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Diverse microstructures of magnetorheological fluid induced 
by shear flows (A direct numerical investigation) 
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Abstract 
This study presents numerical simulations of magnetorheological (MR) fluids under a wide range of shear rates 
using the Euler-Lagrange hybrid scheme. In a confined space between plane-parallel walls with gravity 
neglected, under a constant magnetic field and particle volume fraction, the formation of magnetic particle 
microstructures and the shear-thinning behavior of the apparent viscosity of the MR fluid are investigated. As 
the shear rate increases, the microstructures formed by the magnetic particles transition from chain-like to sheet-
like formations around a Mason number (Mn) of 1. Beyond a certain shear threshold, these structures begin to 
aggregate toward the stationary wall, while particles move away from the moving wall. For Mn = 30, 
hydrodynamic two-phase separation is observed with respect to the vertical direction of the walls: a particle-free 
region appears on the moving wall side, while an aggregate structure without interparticle contact forms on the 
stationary wall side. With further increase in shear rate to Mn = 100, the upper-layer particles of the aggregates 
detach and disperse. The two-phase separation observed at Mn = 30 is induced by magnetic and hydrodynamic 
interactions, and the aggregation toward the stationary wall is attributed to the constraint of particle rotation by 
applied magnetic field. These findings indicate that the presence or absence of particle rotation influences the 
hydrodynamic lift forces acting on the particles. The ratio of the magnetic torque induced by the applied magnetic 
field to the hydrodynamic torque is as a key factor governing the microstructure of magnetic particles in MR 
fluids. 

 
1. Introduction 

 
Magnetorheological (MR) fluids (Rabinow, 1948; Morollas and Vicente, 2020), whose viscosity changes in response 

to a magnetic field, are among the most well-known functional fluids. The viscosity can vary significantly, even 
approaching a nearly solid state. When MR fluids were first developed, they were anticipated for use in applications such 
as clutches (Rabinow, 1948), brakes (Li and Du, 2003; Rossa et al., 2014), and dampers (Spencer et al., 1997). For 
utilization in automotive brakes and structural dampers, MR fluids must exhibit long service life and resistance to harsh 
environments. Challenges in these applications include oxidation, sedimentation, and separation of magnetic particles 
(Kumar et al., 2019, Morillas and Vicente, 2020). In recent years, MR fluids have also been applied in virtual experience 
devices such as virtual reality (VR) systems, surgical training simulators (Tsujita et al., 2012), and immersive systems 
(Blake and Gurocak, 2009; Senkal and Guricak, 2010; Yang et al., 2020), with new application areas continuing to 
emerge. These devices typically require a relatively short service life and are primarily designed for indoor use. For 
practical implementation, it is also necessary to consider the time response of particles under external magnetic fields, 
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including alternating magnetic fields and oscillating shear flow conditions. 
In functional fluids such as MR fluids, magnetic fluids, and Electrorheological (ER) fluids, particles align in response 

to external magnetic or electric fields. Theoretical calculations and numerical simulations have well established that these 
particles form chain-like structures along the direction of the applied magnetic field. Theoretical analyses of single-chain 
clusters in ER fluids (Martin and Anderson, 1996) are also applicable to MR fluids. MR fluids can generate greater shear 
stress than ER fluids, holding a unique position in engineering applications. In recent years, numerous simulation studies 
have reported the formation of sheet-like structures oriented perpendicular to parallel walls under certain shear rates (Han 
et al., 2010; Lagger et al., 2014, 2015; Ido et al., 2015, 2017; Peng and Pei, 2021; Pei et al., 2022). Several of these 
studies examined only particle structures under low shear flow conditions (Han et al., 2010; Ido et al., 2015, 2017), while 
others did not incorporate the rotational motion of particles induced by hydrodynamic torque (Lagger et al., 2014, 2015; 
Peng and Pei, 2021; Pei et al., 2022). One study investigated a wide range of shear flow fields but did not address the 
resulting particle structures (Lagger et al., 2015). Previous numerical simulation studies have faced challenges such as 
insufficient predictive capability of existing models in high shear regions (Mn > 30; Mn: Mason number), limitations in 
modeling particle rotation dynamics coupled with magnetic fields, and incomplete methodologies for linking particle 
microstructure to the macroscopic properties of MR fluids. In this study, direct numerical simulations were performed 
over a broader range of shear flow fields than those explored in prior research. As a result, previously unreported particle 
structures were identified, and a key governing factor was revealed. The details of these findings are presented in the 
following sections. 

