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Abstract: The so-called squeeze flow involves a magnetorheological (MR) fluid sandwiched between two planar surfaces setting up a flow 
channel. The height of the channel varies according to a prescribed displacement or force profile. When exposed to a magnetic field of suf-
ficient strength MR fluids develop a yield stress. In squeeze-mode devices the yield stress varies with both the magnetic field magnitude 
and the channel height. In this paper an unsteady flow model of an MR fluid in squeeze mode is proposed. The model is developed in An-
sys Fluent R16. The MR material flow model is based on the apparent viscosity approach. In order to investigate the material's behaviour 
the authors prepared a model of an idealized squeeze-mode damper in which the fluid flow is enforced by varying the height of the chan-
nel. Using mesh animation, the model plate is excited, and as the mesh moves, the fluid is squeezed out of the gap. In the simulations the 
model is subjected to a range of displacement inputs of frequencies from 10 to 20 Hz, and local yield stress levels up to 30 kPa. The re-
sults are presented in the form of time histories of the normal force on the squeezing plate and loops of force vs. displacement (velocity). 
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1. INTRODUCTION 

The MR effect is manifested by changes in the material's ap-
parent viscosity when exposed to magnetic field. This feature has 
made it more than welcome in semi-active control systems and 
automotive applications in particular. The MR material has been 
basis for developing hardware and applications also in the real 
world and not only the academia. By examining the manner 
in which the material operates it is now well understood the mate-
rial may operate in any of the operation modes: flow-mode, shear-
mode, squeeze-mode (Jolly et al., 1996; Jolly and Carlson, 1996). 
Real-world examples of flow-mode hardware include automotive 
dampers and powertrain mounts. Rotary devices are controllable 
brakes and clutches. The squeeze-mode utilizes an MR fluid that 
is trapped in a flow channel whose height varies according to 
a prescribed displacement profile on either surface of the channel. 
The fluid is squeezed out of the gap simple by the plate motion. 
This particular operation mode may provide optimum performance 
when implemented in small-stroke dampers or vibration mounts. 
At the same time a successful application of squeeze-mode re-
quires a mathematical model of the phenomena for fast sizing of 
prototypes at a design stage of the development process. Analyti-
cal models based on the classic Bingham approach (Gołdasz 
and Sapiński, 2015) are rather limited in scope, and the solutions 
have been made available in few idealized cases, e.g. simple 
geometry. CFD (Computational Fluid Dynamics) tools offer 
a modeling potential that can be realized within a reasonable time 
constraint, although full scale unsteady flow problems are a chal-
lenge, too.  

CFD or finite-element studies on devices utilizing MR fluids 
are rare, e.g. (Case et al., 2013, Chen et al., 2007; Zheng et al., 
2014), and on squeeze-mode devices even so (Gstottenbauer et 

al., 2008; Sapiński and Szczęch, 2013). Therefore, there is a need 
to address the problem of developing a model procedure for use 
with more complex case studies. In this study the authors apply 
an apparent viscosity model to a simple 2D axi-symmetric model 
of an idealized squeeze-mode damper geometry. The unsteady 
behavior of the incompressible fluid in squeeze flow is then stud-
ied using mesh animation techniques. The calculations are per-
formed for a material in which the magnetic field-induced yield 
stress is allowed to vary in terms of the flow channel height 

2. MODELING 

In this section the authors was presented Navier-Stokes equa-
tion and the apparent viscosity model. Additionaly, the geometry 
of the damper, yield stress vs. gap height characteristics were 
highlighted. 

2.1. Theory 

The behaviour of MR fluids in flow can be studied using well-
known Navier-Stokes (N-S) equations. Their tensor form is 
(Tannehi et al., 1996) 

𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖,𝑗

𝜕𝑥𝑗
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where: 𝜏 – shear stress, 𝜌 – density, 𝑢 – velocity, 𝑝 – pressure, 

and 𝑥𝑖 is the independent variable (𝑖=1,2,3). In N-S equations 
flow problems concerning specific materials are handled by the 
sheear stress term. In the case of MR fluids, using the Bingham 
model and defining the apparent viscosity as the ratio of the fluid's 
yield stress over the local shear rate the following expression is  
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and the yield stress term 

𝜏𝑖,𝑗 = 𝜇𝑎𝑝𝑝
𝜕𝑢𝑖

𝜕𝑥𝑗
,              (3) 

where: 𝜏0 – yield stress, 𝜇𝑎𝑝𝑝 – apparent viscosity, 𝜇 – base 

viscosity. The yield stress is allowed to vary in terms of space and 
magnitude. The model in Equation (2) has a discontinuity when 
the shear rate is zero which makes flow problems impossible to 
solve in these conditions. Solutions (Chen et al., 2007) suggest 
imposing an upper bound on the apparent viscosity term (2) when 
shear rate approaches zero. In the present model the upper 
bound is chosen to be 1000 times the base viscosity of the fluid. 
In Ansys Fluent this approach can be programmed into an user-
defined function. 

