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Abstract – 

Magnetorheological fluids have the unique ability to change their apparent viscosity 

and yield stresses on application of an external magnetic field. Due to their smart property these 

fluids are gaining extensive usage in modern equipments. This report explains the fundamentals 

of MR fluid, their basic structure and behavior. To understand the physics of MR fluid, the 

analysis is divided into two parts: Macroscopic and microscopic analysis. The microscopic 

analysis involves the molecular simulation dynamics on MR fluid under the application of 

applied magnetic field. The particle motion is basically governed by magnetic, hydrodynamic 

and repulsive interaction. Fluid particle interactions are accounted via stokes drag while inter-

particle interactions are modeled through approximate hard-sphere rejection /hard-wall 

rejections, respectively. The time evolution is considered to be magnetically quasi-static and 

the new position of the particle is recomputed at each instant in time by solving the governing 

differential equations using R K 4th order method. Further, the dynamic yield stress is 

determined using microscopic shear stress tensor equation and a number of observations such 

as dependence of dynamic yield stress and response time-scales on particle size, concentration, 

applied magnetic field and base viscosity which are crucial in predicting the behavior of MR 

fluids, is studied. The macroscopic analysis involved the viscosity measurement on viscometer 

and Rheometer and the modeling of viscosity with shear rate and temperature without 

application of applied magnetic field. An experiment is performed on MR brake to analyze the 

behavior of MR fluid under the application of applied magnetic field. 

 

I. INTRODUCTION 

Magnetorheological Fluid consists of a suspension of randomly oriented colloidal 

ferromagnetic particles in a carrier fluid. An externally applied magnetic field orients the 

magnetic grains and induces magnetic moment among particles. As a result, particles align 

themselves in the direction of magnetic field and form chain like structure, which restrict the 
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motion of the fluid and increases the viscosity, turning the fluid suspension into a semi-solid. 

This phase change from liquid to semi-solid and vice-versa can be achieved rapidly and 

repeatedly by application of an external magnetic field. The MR fluid has attained greater 

importance because of its variable viscosity and high yield stress. Controllability (variable 

viscosity), responsiveness (in milliseconds), and functionality are the basic properties which 

make an MR fluid "smart". It has wide variety of technological applications, i.e. shock 

absorbers (variable damping coefficient), clutch (variable torque transmission), MR brakes etc. 

For commercial purpose it is used for low power exercise machine, control of seismic 

vibrations in structures, “Seal-Less” Vibration Damper. The Lord Corporation manufactured 

various MR fluid devices for commercial applications including heavy-duty vehicle seat 

suspensions, rotary brakes that provide a tunable resistance and prosthetic devices using smart 

MR fluid. Shear thinning can be defined as property of fluid due to which the apparent viscosity 

decreases with increase in shear rate. All Newtonian fluids have a constant viscosity at all shear 

rates and hence will not show shear thinning. Hair-styling gel and latex paint are good example 

of fluids showing shear thinning effect. The decrease in the viscosity of the fluid with increase 

of temperature is called thermal thinning. This effect is shown by all fluid. MR fluids show 

shear thinning and thermal thinning behavior. 

MOTIVATION AND GOAL: 

Due to growing use of MR fluids in present systems there is a greater need to identify 

the factors affecting the MR fluid behavior (viscosity) such as shear thinning, thermal thinning 

and dynamic yield stress (shear stress induces due to application of magnetic field). Also there 

is a need to analyze the effect of Particle size, response time and concentration on behavior of 

MR fluid under different applied magnetic field. Hence a study has been done and a qualitative 

pattern followed by MR fluid under various affecting parameters has been identified. 

 

II. MOLECULAR DYNAMIC SIMULATION 

Molecular Dynamic simulation simulates the motions of individual molecules. It shows 

a motion picture of the molecules moving relative to each other. It replicates the system on a 

computer using mathematical models. The molecular dynamic simulation, in principle, is 

entirely deterministic in nature. The need of Molecular dynamic simulation is as follows: 

• To understand the physics behind the behavior of system from molecular point of view. 

• To have a heuristic insight of various forces acting on molecules and their magnitude. 
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• To study the qualitative effect of various parameters involved in the system and analyze 

those parameters to obtain property values. 

 

METHOD OF SOLUTION 

The R K 4th order method has been adopted for solution of the governing differential 

equation for both 2-D and 3-D model. An explicit method is used to determine x, y and z 

coordinates of each molecule in new time step along with input parameters. The flow chart for 

the program developed is given in Fig 1. 

ALGORITHM 

• Initialization all constants at t=0. 

• Generate initial position for all n particles randomly. 

• Calculate the new position of particle by solving governing differential equation using 

RK 4th order method at t1 = t0+h. 

• Print the new position of all particles at t = t1. 