 
2. Numerical simulation model 

 
This study conducted direct numerical simulations to investigate the microstructure formation of magnetic particles 

using the Euler-Lagrange hybrid scheme. The particle microstructure and the relative apparent viscosity were 
quantitatively analyzed with respect to the Mason number, which represents the ratio of hydrodynamic to magnetic force 
acting on a magnetic particle. A wide range of shear flow conditions up to Mn = 100 was investigated under a constant 
magnetic field and particle volume fraction. 

The equations of motion for the particles in the solvent are based on Newton’s equations of motion for translation 
and Euler’s equations of motion for rotation. 

 

𝑚𝑚𝑝𝑝
𝑑𝑑𝑽𝑽𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑ 𝑭𝑭𝑖𝑖𝑖𝑖𝑐𝑐𝑗𝑗 + 𝑭𝑭𝑖𝑖ℎ + ∑ 𝑭𝑭𝑖𝑖𝑖𝑖𝑚𝑚𝑗𝑗                                                                 (1) 

𝐼𝐼𝑝𝑝
𝑑𝑑𝝎𝝎𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑ 𝑻𝑻𝑖𝑖𝑖𝑖𝑐𝑐𝑗𝑗 + 𝑻𝑻𝑖𝑖ℎ + ∑ 𝑻𝑻𝑖𝑖𝑖𝑖𝑚𝑚𝑗𝑗 + 𝑻𝑻𝑖𝑖𝐻𝐻           (2) 

 
where t is time, mp is the mass of the particle, Vi is the velocity of the i-th particle position ri, Ip is the moment of inertia 
of particle, ωi is the angular velocity of particle i, Fc and Tc are the contact force and torque based on the standard 
formulation of the Discrete Element Method (DEM) (Tsuji et al., 1992; Fujita and Yamaguchi, 2008), and Fh and Th are 
the hydrodynamic force and torque, respectively (Fujita and Yamaguchi, 2008; Ando et al., 2012; Makabe et al., 2021). 

Several necessary terms related to magnetism and magnetic fields are introduced. A particle with a dipole moment 
interacts with a magnetic field H to induce a force F (Rosensweig, 1985; Chikazumi, 1997). The magnetic force Fij

m 
exerted on particle i by particle j is expressed as follows (Satoh, 1995; Ando et al., 2018): 

 
𝑭𝑭𝑖𝑖𝑖𝑖𝑚𝑚 = −∇�−𝜇𝜇0𝒎𝒎𝑖𝑖 ∙ 𝑯𝑯𝑖𝑖𝑖𝑖� 

= −3𝜇𝜇0
4𝜋𝜋

∙ 1
𝑟𝑟𝑖𝑖𝑖𝑖
4 �−�𝒎𝒎𝑖𝑖 ∙ 𝒎𝒎𝑗𝑗�

𝒓𝒓𝑖𝑖𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖

+ 5�𝒎𝒎𝑖𝑖 ∙ 𝒓𝒓𝑖𝑖𝑖𝑖��𝒎𝒎𝑗𝑗 ∙ 𝒓𝒓𝑖𝑖𝑖𝑖�
𝒓𝒓𝑖𝑖𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖
3 − ��𝒎𝒎𝑗𝑗 ∙ 𝒓𝒓𝑖𝑖𝑖𝑖�𝒎𝒎𝑖𝑖 + �𝒎𝒎𝑖𝑖 ∙ 𝒓𝒓𝑖𝑖𝑖𝑖�𝒎𝒎𝑗𝑗�

