational model may be used to draw an asymptotic sed-
imentation ratio versus time curve that can characterize
the sedimentation dynamics of MR fluids. Figure 4 shows
a general sedimentation ratio versus time curve that can be
approximated by two piecewise and continuous lines that
represent the initial sedimentation rate and the final sed-
imentation ratio. It should be noted that the full transient
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Fig. 4. (Color online) Typical sedimentation ratio versus time

curve (dotted line) and piecewise linear initial and final asymp-
totes (solid lines).

profile of the gravitational sedimentation of MR fluids
could be also obtained using the discrete element model
derived in the previous section. However, this simulation
work specifically targeted at computing the initial and
final sedimentation characteristics due to an extremely
long computational time required for the entire initial to
final sedimentation behavior.

3.1. Sedimentation simulation without Stokes drag
corrections

The first simulation, designated as Case 1, was carried
out based on the equation of motion in Eq. (2) by setting
m”=0 and using the uncorrected Stokes drag model in Eq.
(10). This simulation condition was considered to check if
the particle and hydrodynamic models used in previous
computational studies on a short-term phase change in
MR fluids subject to an external magnetic field (Climent
et al., 2004; Han et al., 2010) are also applicable to the
simulation of the long-term sedimentation phenomenon.

The material composition for Case 1 simulation is iden-
tical to that of the MR fluid denoted as sample A in Fang
et al. (2005). It consists of 80 wt.% carbonyl iron particles

Fig. 5. (Color online) Uniform 314 spheres of 4 pm diameter ran-
domly dispersed in a 25x25x50 um® cuboidal volume which rep-
resents an MR fluid sample consisting of 80 wt.% carbonyl iron
particles and 20 wt.% carrier oil (left), and fully settled particles

(right).
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Table 2. Input parameters and calculation results of three simulation cases.

Property Unit Case 1 Case 2 Case 3
Surfactant weight composition % 0.0 0.0 1.6
Shape correction factor - 1.00 1.10 1.10

Wall correction factor - 1.00 48.49 48.99
Radius magnification factor - 1.00 1.00 1.10
Viscosity magnification factor - 1.00 1.00 1.68
Computation time step nanosecond 100.0 0.1 1.0
Initial settling velocity (Fang et al., 2005) mm/day 8.0 8.0 3.6
Initial settling velocity (Simulation) mm/day 4912 9.2 4.0

Reynolds number - 2.16x107 241x10°° 6.82x107°
Final sedimentation ratio (Fang et al., 2005) % 78.0% 78.0% 90.0%
Final sedimentation ratio (Simulation) % 69.3% 69.3% 86.4%

and 20 wt.% synthetic silicone oil, properties of both of
which are listed in Table 1. Because sample A contains no
stabilizing additives, the suspended particles are not coated.
The measured initial sedimentation velocity of sample A
was 8 mm/day, and the final sedimentation ratio was 78%.
In Case 1 simulation, a 25x25x50 pum’ cuboidal volume
was chosen as a computational domain. The cuboid should
contain 314 uniform carbonyl iron particles of 4 pm diam-
eter to have the same size and weight fraction of carbonyl
iron as sample A. Figure 5 shows the initial configuration
of the randomly distributed particles and the final settled
configuration. The final configuration was obtained from
a settling simulation excluding hydrodynamic interactions
for computational efficiency after a steady initial sedimen-
tation velocity is determined. The simulation input param-
eters and the numerical results are listed in Table 2.

The initial sedimentation velocity and final sedimenta-
tion ratio computed by DEM were 491.2 mm/day and
69.3%, respectively. It should be noted that the initial sed-
imentation velocity was overestimated more than 60 times
greater than the measured settling velocity in Fang et al.
(2005). It is evident that the uncorrected Stokes drag
model is not applicable in this study due to poor accuracy.
This inaccuracy issue would be insignificant in the MR
fluid magnetization simulations (Climent ef al., 2004; Han
et al., 2010) not only because the characteristic time asso-
ciated with the field-induced phase transition of MR fluids
is very short (e.g., on the order of milliseconds) compared
to that of MR fluid sedimentation (e.g., on the order of
days or even months), but because a hydrodynamic drag
on magnetized particles is not a dominant force compared
to a magnetic force in a chaining situation unlike that on
unmagnetized particles in a settling state. The necessity
and effect of Stokes drag corrections are studied in Case
2 simulation that follows.

3.2. Sedimentation simulation with Stokes drag cor-
rections

36

The second simulation, designated as Case 2, incorpo-
rates Stokes drag corrections in Eq. (18) and added mass
in Eq. (11) into a sedimentation analysis. These simulation
conditions in Case 2 were chosen to better emulate the
sedimentation characteristics of MR fluids than those in
Case 1. The MR fluid composition for Case 2 simulation
is the same as that for Case 1 simulation, and hence the
initial and final configurations of the modeled particles are
identical to those for Case 1 as shown in Fig. 5.

