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Introduction | smart fluids

Electro-rheological fluids (ERFs)
▶ non-conducting but electrically active particles (�-�� µm)
▶ suspended in a low viscosity base fluid
▶ electric field increases yield stress

Magneto-rheological fluids (MRFs)
▶ magnetically soft micron-sized particles
▶ suspended within the carrier fluid
▶ magnetic field induces yield stress (��x higher than in ERFs)

Working principle of field-responsive smart fluids [�].

MRF sample.
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Motivation | magnetorheological fluids

Engineering context
▶ adaptive shock absorbers for military applications
▶ operated at very high shear rates

Challenges (high shear rates)
▶ predict hydrodynamic response time as function of

Bingham number
▶ determine adequate constitutive model

(beyond Bingham fluid)
▶ identify transferability of phenomena to application

length/time scales

MR fluidcoilannular orifice

Schematics of MR damper.

Schematic of the flow curve.
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Model | field equations

Governing equations

𝜌
𝜕v
𝜕𝑡
+ 𝜌v ⋅ ∇v − ∇ ⋅ T = f + f𝑒

∇ ⋅ v = 0

𝜕b
𝜕𝑡
+ ∇ × e = 0 −

𝜕d
𝜕𝑡
+ ∇ × h = jf

∇ ⋅ d = 𝜌f ∇ ⋅ b = 0

Constitutive relations (homogeneous, isotropic, non-Newtonian MRF [�])

T = 𝛼1I + 𝛼2D + 𝛼3B + 𝛼4 (DB + BD) + 𝛼5D2 + 𝛼6 (D2B + BD2)

with D =
1
2
(∇v + (∇v)T) , B = b ⊗ b

d = 𝜖𝑟𝜖0e b = 𝜇𝑟𝜇0h

Field densities

f = 𝜌g f𝑒 = j × b 𝜌f = 0 jf = 𝜎e

�



Model | field equations, simplified for virtual lab tests

Governing equations

𝜌
𝜕v
𝜕𝑡
+ 𝜌v ⋅ ∇v − ∇ ⋅ T = f + f𝑒

∇ ⋅ v = 0

𝜕b
𝜕𝑡
+ ∇ × e = 0 −

𝜕d
𝜕𝑡
+ ∇ × h = jf

∇ ⋅ d = 𝜌f ∇ ⋅ b = 0

Constitutive relations (homogeneous, isotropic, Bingham-type MRF)

T = −𝑝I + 2𝜂D with 𝜂 = 𝜂0 + ̇𝛾−1𝜏0, ̇𝛾2 = 2D ∶ D, 𝜏0 ∝ trB

with D =
1
2
(∇v + (∇v)T) , B = b ⊗ b

d = 𝜖𝑟𝜖0e b = 𝜇𝑟𝜇0h̄

Field densities

f = 𝜌0 f𝑒 = j × b 𝜌f = 0 jf = 𝜎e
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Virtual Test Stand | setup

MR fluidcoilannular orifice

idealised channel flow
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Virtual Test Stand | predictions

Formulation
▶ velocity-pressure
▶ material: bi-viscous/regularised Bingham
▶ optional: non-dimensional form

Discretisation
▶ in space: finite elements, Taylor-Hood
▶ in time: generalised-𝛼method
▶ SUPG-type advection stabilisation

Solution methods
▶ Newton-Raphson with line search
▶ GMRES, delayed LU preconditioning
▶ implementation using FEniCS

(a) Shear stress (b) Viscosity

Figure 2.1: Rheological models. Solid is Bingham plastic, dashed is biviscous,
dash-dot is Newtonian.

pressure loss model will produce high speed yield force fallo↵. We then examine 2D

flow, modifying an OpenFOAM CFD solver to handle a fluid with spatially varying

viscosity (one that has no response time), and validate it to carefully define the region

of solver accuracy. We then run our CFD model over a wide span of non-dimensional

operating conditions, and observe, as expected, reduced pressure losses compared

to classic fully developed models. From this, we conclude that the apparent loss of

yield stress seen in Goncalves is not a response time e↵ect, but, instead, an inertia

and momentum dependent fluid dynamic e↵ect. We then develop fits for pressure

loss that should be applicable to a large class of devices.