1
𝑟𝑟𝑖𝑖𝑖𝑖
�           (3) 

 
where mi and mj (m = |mi| = |mj|) are the magnetic moments of the particles i and j, rij = ri - rj is the vector connecting the 
centers of particles i and j, rij =|rij|. Hij is the magnetic field that the magnetic moment mj exerts on the position of particle 
i. µ0 is the space permeability. The torque Tij

m acting on particle i due to the magnetic interaction with particle j is 
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expressed as follows (Satoh, 1995; Ando et al., 2018): 
 

𝑻𝑻𝑖𝑖𝑖𝑖𝑚𝑚 = 𝜇𝜇0𝒎𝒎𝑖𝑖 × 𝑯𝑯𝑖𝑖𝑖𝑖 

= − 𝜇𝜇0
4𝜋𝜋
∙ 1
𝑟𝑟𝑖𝑖𝑖𝑖
3 �𝒎𝒎𝑖𝑖 × 𝒎𝒎𝑗𝑗 −

3
𝑟𝑟𝑖𝑖𝑖𝑖
2 �𝒎𝒎𝑗𝑗 ∙ 𝒓𝒓𝑖𝑖𝑖𝑖�𝒎𝒎𝑖𝑖 × 𝒓𝒓𝑖𝑖𝑖𝑖�           (4) 

 
The torque Ti

H due to the externally applied magnetic field Hex (Hex = |Hex|) is expressed by the following equation. 
 
𝑻𝑻𝑖𝑖𝐻𝐻 = 𝜇𝜇0𝒎𝒎𝑖𝑖 × 𝑯𝑯𝑒𝑒𝑒𝑒                                                                          (5) 

 
The governing equations for fluid flow including particles are the incompressible condition and the Navier-Stokes 

equation (Ando et al., 2012; Makabe et al., 2021). 
 

∇ ∙ 𝒖𝒖 = 0           (6) 

 

𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ (𝒖𝒖 ∙ ∇)𝒖𝒖 = − 1
𝜌𝜌𝑓𝑓
∇𝑝𝑝 + 𝜂𝜂

𝜌𝜌𝑓𝑓
∇2𝒖𝒖 + Φ𝜶𝜶           (7) 

 
where u is the fluid velocity on the computational lattice, ρf is the density of the solvent, p is the pressure, η is the 
viscosity of the solvent, Φ is the volume fraction of the particles on the computational lattice. This value is [0 (outside a 
particle), 1 (inside a particle)] considering the overlap between two particles (Fujita and Yamaguchi, 2008; Ando et al., 
2012; Makabe et al., 2021). α is the particle acceleration obtained using direct forcing in the Immersed-boundary method, 
which includes the convective and viscous terms (Fadlum et al., 2000). 
 

𝜶𝜶 = 𝒗𝒗𝑝𝑝−𝒖𝒖
Δ𝑡𝑡

+ (𝒖𝒖 ∙ ∇)𝒖𝒖 − 𝜂𝜂
𝜌𝜌𝑓𝑓
∇2𝒖𝒖           (8) 

 
This study solved the velocity fields by a two-step method (Kajishima et al., 2001; Nakayama and Yamamoto, 2005) 
under the constraint of Eq. (6), where the pressure was decomposed into two components: 𝑝𝑝 = 𝑝𝑝∗ + 𝑝𝑝′ ; with the 
intermediate pressure without particles, 𝑝𝑝∗, and the correcting pressure with particles, 𝑝𝑝′(Ando et al., 2012). 𝒗𝒗𝑝𝑝 is the 
velocity of particles on the computational lattice, as defined below: 
 

𝒗𝒗𝒑𝒑 = 𝑽𝑽 + 𝝎𝝎 × 𝒓𝒓           (9) 

