
ABSTRACT: This investigation is aimed to unveil the detailed design, manufacturing, and implementation process of high 

capacity MR-dampers for applications in seismic response control, typically in conjunction with tuned mass dampers. The goal 

is to design and predict the response of large-scale MR dampers by using multi-physics analysis tools capable of modeling the 

interaction between fields, such as magnetic and fluid dynamics. With this objective in mind, a finite element (FE) model for 3D 

analysis of MR-dampers was built by using ANSYS. In this model the magnetic field is represented through Maxwell equations 

while the fluid dynamics model by the Navier-Stokes representation. The magnetic and fluid problems are coupled through the 

viscosity of the magneto-rheological fluid, which in turn depends on the magnetic field intensity. As an example, the FE model 

was applied to a 15 [ton] damper already installed in a building in Santiago, which was subjected to a number of experimental 

tests. The construction of the damper was done locally and included several technical challenges in the protection of coils and 

automatic control. For this article, sinusoidal simulation tests are performed in order to validate the experimental force-velocity 

and force-deformation constitutive relationships presented. Analytical and experimental results of the 15 [ton] MR-damper 

showed very good agreement with the predicted behavior by using the FE model. The observed differences are due the 

compressibility of the fluid, which was not considered in the numerical model.  
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1 INTRODUCTION 

Multi-physics finite-element numerical models are becoming 

increasingly sophisticated and useful to unveiling the complex 

behavior of energy dissipation devices such as magneto-

rheological (MR) dampers, where different fields (magnetism, 

fluid dynamics, mechanical stresses, heat transfer) interact. 

MR-dampers dissipate energy by means of the viscous flow of 

a fluid consisting on micro-sized magnetically polarized 

carbonyl iron particles dispersed in a carrier oil. When in 

presence of a magnetic field, these particles are lined up in 

chains, which change the fluid viscosity, turning it into a 

semisolid in a few milliseconds by exhibiting plastic behavior. 

Among other semi-active devices like electro-rheological 

(ER-) dampers, they have shown to be a convenient 

alternative, because maximum magnetostatic energy density is 

two orders of magnitude larger than electrostatic density, 

which makes its yield stress to be about ten times higher than 

that of ER fluids [1]. 

A scaled MR-damper with capacity 15 [ton] was active 

during the last February 27
th

, Mw=8.8, Chile earthquake. The 

damper was acting on a tuned-mass of 160 [ton] on the roof of 

the Parque Araucano building, in Santiago, Chile. Two recent 

publications elaborate on the main aspects of such 

implementation [2,3]. The system was activated during the 

earthquake, but it was mechanically disconnected from the 

TMD as the mass displacement exceeded 10 [cm]. Although 

the building was not instrumented, no damage was observed 

in the structure or in its contents. 

The literature in MR dampers is ample, but the one related 

to multi-physical modeling of interacting fields is scarce. 

Motivated by that, this paper deals with a FE numerical model 

describing the magnetic behavior and fluid dynamics of an 

MR-damper, which objective is to obtain a numerical 

estimation of its stress-strain (force-deformation) constitutive 

behavior. Previously, Walid [4] analyzed a 2D-axisymmetric 

model in Ansys and derived results for four different pistons, 

reaching similar force values. Besides, Yang [1] developed an 

approximate analytical expression for the viscous and 

controllable forces of MR-dampers that has been used in 

damper designs. 

In practice, most of the models used to design an MR-

damper are based on a phenomenological approach [5,6] or 

mathematical models [7,8,9]. Consequently, this study aims to 

model the MR-damper behavior with state-of-the art 

numerical tools in order to predict its cyclic behavior. Based 

on that analysis, a numerical model for 15 [ton] MR-damper is 

included in this paper and the results are compared with those 

of experiments. A brief summary of the most relevant aspects 

of the design and fabrication are also discussed herein.  