The computed initial sedimentation velocity was 9.2
mm/day, that is 15% greater than the experimental value
of 8 mm/day as shown in the bar chart in Fig. 6. It verifies
that the Stokes drag correction and the virtual mass addi-
tion can significantly improve the computational accuracy
in the prediction of a settling rate. The calculated final
sedimentation ratio was 69.3%, which is 11.2% less than
the measured value of 78% as shown in the bar chart in
Fig. 7. The overestimation of the settling rate and the

12r

I Experiment (Fang et al., 2005)
[ ]Simulation

101

Initial sedimentation velocity (mm/day)

0 1 1
Case 2 (without surfactants) Case 3 (with surfactants)

Fig. 6. (Color online) Comparison of the simulation results on
the initial sedimentation velocity for the surfactant-free MR fluid
(Case 2) and the surfactant-added MR fluid (Case 3) with the
experimental results from Fang ez al. (2005).
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Fig. 7. (Color online) Comparison of the simulation results on
the final sedimentation ratio for the surfactant-free MR fluid
(Case 2) and the surfactant-added MR fluid (Case 3) with the
experimental results from Fang er al. (2005).

underestimation of final sedimentation ratio would be due
to the neglection of the shape and size irregularities of the
particles in this simulation. The particles smaller than the
mean particle size would settle at a velocity lower than the
computed value. The shape irregularities would increase
the particle packing ratio, and hence increase the final sed-
imentation ratio. However, the influences of shape irreg-
ularity and size non-uniformity are out of the scope of this
modeling and simulation work.

3.3. Sedimentation simulation of surfactant-coated
particles

The third simulation, designated as Case 3, was per-
formed to validate the DEM model developed for the case
where surfactant additives are applied to MR fluids. The
additives change the base fluid viscosity, particle size, and
contact stiffness as previously discussed in Section 2.4.
Such phenomenological changes in the MR fluid proper-
ties were incorporated into the sedimentation simulation
through the DEM model that is comprised of the equation
of motion in Eq. (19), the mass inertias in Egs. (20) and
(21), the contact forces in Egs. (4) and (7) with the tan-
gential contact stiffness in Eq. (25), and other body forces
in Egs. (22) and (23).

The material composition was chosen to mimic that of
the MR fluid referred to as sample B in Fang et al. (2005).
It consists of 78.4 wt.% carbonyl iron particles, 20.0 wt.%
silicone oil, and 1.6 wt.% guar gum surfactants. The mate-
rial properties of three constituents are listed in Table 1.
The experimental initial sedimentation velocity and the
final sedimentation ratio of sample B were 3.6 mm/day
and 90%, respectively.

The same 25x25x50 um® cuboidal volume as in the pro-
ceeding simulations was selected as a computational
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Fig. 8. (Color online) Uniform 292 spheres of 4.4 um diameter
randomly dispersed in a 25x25x50 pm’ cuboidal volume which
represents an MR fluid sample consisting of 78.4 wt.% carbonyl
iron particles, 20 wt.% carrier oil, and 1.6 wt.% guar gum sur-
factants (left), and completely settled particles (right).

domain for Case 3 simulation. The domain must consist of
292 spheres to represent the weight fraction of carbonyl
iron particles in sample B. Figure 8 depicts the initial and
final configurations of sample B particles. The viscosity
magnification factor £, was set to 1.68 in this simulation
based on the rheological data from Fang et al. (2005),
where the viscosity of sample B was observed to be 1.68
times greater than that of sample A at the shear strain rate
of 50 s, A 10% increase in particle diameter, i.e., a radius
magnification factor f. of 1.1, was estimated from the
scanning electron microscopy image of a carbonyl iron
particle completely coated by guar gum in Wu e al.
(2006). The computation results, as well as the simulation
other input parameters, are given in Table 2.

The initial sedimentation velocity and the final sedimen-
tation ratio obtained from Case 3 simulation were 4.0 mm/
day and 86.4%, respectively. Compared to the experimen-
tal data, as shown in Figs. 6 and 7, the initial sedimenta-
tion velocity was 11.1% overestimated, and the final
sedimentation ratio was 4.0% overestimated. Despite
some computational error within maximum 15%, the cal-
culated values using the proposed discrete element model
are in satisfactory agreement with the experimental data.
Most of all, to the author’s knowledge, the proposed
model is the first one that can numerically compute the
sedimentation characteristics of MR fluids by accounting
for the influence of stabilizing surfactants on the carrier
fluid viscosity, the particle volume dilation, and the inter-
particle contact stiffness.

4. Conclusions

This research aims at developing a reliable computa-
tional model to predict the sedimentation characteristics of
MR fluids containing stabilizing surfactants. A discrete

element approach was used to model particle-to-particle
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and particle-to-fluid interactions. The limitation of uncor-
rected Stokes drag model in the sedimentation simulation
of MR fluids with the high volume fraction of paramag-
netic particles was demonstrated by the discrete element
simulation giving a large computational error. The numer-
ical accuracy was significantly improved by the correction
of the Stokes drag model and the inclusion of added mass
effect into the equation of motion. This paper also presents
the extended discrete element model that can predict the
initial settling velocity of the suspended particles in MR
fluids with added surfactants by introducting the four sim-
ulation parameters, ie., the wall correction factor, the
shape correction factor, the radius magnification factor,
and the viscosity magnification factor. The surfactants sur-
rounding and coating the MR fluid particles may increase
the particle dimensions, reduce the contact stiffness, and
augment the carrier fluid viscosity. All of these possible
phenomenological changes were incorporated into the dis-
crete element formulation. The performed settling simu-
lation well represented the influences of the stabilizing
surfactants, and the simulation results matched the mea-
sured initial sedimentation velocity and final sedimenta-
tion ratio with acceptable accuracy. The proposed model is
the first one which can compute the sedimentation char-
acteristics of MR fluids containing surfactant additives,
and thus can contribute to the material design and pro-
duction of a stable MR fluid. Future work may include the
further improvement of computational accuracy in the
sedimentation analysis by taking the effects of non-uni-
form size distribution and non-spherical particle shapes
into account.
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