 
V is the translational velocity of the particle, ω is the angular velocity of the particle, and r is the relative position from 
the particle center. The numerical simulation accurately resolved both the force and torque of particle-fluid hydrodynamic 
interactions, including many-body interactions, using the Immersed-boundary method. The hydrodynamic force 𝑭𝑭𝑖𝑖ℎ and 
torque 𝑻𝑻𝑖𝑖ℎ acting on the particle i are expressed as (Makabe et al., 2021) 
 

𝑭𝑭𝑖𝑖ℎ = −∫𝜙𝜙𝑖𝑖(𝒓𝒓)𝜌𝜌𝑓𝑓𝜶𝜶(𝒓𝒓) 𝑑𝑑𝑑𝑑                                                                  (10) 
 
𝑻𝑻𝑖𝑖ℎ = −∫𝜙𝜙𝑖𝑖(𝒓𝒓)�𝒓𝒓𝑖𝑖(𝒓𝒓) × 𝜌𝜌𝑓𝑓𝜶𝜶(𝒓𝒓)� 𝑑𝑑𝑑𝑑                                                          (11) 
 

where ϕi is the volume fraction of the particle i, whose sum is Φ on the computational lattice. The approach was based 
on the SIMPLEST algorithm and adopted an upwind scheme for the convection term. 

This study assumed the use of commercially available MR fluids with a particle volume fraction of 30%, considering 
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practical engineering applications such as MR brakes. The calculation conditions are listed in Table 1. The external 
magnetic field Bex (= µ0Hex) was applied with a constant value. The solvent was assumed to be kerosene (ρf = 8.09×102 
kg/m3, η = 2.42×10-3 Pa･s), while the particle was modeled as an iron-based sphere (ρp = 7.8×103 kg/m3) with a certain 
magnetization of M = 7.96×104 A/m. Figure 1 indicates that the calculation domain is defined as (x, y, z) = (10d, 10d, 
20d), where the particle diameter is d = 1.5 µm. A grid size of fluid computational lattice is ∆ = d/9 (Kajishima et al., 
2001; Nakayama et al., 2008; Ando et al., 2012; Makabe et al., 2021). Boundary conditions were imposed to reflect the 
actual configuration of an MR fluid device, including both moving and stationary walls. No-slip conditions were applied 
at the plane-parallel walls, while periodic boundary conditions were applied on the other boundaries.  

In this physical system under magnetic and shear fields, particle structures develop along the magnetic field direction 
or the shear direction, but not along the vorticity direction. Furthermore, the computational domain varies depending on 
the specific research focus. In this study, to focus on the particle structures developing along the magnetic field direction, 
periodic boundary conditions were employed. Previous studies (Ido et al., 2015, 2017) adopted a similar computational 
domain of (11d, 11d, 21d) and discussed particle structures. Based on their findings and the present results, we conclude 
that the use of periodic boundary conditions is valid for characterizing particle structures. It is noted that no significant 
changes in particle structure were observed, even when a series of simulations was carried out in a smaller domain of 
(6d, 6d, 12d) under the same shear conditions. 

In the initial state of each simulation, particles were randomly distributed at a constant volume fraction of 30%. The 
study investigated a wide range of shear flow fields up to Mn = 100, where the shear rate is 𝛾̇𝛾 = 𝑢𝑢𝑤𝑤 20𝑑𝑑 ⁄ = 2.28 × 106 
s-1. This corresponds to a relative velocity between the walls of 𝑢𝑢𝑤𝑤 = 68.5 m/s, with the particle Reynolds number of 
Rep = 34.5 (if 𝑣𝑣𝑝𝑝 = 0), which falls within the expected operational range. This value is close to the maximum velocity 
observed in practical vehicular applications. However, since the particles comove with the solvent, the actual particle 
Reynolds number based on the particle-fluid relative velocity is Rep < 1, indicating that the flow around the particles is 
laminar. Gravity was ignored, as the simulations did not consider gravitational settling of particles. For instance, the shear 
velocity at Mn = 0.1 is four orders of magnitude larger than the settling velocity. In particular, the resulting particle 
structures observed for 𝑀𝑀𝑀𝑀 ≥ 30 are flow-induced. Particles are typically sterically stabilized in a nonpolar medium 
with a protective polymer shell of a few nanometers in thickness to prevent aggregation of magnetic particles due to van 
der Walls interactions (Rosensweig, 1985). In this case, the van der Waals force outside the polymer shell rapidly decays 
and becomes significantly smaller than the magnetic force. Therefore, DLVO interaction was not considered in this 
simulation. 