2.2. Analytical solution 

Sproston et al. (1994) and Zhang et al. (2011) obtained an 
analytical solution for ER/MR fluids in squeeze-flow. In this paper 
the expression obtained by Zhang is further utilized in subsequent 
calculations. It is an extension of Stefan model (de Vincente et al., 
2011; Esmonde et al., 2009; Farjoud et al., 2011) incl. the effects 
of viscosity, plasticity, and inertia (acceleration) 

𝐹𝑀𝑅 = 𝐹𝑣 + 𝐹τ − 𝐹𝑖            (4) 

and 

𝐹𝑣 = 3
μπ𝑅𝑝

4

2(ℎ0+𝑧)3 𝑣𝑧 ,            (5) 
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Where: 𝑅𝑝 – plate radius, ℎ0 – initial gap, 𝑎𝑧 – acceleration, 𝐹𝑀𝑅  

– normal force, 𝐹𝑣 – viscous force, 𝐹𝑖 – inertial force, 𝐹τ – force 
due to yield stress. In this study results obtained using the 
analytical expression given by Equation (4) are compared against 
CFD. 

2.3. Input data 

Consider the 2D axi-symmetric geometry in Fig. 1. The outer 
rectange denotes the fluid domain, and the inner wall boundary 
refers to a circular flat plate that is constrained to move vertically 

according to the prescribed displacement profile ℎ(𝑡). The fluid 
region directly underneath the plate is characterized by a volume 
of non-zero yield stress, whereas zero yield stress in imposed 

in the other portion of the fluid. The outer diameter 𝐷𝑝 of the plate 

is 64 mm, and the initial gap height ℎ0 = 3.38 mm. The CFD 
model is setup with wall boundary conditions on the outer and the 
inner boundary. Mesh is animated on the inner boundary in order 
to simulate flow conditions of a fluid subjected to external kinetic 
(as well as magnetic) excitation inputs. 

In the simulated study the authors assumed fluid properties 
similar to the BASF's 4035 MR material with 26% Fe vol (Kieburg, 
2010). The density of the fluid is 2.6 g/cc, and the base viscosity 

𝜇 = 50 cP. 
The region of the fluid underneath the plate is assumed to be 

characterized by a magnetic field supplied from a virtual core 
assembly with a coil of 𝑁 =150 wire turns. With the current range 
from 0 to 3 A, the fluid's yield stress vs. height characteristics can 
be estimated in Fig. 2. The arrows in the figure indicate the oper-
ating range of this virtual device; the minimum gap height was 
1.94 mm, and the maximum height was 4.82 mm. 

 
Fig. 1. CFD model schematic layout  

 

Fig. 2. Calculated yield stress vs. channel height, 𝜏0(ℎ) 

To summarize, the series of simulated experiments incorpo-
rated two stages. The first one assumed constant yield stress 
of the fluid (regardless of the channel height), whereas as the 
second part utilized the variable yield stress model according to 
Fig. 2. The external excitation was in the form of sinusoidal dis-
placement input applied to the inner boundary (plate). Given the 

initial gap size the gap height varied according to ℎ(𝑡) = ℎ0 +
𝑧(𝑡) = ℎ0 + 𝑐𝑜𝑠(2𝜋𝑓𝑡 + 𝜋/2), where 𝑧 – plate displacement, 

𝑧𝑚 – displacement amplitude, 𝑓 – frequency. The maximum 
aplitude of the displacement input was 1.44 mm, and the frequen-
cy range was from 10 Hz to 20 Hz, thus translating into peak 
velocities of the plate to be appr. 200 mm/s. In the CFD model the 
force is assumed to be positive in compression (downward mo-
tion). 

2.4. Results 

The section contains simulation results by means of Ansys 
Fluent R16. Unsteady flow equations were handled at the con-
stant time step of 0.04 ms. The data are presented in the form 
of plots of force vs. displacement (velocity) in Figs. 3-11. 