The specific goals of this research were: (i) to numerically 

predict the total force of a large-scale MR damper with the 

help of a state-of-the art FE software; (ii) to use an existent 

MR-damper to validate the numerical model; and (iii) to 

validate the FE model with experimental results obtained by 

laboratory tests. To achieve the first goal, two models in 

Ansys 12.1 working in cascade were used: a magnetic model, 

responsible for computing the magnetic field produced in the 

damper due to the currents that run inside the coils, and a fluid 

dynamics model, responsible of accounting for the fluid yield 

stress caused by the magnetic field obtained by the magnetic 

model (cascade effect), and predicting the damper force by 

simulating the fluid dynamics. The constitutive behavior of 
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the fluid uses an adaptation of the Bingham model, presented 

by Beverly & Tanner [10]. Based on these analyses, the force-

velocity (F-V) constitutive relationship for a prescribed 

sinusoidal movement of the piston was predicted. By knowing 

the pressures on the piston heads, they can be integrated to 

obtain the total damper capacity provided by the pressure 

difference between the two piston chambers. The Ansys 

software used in this research included its CFX (fluid 

dynamics) and Magnetostatic (magnetic field) applications. 

2 PROBLEM FORMULATION 

This section introduces a summary of the physical and 

mathematical model that will be used herein. The geometry of 

the MR-damper is presented later in Figure 3. The fluid passes 

from one chamber to the contiguous through a thin gap 

between the piston and the steel cylinder. While the fluid 

moves along the gap pushed by the displacement of the piston, 

the flow crosses a magnetic flux, which is generated by two 

coils wound around the piston. The magnetic field is 

controlled externally through a current intensity according to a 

target control algorithm [2,3]. Please note also that the shear 

stress-velocity constitutive relationship of the fluid is a 

function of the magnetic field strength H. 

An MR-fluid can be well represented by the Bingham’s 

constitutive model for high shear rates [6]; models for lower 

shear rates usually depend on parameters that need to be 

calibrated by experimental results. Its mathematical 

representation can be written in terms of the dynamic 

viscosity as follows:  

         
     

  
                 (1) 

where       represents the fluid yield stress dependent on the 

magnetic field strength  ;     is the shear strain rate of the 

fluid;    corresponds to the dynamic viscosity of the fluid in 

the absence of a magnetic field;    represents the fluid shear 

stress; and         is the dynamic viscosity. A computational 

adaption of this model is needed in order to implement it in 

Ansys. According to the Beverly and Tanner (B&T) model 

[10], and taking Eq. (1) as a basis, the fluid may equivalently 

modeled as a Newtonian fluid with a field dependent dynamic 

viscosity, given by:  

    
     

  
                 

                             

  (2) 

where   is a non-dimensional parameter associated with the 

fluid stiffness in the pre-yield region, and     corresponds to 

the critical shear strain rate, given by       1/00 H . 

This alternative is compared with the Bingham model in 

Figure 1. The higher the value of  , the better the consistency 

between the two models.  

 

Figure 1. Bingham and Beverly & Tanner model 

 

The MR fluid used is the Lord MRF-132 DG fluid (Table 

1). The magnetic properties of the fluid are given by the 

manufacturer and they include a magnetization (B-H) curve, 

and the yield stress–shear strain rate constitutive relationship 

[11]. A comparison between the B-H curves for the fluid and 

SAE 1045 steel [12] is shown in a semi-logarithmic plot in 

Figure 2. It is apparent that magnetization of steel is greater 

and faster, reaching a saturated state for lower values than the 

fluid. Moreover, the relationship between the yield stress and 

magnetic field strength can also be seen in Figure 2, where it 

is shown that the yield stress saturates at 48.32 [kPa] as H 

reaches 300 [kA/m]. This fact provides an upper limit for the 

current intensity. 

 

Table 1. Properties of Lord MRF 132DG fluid 

Properties MRF 132DG Fluid 

Fluid density ~ 3 [gr/cm
3
] 

Dynamic viscosity @ 40°C,   0.092 ± 0.015 [Pa∙s] 

Solid content by weight 80.98% 

Operating temperature -40 to +130 [°C] 

Field dependent yield stress Figure 2 (b) 

 

The simplified configuration of the MR damper considered 

for simulation is shown schematically in Figure 3, and 

contains: (i) a piston; (ii) a cylinder; (iii) two coils wound 

around the piston; (iv) two steel head plates; and (v) the MR-

fluid. The design considers a 1.5 [mm] gap between the piston 

and the cylinder. All steel elements are made with SAE 1045 

steel. 