• Increase the time step by h. 

• Repeat the process until there is no significant change in position of all the particles. 

 

Fig.1 Flow chart for Molecular simulation dynamics of MR Fluid 
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III. RESULTS AND DISCUSSION 

The physical parameters of the simulation are as follows: 

 

Table 1 Input parameters 

 

The range of magnetic flux applied to MR fluid is lies between zeros to saturation field of MR 

fluid. The typical range of the fluid is given by the B-H curve in Fig 2: 

Operating Point in MR fluid 

 

Fig.2 B-H curve of MR fluid 

 

The saturation of the MR fluid is equal to the volume concentration fraction multiplied by the 

saturation magnetic flux of the magnetic particles. 

 

IV. RESULT AND DISCUSSION 

The results obtained from 3-D analysis did not show any significant deviations from 

results obtained by 2-D analysis, also the machine time consumed for calculations were higher 

compared to that of 2-D analysis. Further as the direction of application of magnetic field was 

studied for only one direction i.e. y-direction, hence the behavior of particles in z-direction 

were similar to that of x-direction. Moreover the visualization of 3-D results that is position of 

particles is quiet complex and not completely informative for analysis of fluid under various 

operating conditions, hence only 2-D results have been presented in this study. The results for 

the dynamic simulations for the 10% and 20% volume fraction of the MR fluids are shown in 

Fig 3 and Fig 4 respectively. At first the particle form short chains in the direction of the applied 
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field, subsequently these short chains merge together and form longer chains. As the time 

progresses further these chains-like clusters continues to lengthen and align shown by Fig 5. 

The photograph of the structural formation of MR fluid obtained by using optical microscope 

also confirms the same result. 

 

Fig.3 Dynamic simulation at 10% volume fraction 

 

 

Fig.4 Dynamic simulation at 20% volume fraction 
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Fig.5 Dynamic simulation at 22% volume fraction at higher time step 

 

RESULT 

The result of the molecular simulation is as follows. 

1) The structure formation under the application of magnetic field is a random phenomenon 

consists of columnar chains. Particles form short chains merge together and form longer chains. 

Therefore, the viscosity of the system increases with application of applied magnetic field. 

2) The dynamic yield stress increases with increase in applied magnetic field (provided all 

other parameter remains constant). The magnetic force of interaction among the particles under 

the applied magnetic field is much higher than the hydrodynamic force developed by viscosity 

of the fluid at low shear rate. 

3) The Dynamic yield stress increases with increase in particle size (provided all other 

parameters remains constant). With increase in particle size the agglomeration and settling 

down problems become predominant, but a decrease in particle size increases coercivity of the 

fluid. Hence depending on the application and constraints a suitable particle size has to be 

selected. 

4) Since dynamic yield stress is governed dominantly by magnetic forces, there is little effect 

of temperature on system property (dynamic yield stress) when the magnetic field is applied. 

(Assuming the permeability of the magnetic particles is not affected by temperature) 

5) The total shear stress consists of two terms: one is dynamic yield stress and the other is 

hydrodynamic stress. At low shear rate, hydrodynamic stress is negligible but at high shear 

rate, the hydrodynamic stress dominates. The shear thinning behavior will be prominent under 
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the application of applied magnetic field when the hydrodynamic force exceeds magnetic force. 

Therefore, the critical shear rate at which shear thinning happens, increases with increase in 

applied magnetic field. 

CLOSURE 

The structural formation is completely a random phenomenon. It depends totally on the 

initial position of the particle at which magnetic field is applied. The time taken to form 

columnar structures is inversely proportional to the volume fraction of the particle. It varies 

inversely with concentration in power of 1.22. A theoretical estimation of the same is found to 

be in power of (5/3). At higher applied field lesser time is required to form the structure. The 

base oil does not affect the structural formation but it influence the time required to form the 

equilibrium structure. With increase of base oil viscosity the time required to form the stable 

structure increases which is quite logical as with increase of base viscosity the hydrodynamic 

force increases and hence particle take larger time to form chain structures. The dynamic shear 

yield stress value increases with increase of applied magnetic flux and particle size. However, 

the variation in dynamic yield stress value with concentration is not found to be significant up 

to applied magnetic field of 180 kA/m. This simulation result is in good agreement with the 

experimental result. 

Results and Discussions 

The experiment is conducted on experimental set up described in the previous chapter using 

MR fluid as samples and viscosity reading is taken at different values of temperature and shear 

rate in absence of applied magnetic field. The range of temperature is 280C to 650C and the 

range of shear rate is 9.3 s-1 to 93 s-1. The result is categorized as two effects which are described 

below as subheading. 