To provide force estimate, pressure distribution was integrated 
across the entire surface area below the plate.   
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a) 

 
b) 

 
c) 

 

Fig. 3. Non-energized condition: 𝜏0  = 0 kPa, 𝑓 = {10, 15, 20 Hz},  

a) 𝐹𝑀𝑅 vs. 𝑡, b) 𝐹𝑀𝑅 vs. 𝑧, c) 𝐹𝑀𝑅 vs. 𝑣𝑧 

Specifically, constant yield stress scenarios are revealed 
in Figs. 3-6. The effect of frequency can be studied by considering 
the results in Figs. 7-9. Next, a comparison of CFD results against 
the analytical squeeze-flow model as in Equation (4) is given 
in Fig. 10. Finally, variable yield stress cases are illustrated 
in Fig. 11. With the exception of Fig. 3. all illustrations show only 
the positive force output. Tensile forces were beyond the scope 
of this study. In Fig. 3a the simulation time 𝑡 is scaled by the input 

frequency 𝑓 to enable a direct comparison of the obtained results 
regardless of the kinetic excitation conditions. Fig. 3 reveals small 
yet noticeable effects of inertia manifested by a rotation of the 
force vs. displacement ellipse in Fig. 3b and the increase in the 
force vs. velocity hysteresis as in Fig. 3c. 

a) 

 
b) 

 

Fig. 4. Constant yield stress: 𝑓 = 10 Hz, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 

a) b) 

 

Fig. 5. Constant yield stress: 𝑓 = 15 Hz, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 

b) 

c) 
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Constant non-zero yield stress results in Figs. 4, 5 and 6 were 
performed for three frequencies (10, 15, 20) Hz and three distinct 
levels of the yield stress (1, 10, 30) kPa, respectively. Specifically, 
20 Hz data in Fig. 6 reveal an appr. 100 N increase in the force 
due to higher shear rates. The 30 kPa curve in Fig. 6 also shows 
a dual rate behavior that is almost absent in the corresponding 
data set in Fig. 4. The dual-rate feature is representative of the bi-
viscous implementation of the apparent viscosity model in Fluent. 
Effectively, the model response in low frequency and high yield 
stress scenarios may be underestimated The effect is yet to be 
studied in detail, however, the initial observation is consistent with 

other data obtained using the same apparent viscosity model 
(Farjoud et al., 2011). In all cases the force shows a strong de-
pendence on piston position. That is evident when observing 
a large hysteresis in force vs. velocity loops in Figs. 4-6. 
For comparison in Figs. 7-9 the influence of frequency (and veloci-
ty) can be observed and analyzed. Specifically, Fig. 7 reveals the 
model output at the constant yield stress of 1 kPa and the three 
frequencies, respectively. Fig. 8 illustrates the 10 kPa case, and 
Fig. 9 illustrates the behavior of the fluid whose yield stress was 
30 kPa. 

a) b) 

   
Fig. 6. Constant yield stress: 𝑓 = 20 Hz, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 

a) b) 

 
Fig. 7. Effect of frequency: 𝜏0  = 1 kPa, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 

a) b) 

 
Fig. 8. Effect of frequency: 𝜏0 = 10 kPa, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 
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a) b) 

 

Fig. 9. Effect of frequency: 𝜏0 = 30 kPa, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧  

a) b) 

 

Fig. 10. Comparison: analytical model vs. CFD results, a) 𝑓 = 10 Hz, 𝜏0 = 1 kPa, b) 𝑓 = 15 Hz, 𝜏0 = 10 kPa 

a) b) 

 
Fig. 11. Variable yield stress, 𝜏0 = var, 𝑓 = 10 Hz, a) 𝐹𝑀𝑅 vs. 𝑧, b) 𝐹𝑀𝑅 vs. 𝑣𝑧 

To validate the CFD model the obtained results were com-
pared against the analytical expression given by Equation (4). The 
results are revealed in Fig. 10. In general, the illustrations show 
good agreement of the CFD output against the analytical theory. 
Discrepancies are at the extreme positions of the displacement 
range. The behavior is due to the bi-viscous character of the CFD 
solution, and is yet to be confirmed when analyzing the model 
performance against real data in near future. Finally, variable yield 

stress scenarios were considered in which the yield stress τ0 was 
allows to vary in terms of the control gap height and current sup-
plied by a virtual coil. The current range was from 0.5 A to 3 A. 
The output is presented in Fig. 11. The effect of yield stress in-
crease can be clearly seen in the revealed data. In the data the 
increase in the 𝐹𝜏 component with plate-to-base distance is ac-
companied by the effect of augmenting the yield stress due to 
position at current level. 
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3. CONCLUSIONS 

This study concerned a CFD experiment involving an MR fluid 
subjected to compressive loads. In general, the model confirms 
the well-known fact that as the gap height decreases, compres-
sive loads increase. Specifically, the authors developed a CFD 
model based on the apparent viscosity approach and tested its 
performance under constant yield stress conditions and variable 
yield stress conditions, respectively. A comparison of the CFD 
data against theory was made, too, in order to draw conclusions 
on the model limitations and operation range. It is clear from the 
data that the Fluent model underestimates the analytical solution 
at near-zero velocity points, however, good agreement is obtained 
in all presented cases. The results provide a reasonable base for 
future work with real devices and fluids. 
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