Other configurations for the MR damper were also 

simulated, such as MR dampers with 3, 4, and 5 coils, as well 

as other positions for the coils. Moreover, in the analysis of 

the MR damper with 4 coils, several parametric changes to 

geometric dimensions as gap size, spacing between coils, 

piston radius, and cylinder length were also studied, 

converging then to an optimal final configuration that is being 

physically implemented. 

Before we proceed with the formulation and 

implementation of the model, it seems relevant to summarize 

the different field equations that govern its physical behavior. 

The electromagnetic equations are given by the Maxwell 

equations, while Navier-Stokes equations are used to model 

the dynamical behavior of the fluid. The interaction of both 

fields is represented in Eqs. (3) and (4). Equation (3) 
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corresponds to the Ampere’s circuital law of Maxwell 

equations, while Eq. (4) represents the Momentum 

conservation in the Navier-Stokes equations. The link 

between both fields is given in simple terms by the 

dependence on the magnetic flux density B of the dynamic 

viscosity . 

 
(a) 

 

 (b) 

Figure 2. Magnetic properties of the fluid: (a) Magnetization 

curves for SAE 1045 steel and Lord’s MRF-132DG fluid; (b) 

MRF-132DG yield stress [kPa] versus Magnetic field strength 

[kA/m] 

 

 
Figure 3. General Geometry of the MR Damper 

 

 

 

 

 

             
  

  
 (3)  

 

  
  

  
                                   (4) 

                                              

where   represents the electric field;    is the current density; 

   is the permittivity of free space (8.85 x 10
-12

);    is defined 

as the permeability of free space (4π x 10
-7

);   represents the 

velocity field;  
  

the fluid density;  
 
the pressure in one point 

of the fluid domain; and   belongs to the body forces. 

As a first approximation it is possible to solve in cascade 

the set of field equations of the magnetic field and apply these 

results into the fluid problem (uncoupling of the equations). 

The rationale behind this method is that because of the 

available software and hardware, a model that solves both 

fields together implies high computational costs, and 

experimental tests are done at constant values of the current 

intensity. Therefore the fluid dynamics model can take the 

output of a Magnetostatic model as an input for obtaining the 

dynamic viscosity according to the B&T model [10]. A 3D FE 

model capable of changing both models in time, the fluid 

dynamics and magnetic field, would be necessary to simulate 

the damper behavior under controlled conditions on a 

building, a task that goes beyond the objectives of this present 

research. 

3 MAGNETOSTATIC MODEL 

An overview of the three-dimensional magnetostatic model 

mesh of the MR-damper is presented in Figure 4, where a 

longitudinal section to the geometry was done in order to 

provide a better understanding of the elements. The mesh 

consists of 61,503 finite elements, with a total of 94,289 

nodes. The model includes an external surrounding air 

chamber that has been intentionally hidden in the figure. 

Finite elements have been modeled with the solid117 Ansys 

element, developed to simulate magnetic fields in three 

dimensions. Boundary conditions are given by zero voltage 

applied at the external surfaces of the air chamber, and by the 

electric current intensity that runs inside each coil in opposite 

directions, which is presented in Figure 5. Each coil has 447 

turns of AWG 19 copper wire. The arrows represent the 

direction of the current flow on each coil. Electric current 

varies from zero to 3[A], in intervals of 0.5[A]. 

 The magnetic flux expected is shown schematically in 

Figure 6. The flux travels around each coil crossing through 

the gap at both sides, and it is increased by the flux of the 

adjacent coil. 