Shear thinning 

The viscosity is measured at different shear rate keeping the temperature constant, Fig 6, Fig 7 

and Fig 8 show the graph of viscosity vs. shear rate respectively. The viscosity is found to 

decrease with increase of shear rate at all temperatures. 

 

Fig.6 Shear thinning behavior at 28 degree Celsius 
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Fig.7 Shear thinning behavior at 50 degree Celsius 

 

Fig.8 Shear thinning behavior at 65 degree Celsius 

 

At constant temperature of 280C, the percentage change in the viscosities between the 

two fluids (w. r. t MRF-336) at the shear rate of 9.3 s-1 is 6.89, which increase to 25.44 at shear 

rate of 93 s-1 shown by Fig 6. Similarly, at constant temperature of 650C, the percentage change 

in the viscosities between the two fluids (w. r. t MRF-336) at the shear rate of 9.3 s-1 is 52.38, 

which increase to 72.09 at shear rate of 93 s-1 shown by Fig 6. Therefore, for all shear rates, 

with increase of temperature, the percentage change in viscosities between two samples 

increases. 

 

V. SUMMARY AND CONCLUSION 

The study is being done in two parts: Part-A describes the microscopic analysis of MR 

fluid under the application of applied magnetic field. The dependence of the input parameters 

(base viscosity, particle size and concentration) on the behavior of the system is being analyzed. 

Part-B describes the Macroscopic analysis in which an experimental set up is developed to 

analyze the affect of temperature and shear rate on the braking torque value of the MR brake(on 

state). Then, to have closure look on the viscosity behavior of the MR fluid (off-state), 

experiment is conducted on Viscometer and Rheometer. The analysis is found to be 

complementing each other and in good agreement with experimental data. The analysis can be 

concluded as: 
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• The structure formation under the application of magnetic field is a random 

phenomenon consists of columnar chains. Particles form short chains merge together 

and form longer chains. Therefore, the apparent viscosity of the system increases with 

application of applied magnetic field. 

• The dynamic yield stress increases with increase in applied magnetic field (provided all 

other parameter remains constant). The magnetic force of interaction among the 

particles under the applied magnetic field is much higher than the hydrodynamic force 

developed by viscosity of the fluid at low shear rate. Hence, dynamic yield stress value 

will not get affected by the base oil viscosity. 

• Since dynamic yield stress is governed dominantly by magnetic forces, there is little 

effect of temperature (thermal energy) on it when the magnetic field is applied. 

However, a further analysis is required to find out the effect of temperature on dynamic 

yield stress value as the magnetic permeability of the particles is also a function of 

temperature. The increase in temperature also affects the base oil viscosity. 

• The Dynamic yield stress increases with increase in particle size (provided all other 

parameters remains constant). With increase in particle size the agglomeration and 

settling down problems become predominant, but a decrease in particle size increases 

coercivity of the fluid. Hence depending on the application and constraints a suitable 

particle size has to be selected. 

• The total shear stress consists of two terms: one is dynamic yield stress and the other is 

hydrodynamic stress. At low shear rate, hydrodynamic stress is negligible but at high 

shear rate, the hydrodynamic stress dominates. The shear thinning behavior will be 

prominent under the application of applied magnetic field when the hydrodynamic force 

exceeds magnetic force. Therefore, the critical shear rate at which shear thinning 

happens, increases with increase in applied magnetic field. 

• The off state steady flow measurement (performed on viscometer and Rheometer) 

revealed a prominent shear thinning and thermal thinning behavior of MR fluid. Also, 

there is variation in viscosity under applied magnetic field shown by MR brake reading. 

But the MR brake system has too much constrained, therefore a detailed analysis on 

magneto-rheometer is required to analyze temperature thinning. 

• In the absence of the applied magnetic field, both Brownian and hydrodynamic forces 

are significant and will act into the system and hence, temperature has a significant role 
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in determining the viscosity of the MR fluid. Therefore, strong temperature thinning 

effect will observe in absence of applied magnetic field. 

 

SCOPE FOR FUTURE WORK 

• The off-state modeling of viscosity at high shear rate is required to be analyzed. 

• The analysis has been qualitative due to nonavailability of Magnetorheological 

Rheometer. Hence an exact quantitative analysis is performed on Magnetorheological 

Rheometer for analyzing the shear thinning behavior and thermal thinning behavior on 

application of applied magnetic field. 

• The constant a, b and c mentioned while modeling viscosity behavior with temperature 

and shear rate in off-state condition is important for synthesis point of view. Therefore, 

the validity of the constant and its modeling has to be verified by synthesis of MR fluid. 

• The particle size used in simulation is assumed to be of uniform size. The structure 

formation can be made more realistic by taking different size of the particle (as in actual 

case the size are not same). 

• The knowledge can be further improved by considering multibody hydrodynamic 

interaction and multi-pole interaction for magnetic forces. 
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