The Mason number, defined as the ratio of the hydrodynamic force due to shear flow to the magnetic force between 
the magnetic moments of particles, is given as follows (Klingenberg et al., 2007; Sherman et al., 2015): 

 

𝑀𝑀𝑀𝑀 = Hydrodynamic force
Magnetic force

= 3𝜋𝜋𝜋𝜋𝑑𝑑2𝛾̇𝛾
3𝜇𝜇0𝑚𝑚2 (4𝜋𝜋𝑑𝑑4)⁄

= 144 𝜂𝜂𝛾̇𝛾
𝜇𝜇0𝑀𝑀2                                              (12) 

 
The ratio of magnetic torque due to an applied field to hydrodynamic torque is defined as follows (Satoh, 1995): 
 

𝑅𝑅𝐻𝐻 = Magnetic torque due to applied field
Hydrodynamic torque

= 𝜇𝜇0𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋𝑑𝑑3𝛾̇𝛾

= 𝜇𝜇0𝑀𝑀𝑀𝑀
6𝜂𝜂𝛾̇𝛾

                                             (13) 

 
Equations (12) and (13) yield the following Eq. (14): 
 

𝑀𝑀𝑀𝑀 ∙ 𝑅𝑅𝐻𝐻 = 24 𝐻𝐻
𝑀𝑀

                                                                           (14) 

  
This study determined Mn･RH = 120 from Table 1. The microstructure of the MR fluid was examined in the region of 
Mn < 120, i.e., RH > 1, where the applied magnetic field exceeded the hydrodynamic torque, and the particle rotation was 
assumed to be constrained. 

The relative apparent viscosity η* is calculated using the following equation (Fujita and Yamaguchi, 2008). The 
apparent viscosity ηa is determined by averaging the velocity gradient (𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ )𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 at the walls. 
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𝜂𝜂∗ = 𝜂𝜂𝑎𝑎
𝜂𝜂

= 1
𝛾̇𝛾
�𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

           (15) 

 
where u is the fluid velocity in the x-direction. This study omits some effects of wall type on the dynamical microstructure 
of magnetized particles. The computational domain was bounded by featureless walls that were frictionless between 
solids and non-magnetic surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

3. Results and discussions 
3.1 Particle structures and relative apparent viscosities 

Figures 2(a) and 2(c) illustrate snapshots of the particle structures at steady state for various Mason numbers. Panel 
(a) shows a face-on view at x = 10d, and panel (c) shows a face-on view at y = 0. The color of each particle indicates the 
number of contacts with neighboring particles. Figures 2(b) and 2(d) depict the corresponding average particle volume 
fraction Ψp for panels (a) and (c), respectively. These values were obtained by integrating the particle volume fraction 
within the fluid computational lattice, Φ. In this study, hydrodynamic two-phase separation was observed under high 
shear rates: a particle-free region appeared near the moving wall, while an aggregate structure without interparticle 
contact formed near the stationary wall. For Mn > 10, particles moved away from the moving wall. At Mn = 30, the sheet-
like structure fully collapsed, and a void region appeared near the moving wall. The particles became densely packed on 
the stationary wall side, but without direct physical contact, forming an aggregate structure. In this state, the particle 
volume fraction in the dense region (up to z = 18.7d) increased to 33 vol%. In contrast, at Mn = 50, corresponding to RH 
= 2.4, the upper-layer particles of the aggregates detached and dispersed upward due to the high shear flow. At Mn = 100, 
the particles were further separated in both directions toward the moving and stationary walls, resulting in a dilute particle 
region at the center. The results for 𝑀𝑀𝑀𝑀 < 0.1 (not shown here) show negligible differences compared to Mn = 0.1, as 
the dominant magnetic force maintains the chain-like structures. As the Mason number approaches 𝑀𝑀𝑀𝑀 ≈ 1 , the 
magnetic and hydrodynamic forces reach a competitive regime, triggering a structural transition from chain-like to sheet-
like structures. 