The solver of the Magnetostatic application of Ansys 

carries out an iterative procedure (equilibrium iterations) at 

each sub-step. Successful solutions are indicated when the 

out-of-balance loads are less than the specified convergence 

tolerance. To converge to the magnetic field, the CSG 

convergence criterion is used, which is program-controlled. 

The criterion CSG represents magnetic flux, and stands for 

magnetic current segments [13]. When a time-step needs more 

iterations than the required for convergence, it is dynamically 

reduced to half.  

 

Viscosity Interaction 
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Figure 4. FE mesh of the Magnetostatic model 

 

 

Figure 5. Electric current on each coil 

 

 

Figure 6. Desired magnetic flux 

 

It is apparent that the radial flux at the central path between 

the coils interacts with the flux resulting from the adjacent 

coil. Shown in Figure 7 is the resulting magnetic field strength 

H [kA/m], for an electric current intensity of 2 [A] running 

inside the coils. The zone located between coils concentrates 

the larger H values, but it does not reach saturation, which is 

above 250 [kA/m]. Saturation can be obtained by applying 

larger electric currents as an input. Symmetry of the results is 

explained by the symmetry of the configuration. 

The results in the fluid gap are now taken and used as an 

input for the fluid dynamics model of the damper, taking into 

account the direct relationship between the magnetic field 

strength and the fluid yield stress already shown in Figure 2 

(b). 

 

 

 

 

Figure 7. Magnetic field strength in the fluid gap 

 

4 CFX MODEL 

The domain modeled is that of fluid inside the MR damper. 

Shown in Figure 8 is the fluid domain considered in the 

model. It is composed by one fluid domain, which includes 

both chambers at the sides of the piston and the gap between 

the piston and cylinder. The model was meshed using the 

meshing application of CFX, and consists of hexahedral 

elements. The total amount of elements and nodes are 272,988 

and 77,485, respectively. The gap is meshed separated from 

the rest of the domain, as it needs several layers of regular 

elements in order to obtain an accurate velocity profile of the 

fluid. 

 

Figure 8. Mesh of the CFX model 

 

The initial and final ends of the domain are defined in 

Figure 9. Two types of boundary conditions related with the 

fluid domain are specified. The first group includes for the 

fluid: (i) no-slipping at the cylinder and piston surfaces, (ii) 

the inlet, and (iii) an opening at the end. The other group 

includes: (iv) a velocity profile at the inlet of the fluid domain, 

and (v) the yield stress that results from the Magnetostatic 

model and that is used in the values of the dynamic viscosity.  

An imposed flow at the ends of the model has been used given 

its simplicity and the negligible differences obtained relative 

to a model with a moving mesh. At the inlet, the following 

sinusoidal velocity profile is specified: 

                   (5) 

where v0 
corresponds to the maximum velocity;  is the 

frequency [rad/s], and t represents time. A reference pressure 
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of 0 [Pa] is defined in the opening. The rest of the surfaces 

have a no-slip wall boundary condition. 

 
Figure 9. Imposed flow boundary conditions at the initial and 

final ends of the domain  

 

Laminar flow is considered in the fluid model. A transient 

analysis is performed with a maximum velocity given by 

vmax= 0.12 [m/s], a frequency  = 2.4 [rad/s] and time-step dt 

= 1∙10
-3

 [s]. Results are then filtered in order to reduce noise 

due to the coarseness of the time interval.  

To control the accuracy of the simulation, RMS values are 

calculated (for the three momentum conservation equations 

and continuity equation). RMS serves as a measure of how 

well the numerical solution converges and corresponds to the 

residuals for each equation at the end of each time-step. For 

adequate accuracy, the converged solution requires a 

maximum residual level of 1.0e-4. RMS residuals in the 

simulation are usually an order of magnitude lower than this 

level. If the RMS values do not achieve this limit, simulation 

continues to the next time-step after 10 iterations [13].  

