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Abstract—The production of high magnetic fields offers new
opportunities of magneto-mechanical interactions. In this paper,
we investigate the possible effects of magnetic volume forces on
a diamagnetic yield stress fluid flow. The numerical computation
of magnetic volume forces requires a particular care for the
magnetic field calculation. We study a magnetic configuration
using two parallel surface current density. This configuration
generates magnetic forces — usually used for magnetic levitation
— which are able to modify the flow of a yield stress fluid. Two
dimensionless numbers are introduced to define the necessary
conditions to act on the fluid. Numerical investigations of the
coupled problem are performed using a finite element software.
We show the opportunity of a solid-gel transition in different
parts of the fluid.

Index Terms—Fluid dynamics, magnetic levitation, stress, finite
element methods.

I. Introduction

Yield stress fluids have amazing mechanical properties.
They can behave as solids under small applied stresses and
flow like liquids above a certain load, called yield stress.
These fluids have attracted considerable academic and indus-
trial attention over the past few decades and their non-linear
behaviour is widely used in many applications.It turns out that
unambiguously determining the yield stress of a fluid from
experiments is quite difficult. Part of the problem is due to the
existence of a wall slip effect when acting on the fluid. We
propose to use magnetic forces produced contactless by high
magnetic fields to act on yield stress fluids. These forces have
been successfully used to act on fluids [1]-[2]-[3] and we’d
like to explore their effects on yield stress fluids flows.

II. Exploring possibilities

A. Magnetic, electrical and mechanical properties of typical
water-based yield stress fluid

Bentonite is a smectite clay mineral with many applications
that take advantage of its interesting rheological properties
in water-based colloidal suspensions. When sufficiently con-
centrated, bentonite suspensions have a yield stressτy that
results from the colloidal interactions among the particles.
Bentonite is therefore an important component of materials
such as drilling muds, paper coatings and pharmaceutical
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Figure 1: Magnetisation curve of water-based colloidal sus-
pensions of bentonite.

products. The simplest model for this mechanical behaviouris
the Bingham model (1) describing the evolution of the shear
stressτ toward the shear rate ˙γ with the help of the Bingham
viscosityκ.











γ̇ = 0 if τ < τy

τ = τy + κ γ̇ if γ̇ , 0
(1)

Bentonite suspensions show no particular electrical or mag-
netical properties. They behave mainly as a dielectric and
diamagnetic fluid. The diamagnetism of the water outweighs
the paramagnetic behaviour of the clay as shown in Fig. 1.
The volume magnetic susceptibility is aroundχ ≈ −3× 10−6.

B. Magnetic forces

Magnetic forces acting on a fluid element of densityρ can be
derived from the Helmholtz free energy. According to [4], the
magnetic forces experienced by a unit volume of an insulator
fluid in a magnetic fieldH can be expressed as

F =
1
2
µ0χ∇H2. (2)

In magnetic levitation, magnetic forces are used to counteract
the effects of gravity. In our case, there is no direct link
between the magnetic forces and the shear stress generated



in the fluid. Numerical investigations of the coupled problem
are necessary.

C. Dimensional analysis

For an arbitrary unit volume of fluid in a gravitational fieldg
and a magnetic fieldH, the conservation of momentum leads
to the general form of the Navier-Stokes equation for the
velocity field u

ρ

(

∂u
∂t
+ u · ∇u

)

= ρg + ∇ · σ +
1
2
µ0χ∇H2, (3)

with σ the Cauchy stress tensor.
A dimensional analysis leads to

St
∂ũ
∂t̃
+ ũ · ∇̃ũ = St2 g̃ + ∇̃ · σ̃ +

Ne
2
∇̃H̃2. (4)

All tilded quantities are dimensionless and we introduce the
usual Strouhal number St and a new dimensionless number Ne
defined as

Ne=
µ0χH2

0

ρu2
0

, (5)

whereH0 andu0 are characteristic values of the magnetic field
and the velocity field. Large values of|Ne| could led to a flow
modification.

III. Numerical investigations

A. Computation of magnetic forces

Magnetic volume forces are computed with a finite element
software using a potential vector formulation. Lagrange cubic
finite elements are requested to obtain sufficient accuracy for
the forces. In a 2D Cartesian configuration, with a potential
vector A = Az ez, the forces are given by

F =
χ

µ0
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B. Magnetic configuration

Several configurations have been tested. We present an
efficient configuration consisting of two parallelxz infinite
surfaces flown by two current densitiesj1 and j2 alongez. The
below current densityj2 is constantJ0 = 105 A/mm although
the above current densityj1 is modulated with a wavenumber
k = 50 m−1

j1 = J0 sin(kx) ez, (7)

j2 = J0 ez. (8)

C. Fluid flow configuration

The non-linear behaviour of the yield stress fluid is well
computed [5] by a regularised model [6]

τ =

(

κ + τy

(

1− exp(−m |γ̇|)
)

|γ̇|

)

γ̇, (9)

introducing a parameter m= 100 s. The fluid flows between
the two surface current densities.
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Figure 2: The velocity field (m/s) modifications of a yield
stress fluid under high magnetic field.
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Figure 3: Velocity field (cm/s) with and without magnetic field.

D. Results

For low values of the Bingham number Bn and large values
of |Ne|, we observe changes in the velocity field of the fluid
flow in Fig. 2 and Fig. 3. With L a characteristic length of the
flow, the relevant dimensionless number to increase the effects
of the magnetic forces is

|Ne|

Bn2
=
|χ| µ0

ρ

(

κH0

L τy

)2

. (10)

References

[1] S. Ueno and M. Iwasaka, “Parting of water by magnetic fields,” IEEE
Transactions on Magnetics, vol. 30, no. 6, pp. 4698-4700, 1994.

[2] H. Chetouani, C. Jeandey, V. Haguet, H. Rostaing, C. Dieppedale and
G. Reyne, “Diamagnetic levitation with permanent magnets for contact-
less guiding and trapping of microdroplets and particles inair and liquids,”
IEEE Transactions on Magnetics, vol. 42, no. 10, pp. 3557-3559, 2006.

[3] G. Yoshikawa, K. Hirata and F. Miyasaka, “Numerical analysis of
electromagnetic levitation of molten metal employing MPS method and
FEM,” IEEE Transactions on Magnetics, vol. 47, no. 5, pp. 1394-1397,
2011.

[4] L.D. Landau and E.M. Lifshitz, “Electrodynamics of continuous media,”
in Course of Theoretical Physics, vol. 8. Pergamon Press, 1960, pp. 141-
144.

[5] M. Chatzimina and G. C. Georgiou, “Cessation of Couette and Poiseuille
flows of a Bingham plastic and finite stopping times,” Journalof Non-
Newtonian fluid mechanics, vol. 129, no. 3, pp. 117-127, 2005.

[6] T. C. Papanastasiou, “Flows of materials with yield,” Journal of Rheology,
vol. 31, no. 5, pp. 385-404, 1987.