 
 
 
 
 
 

Nomenclature Value 
H/M  [-] 5 
Applied magnetic field 
B (=µ0H)  [T] 

0.5 

Mason number Mn  [-] 0.1 - 100 
 

Table 1  Calculation conditions. 

Fig. 1  Simulation model for magnetic particles in 
an MR fluid between two parallel plates. 
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Figure 3 depicts the relative apparent viscosity and the average particle contact number as a function of the Mason 

number. The average particle contact number 〈𝑁𝑁𝑐𝑐〉𝑇𝑇 is defined as 
 

〈𝑁𝑁𝑐𝑐〉𝑇𝑇 = 1
𝑇𝑇 ∫ �1

𝑁𝑁
∑ 𝑁𝑁𝑐𝑐,𝑖𝑖(𝜏𝜏)𝑁𝑁
𝑖𝑖=1 �𝑡𝑡+𝑇𝑇

𝑡𝑡 𝑑𝑑𝑑𝑑,           (16) 

 
where N is the total number of particles, 𝑁𝑁𝑐𝑐,𝑖𝑖(𝜏𝜏) is the number of particles in contact with particle i at time τ, and T is 

Fig. 2  Particle structure and average particle volume fraction at steady state for each Mason number. 
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the averaging time in the steady state. The averages were calculated using 𝑇𝑇 ≥ 50 μs, and the averaging interval ∆𝜏𝜏 
was larger than the simulation time step ∆𝑡𝑡 = 15 ns. The error bars for the average contact number represent the sample 
standard deviations, which are small. In contrast, the error bars for the relative apparent viscosity are too small to be 
visible, indicating that the particle structure nearly reaches a steady state. Consistent with observations from previous 
experimental studies (Klingenberg et al., 2007; Berli and Vincente, 2012; Morillas and Vicente, 2020), the relative 
apparent viscosity in this study decreases exponentially until reaching a specific Mason number. The average particle 
contact number gradually reduces as the Mason number increases. However, for Mn > 10, the average contact number 
drops below 1. Figure 2 indicates that the microstructural visualizations reveal substantial structural differences for Mn 
> 10, even when the relative viscosities are similar. This indicates that the relationship between relative viscosity and 
particle structure is not strictly one-to-one. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this study, the shear flow rate was varied while maintaining a constant value of Mn･RH (= 120). As the shear flow 

rate increased under a constant magnetic field, the microstructures formed by the magnetic particles transitioned from 
chain-like to sheet-like and then to aggregate structures near the stationary wall. In addition, Fig. 1 indicates that since 
the external magnetic field is applied along the z-axis, the chain-like structure, with particles vertically aligned along the 
external magnetic field, is the most energetically stable. It is considered that the aggregation near the stationary wall at 
Mn = 30 results from a delicate balance between magnetic repulsive forces and hydrodynamic forces acting on the 
particles 