Damper force is computed by integrating the total x-force 

on the piston at the anterior and posterior heads. Thus, the 

constitutive force-velocity (F-V) and force-displacement (F-V) 

relationships can be obtained, which are shown in Figure 10 

and Figure 11, respectively. It should be noticed here that the 

Bingham model does not include the possibility of force-

velocity hysteresis, and hence, such behavior cannot be 

considered using this model. This scheme has been chosen to 

model the constitutive behavior of the fluid because of its 

simpler computational implementation and cost and 

practicality on the used FE software over other more complex 

models. The maximum damper force obtained for the given 

parameter values was about 13.86 [ton]. The noise on the 

figures is produced by the time step selected, which is coarser 

than the one required to assure perfect convergence of the 

CFX simulation. This data was processed and a smoothing 

moving average (MA) scheme was applied using 12 points of 

the data. Even with this MA scheme, the noise could not be 

eliminated completely, though its maximum force value 

produces a negligible error with respect to the output given at 

the required time-step. 

 

 

Figure 10. Force-Velocity Curve of the CFX Model 

 

 

Figure 11. Force-Displacement Curve of the CFX Model 

 

5 EXPERIMENTAL TESTING AND VALIDATION 

The damper was locally manufactured in 2007 and tested at 

the dynamic testing laboratory of Pontificia Universidad 

Católica de Chile. A picture of the built damper is shown in 

Figure 12 and includes an expansion tank to account for 

thermal expansion of the fluid and the possibility of pre-

tensioning the fluid to avoid cavitation. 

The first set of experimental tests consisted in harmonic 

motions applied vertically to the piston at different constant 

current intensities, corresponding to I = 0, 0.5, 1, 1.5, 2 and 

2.5 [A]. Testing included also different displacement 

amplitudes and periods. Shown in Figure 13 are the results for 

a displacement of 5 [cm] and a period of 2.7 [s]. The MR 

damper can achieve a capacity of up to 14.78 [ton] at 2.5 [A], 

while the force measured at 2 [A] was 13.82 [ton]. 

The 2 [A] results were selected for comparison with the 

analytical model. Predicted and experimental F-V and F-D 

constitutive relationships are plotted together in Figure 14 and 

Figure 15, respectively. It is apparent that the maximum force 

of the damper, as well as its post yield slope, are well captured 

by the analytical model. As it was said before, since a 

Bingham model has been used to represent the constitutive 

behavior of the damper, the hysteresis observed in the loop 
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due to the compressibility of the fluid cannot be predicted. 

The model predicts a maximum force 0.32% greater than the 

obtained by experimental testing.  

 

 

Figure 12. View of the MR Damper before its installation at 

the Parque Araucano building 

         

 

Figure 13. Experimental results for MR damper harmonic 

testing: (a) F-D constitutive; and (b) F-V constitutive 

relationships 

 

 

Figure 14 Comparison between the measured and predicted 

force–velocity relationship of the 15-ton MR-damper 

 

Figure 15. Comparison between the measured and predicted 

force–displacement relationship of the 15-ton MR-damper  

 

6 CONCLUSIONS 

This paper deals with the simulated cyclic response of an MR-

damper using a FE model with cascade solutions of a 

magneto-static and fluid model.  

It is concluded from the results that the force-velocity and 

force-deformation of an MR-damper can be correctly 

predicted by the use of FE numerical models using this 

cascade solution of the magneto-static and fluid dynamics 

problem. This conclusion has been validated by using a 15 

[ton] MR-damper that was thoroughly tested dynamically and 

was later implemented in the Parque Araucano building in 

Santiago, Chile.  

It is true that the analytical model is not capable of 

representing the complete hysteretic behavior observed in the 

experiments mainly because it does not include the possibility 

of compressibility in the damper fluid. Even so, the maximum 

damper capacity and post-yield capacity err in less than 0.5%.  

It is also concluded that the cascade effects of the magneto-

static and fluid model can be used in the numerical solution of 

the coupled multi-physics theory characteristic of the MR-

damper behavior. It has been tested also in this article that the 

numerical boundary conditions imposed lead to a well posed 

numerical problem.  

The most relevant implication of this result is that the 

numerical model presented herein is an alternative to be 

integrated as an effective tool in product design of larger-scale 

MR dampers. 
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