27

Binghammodel characteristics [�].
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Results | transient response in valve mode

Scales
▶ ℓ𝑚=10mm, ℎ=0.65mm
▶ 𝑡 < 1ms

Material parameters (commercial MRFs)
▶ MRF���-DG: 𝜌 = 3106 kg/m3, 𝜇0 = 0.112 Pas@40 °C, 𝜏0 = 45 kPa@230 kA/m
▶ MRF���-EG: 𝜌 = 2480 kg/m3, 𝜇0 = 0.042 Pas@40 °C, 𝜏0 = 30 kPa@175 kA/m
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1e6 Pressure profile
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1e 4 Veocity profile

vx(x = x0, y, t = 0.038ms)
vx(x = x1, y, t = 0.260ms)
vx(x = x2, y, t = 0.260ms)
vx(x = x0, y, t = 0.013ms)
vx(x = x1, y, t = 0.120ms)
vx(x = x2, y, t = 0.120ms)
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Results | transient response in valve mode - steady-state

Magnetic field strength ℎ

Pressure 𝑝

Velocity ‖v‖

Effective viscosity 𝜂eff (yielded region)
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Results | response times at low/high shear rates

Response time 𝑡𝑟
▶ Time needed by MRF to reach ��% of the steady-state velocity profile (pressure-driven).
▶ Time needed by MRF to reach ��% of the steady-state pressure drop (flow rate-driven, [�]).
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1e 2 Low shear rate regime
analytical fit
MRF132-DG
MRF122-EG
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1e 2 High shear rate regime
analytical fit
MRF132-DG
MRF122-EG

▶ Results at low shear rates consistent with established studies.
▶ Systematically deviating behaviour at high shear rates. → Bingham limitations, shorter dwell times
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Results | dwell times at high shear rates

Dwell time 𝑡𝑑
▶ Average exposure time of MRF particles to magnetic field.
▶ Steady-state 𝑡𝑑 =

𝑣𝑚
ℓ𝑚

with mean (profile) velocity 𝑣𝑚.
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1e 2 High shear rate regime, MRF132-DG
analytical fit
m = 10mm
m = 12mm
m = 14mm
m = 16mm
m = 28mm
m = 20mm
m = 25mm
m = 27mm
m = 30mm
m = 32mm
m = 35mm
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1e 2 High shear rate regime, MRF122-EG
analytical fit
m = 10mm
m = 12mm
m = 14mm
m = 16mm

▶ The length ℓ𝑚 is varied to study the effect of prolonged dwell time.
▶ For larger dwell times, the 𝑡𝑟 trend aligns back to the low shear rate behaviour.
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Results | MRF performance sensitivities

Pressure drop
▶ Pressure difference Δ𝑝𝜏 = 𝑝on1 − 𝑝off1 due to activated yield stress.
▶ Pressure ratio 𝑝on1 /𝑝off1 is a MRF efficacy measure.
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MRF132-DG, p ratio
MRF122-EG, p ratio

▶ Pressure drop governed by ratio of yield stress and viscous stress, Δ𝑝 ∝ ‖T𝜏0‖/‖T𝜇0‖.
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Conclusions | summary and outlook

Summary
▶ study of MRF behaviour at high shear rates
▶ investigation of response time & pressure drop
▶ Bingham-type model insufficient to capture

reduced dwell times

Outlook
▶ Enrich MRF constitutive model
▶ Study of the flow through orifice
▶ Scale to device operation (shock absorber)

Acknowledgement

This research is funded by the European Defence
Agency (EDA)within theprojectComputationalmod-
elling for long-term inter-sectoraladvancedknowledge
onnon-Newtonianfluids (COMMONLINK) under con-
tract PRJ RT ���.

��



References

[�] Y. T. Choi et al. ‘Constitutive models of electrorheological and magnetorheological fluids using viscometers’. In:
Smart Materials and Structures ��.� (����), pp. ����–����.

[�] I. A. Brigadnov and A. Dorfmann. ‘Mathematical modeling of magnetorheological fluids’. In: Continuum
Mechanics and Thermodynamics ��.� (Apr. ����), pp. ��–��. issn: ��������. doi:
10.1007/s00161-004-0185-1.

[�] S. G. Sherman. ‘Magnetorheological Fluid Dynamics for High Speed Energy Absorbers’. PhD thesis. University of
Maryland, ����.

[�] M Kubík et al. ‘Hydrodynamic response time of magnetorheological fluid in valve mode: model and
experimental verification’. In: Smart Materials and Structures ��.�� (Nov. ����), p. ������. doi:
10.1088/1361-665X/ac3437. url: https://dx.doi.org/10.1088/1361-665X/ac3437.

��

https://doi.org/10.1007/s00161-004-0185-1
https://doi.org/10.1088/1361-665X/ac3437
https://dx.doi.org/10.1088/1361-665X/ac3437

	Introduction
	Motivation
	Model
	Virtual Test Stand
	Results
	Conclusions