 
3.2 Tilt angle of particles 

The histograms of the tilt angle of the magnetic moments of the particles relative to the external magnetic field are 
presented in Fig. 4, with an angle interval of 0.5°. As the Mason number increases, the peaks of ∆θ distributions decrease, 
while the tilt angle and its distribution become larger and broader. For example, at Mn = 1 and 10, the peaks of the tilt 
angle distribution occur at ∆θ =0.5° and 3°, respectively. At Mn = 30, the peak shifts to 6.5°, with a tilt angle range from 
2° to 13°. At Mn = 50, the peak moves further to 9.5°, with a broader range from 3.5° to 20.5°. At Mn = 100, the directions 
of the magnetic moments are widely distributed, and no distinct peak is observed. In this high-shear flow field, particles 
located near the moving wall are expected to gain a degree of rotational freedom and become dispersed. As a reference, 
the dashed lines in Fig. 4 represent the tilt angles calculated from the analytical solution for a single particle, ∆𝜃𝜃 =
sin−1(𝜋𝜋𝜋𝜋𝑑𝑑3𝛾̇𝛾 2𝜇𝜇0𝑚𝑚𝐻𝐻𝑒𝑒𝑒𝑒⁄ ), at each Mason number. Compared to the tilt angles obtained in the single-particle case, the 
peaks of the tilt angle distribution at low Mason numbers of Mn = 1 and 10 are slightly higher. This indicates that 

Fig. 3  Relative apparent viscosity and average contact numbers of particles as a function of Mason 
numbers. 
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hydrodynamic torque acts on the entire chain-like structure under these conditions. In contrast, at higher Mason numbers 
of Mn = 30 and 50, the peaks decrease in magnitude. This outcome indicates that the hydrodynamic torque acting on 
individual particles is reduced due to the presence of densely packed neighboring particles arising from the two-phase 
separation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3 Effect of external magnetic field 
Three simulations were performed to investigate whether the hydrodynamic lift force toward the stationary wall acts 

on particles whose rotation is constrained by an external magnetic field. Using the final state at Mn = 30 in Fig. 2 as the 
initial condition, simulations were conducted under the same shear flow condition as Mn = 30, both with and without 
magnetic interaction. Figure 5 provides snapshots of shear flow simulations of particles under both conditions. The graph 
on the right displays the average particle volume fraction and the average fluid velocity in the x direction at 𝑡𝑡𝛾̇𝛾 = 206. 
Figure 5(a) shows a continued simulation with magnetic interaction (𝒎𝒎 ≠ 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 ≠ 𝟎𝟎), and Fig. 5(b) shows a virtual 
simulation without an applied magnetic field (𝒎𝒎 ≠ 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 = 𝟎𝟎), corresponding to 𝑀𝑀𝑀𝑀 = 30 and 𝑅𝑅𝐻𝐻 → 0, and Fig. 5(c) 
shows a virtual simulation without magnetic interaction (𝒎𝒎 = 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 = 𝟎𝟎), corresponding to 𝑀𝑀𝑀𝑀 → ∞ and 𝑅𝑅𝐻𝐻 → 0. 
The color of each particle indicates its velocity. Figure 5(a) shows that when shear flow is further applied, the particle 
structure is preserved, and a layered particle arrangement develops to some extent, accompanied by two-phase separation. 
In contrast, in Figs. 5(b) and 5(c), where particles are not rotationally constrained by the external magnetic field, the 
upper-layer particles in the aggregate structure are lifted toward the moving wall by 𝑡𝑡𝛾̇𝛾 = 20.6 and reach the moving 
wall at 𝑡𝑡𝛾̇𝛾 = 103. At 𝑡𝑡𝛾̇𝛾 = 206, the particles are dispersed across the region between the moving and stationary walls. 
In Fig. 5(b), the lift-induced aggregation structure collapses despite the presence of magnetic interactions among 
particles. These results indicate that rotational constraint by the magnetic field strongly influences the lift forces acting 
on particles, and that lift-induced aggregation toward the stationary wall can occur in mechanical devices employing MR 
fluids. 

In this study, the angular momentum of the particles is zero because their rotation is constrained by the magnetic 
field. The lift force acting on the particles cannot be determined solely from magnetic torque and hydrodynamic torque; 
the velocity of the surrounding fluid must also be considered. In addition, the lift force can be either positive or negative 
depending on the relative rotational direction with respect to the surrounding fluid, making this phenomenon complex. 
Therefore, the lift force acting on particles at Mn = 30 is a subject for future investigation 

Fig. 4  Frequency distribution for tilt angle of particle magnetic moment on Mason numbers; 
Dashed lines indicate the tilt angles obtained from the analytical solution for the single-
particle case at each Mason number: ∆𝜃𝜃 = sin−1(𝜋𝜋𝜋𝜋𝑑𝑑3𝛾̇𝛾 2𝜇𝜇0𝑚𝑚𝐻𝐻𝑒𝑒𝑒𝑒⁄ ). 

∆θ 

Bex 

m 

Tilt angles obtained 
from the analytical 
solution for the  
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(b) 𝒎𝒎 ≠ 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 = 𝟎𝟎 (Virtual calculation: 𝑀𝑀𝑀𝑀 = 30,𝑅𝑅𝐻𝐻 → 0) 

(a) 𝒎𝒎 ≠ 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 ≠ 𝟎𝟎 (Continuing calculation: 𝑀𝑀𝑀𝑀 = 30,𝑅𝑅𝐻𝐻 = 4) 

(c) 𝒎𝒎 = 𝟎𝟎, 𝑩𝑩𝑒𝑒𝑒𝑒 = 𝟎𝟎 (Virtual calculation: 𝑀𝑀𝑀𝑀 → ∞,𝑅𝑅𝐻𝐻 → 0) 

Fig. 5  Snapshots of shear flow simulations of particles with and without magnetic interactions, after 
the final state of Mn = 30 in Fig. 2; The contour lines in snapshots are streamlines. The graph on 
the right shows the average particle volume fraction and the average fluid velocity in the x 
direction at 𝑡𝑡𝛾̇𝛾 = 206. 
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4. Conclusion 
 
In summary, the behavior of magnetic particles in a confined space was examined under constant magnetic interaction 

and particle volume fraction, assuming the upper limit of normal operation in practical MR fluid applications. The 
resulting microstructure formation was analyzed and correlated with relative apparent viscosity. At Mn = 30, 
hydrodynamic two-phase separation was observed with a void region near the moving wall. These results demonstrate 
that lift-induced aggregation toward the stationary wall can occur in devices using MR fluids and that there exists an 
upper shear flow rate limit for the stable operation of such devices. For instance, when MR fluid is used in brakes, it is 
essential to recognize that braking performance can deteriorate beyond a certain Mason number due to this hydrodynamic 
two-phase separation. For 𝑀𝑀𝑀𝑀 ≥ 50 , the hydrodynamic force becomes dominant over the magnetic force, which 
previously constrained particle rotation, leading to the collapse of the particle structures. In the absence of a magnetic 
field (𝑀𝑀𝑀𝑀 → ∞), where particle rotation is permitted, the shear-induced lift force acting on the particles is directed toward 
the moving wall. Based on the microstructures obtained in this study, the MR fluid under the condition Mn･RH =120 
appears to maintain the desired rheological properties down to approximately Mn = 10 (with RH = 12). Thus, careful 
consideration of the Mn･RH parameter is critical in the design of MR fluid devices. In this study, the Mn･RH parameter 
was examined only under a single condition, Mn･RH = 120, as shown in Fig. 6. Classifying the particle structures formed 
on the Mn-RH plane is a future challenge. 

In addition, experimental observation of this phenomenon is required. The following challenges must be addressed 
to advance the practical application of MR fluids: the mechanism of lift force generation under particle rotational 
constraints, the construction of the Mn-RH phase diagram, and the response speed required to restore the initial state after 
two-phase separation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Simulation results and references on the Mn-RH plane. 
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