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Abstract

The sloshing phenomenon has exceptional significance due to its occurrence
in various processes as well as its application. This phenomenon occurs when
a vessel is partly filled with a fluid and under the influence of external forces
the free surface of the liquid moves and exchanges forces with the wall of the
vessel. In this research, numerical modeling is used to study the behavior of
ferrofluid in sloshing phenomenon in a rectangular container with a specified
length and width of 10 cm × 5 cm respectively. The force that moves the
vessel is the oscillatory motion in the x-axis direction. Applying a uniform
magnetic force, which creates additional modules in the governing equations,
such as the momentum equation, has effects on this phenomenon and fluid
motion. The main aim of this research is to study the effects of the uniform
MHD field in different directions and angles on the ferrofluid sloshing. By
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studying the results of some factors (such as; the pressure of the ferrofluid to
the specific points on the vessel wall, the maximum surface at any time, and the
analysis of the surface situation at different times) the impact of the magnetic
field with different angles has been identified on the ferrofluid sloshing. The
results showed that in the absence of an external magnetic field, the sloshing
behavior of water and ferrofluid were approximately the same. Applying the
MHD magnetic field caused a 14.5%, 25% and 36% decrease in the maximum
height of the fluid level at angles 0◦, 45◦ and 90◦ of magnetic field respectively.
Therefore, these results indicate the influence of the magnetic field direction
on the behavior of the ferrofluid sloshing.

Keywords: Sloshing, Ferrofluid, MHD, pressure, Level set method.

Nomenclature
L Length of the vessel (m)
W Height of vessel (m)
g Gravity (m/s2)
h Fluid height (m)
V Fluid velocity (m/s)
u Fluid velocity in x direction (m/s)
v Fluid velocity in y direction (m/s)
B Magnetic induction (T)
H Magnetic field intensity (A)
T Temperature (◦C)
n Normal vector
k Local curvature
A Oscillation amplitude (m)
ωT Oscillation frequency (Hz)
N Frequency mode number
p Pressure (pa)
t Time (s)

Greek Symbols

ρ Density of fluid (kg/m3)
μ Dynamic viscosity (kg/ms)
μ0 Permeability of vacuum (= 4π × 10−7 (Tm/A))
α Volume fraction of fluid
∅ Volume fraction of nanoparticles
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σ Effective electrical conductivity (1/Ωm)
τ Non-dimension time

Subscripts

P Point
f Fluid
s Solid
nf Nanofluid
L Liquid phase
G Gas phase
deg degree
MHD Magneto-hydrodynamics

1 Introduction

The sloshing phenomenon occurs in different parts and may have different
applications. The Study and evaluation of the sloshing phenomenon in the
transport sector is very momentous. The dynamics of solids’bodies containing
fluids has been widely developed due to its remarkable importance for the
rockets and space industries [1]. Studies of this phenomenon are mostly used
to predict the amount of fluid oscillations, stress on the walls, and the stability
of the vessel milieu. Therefore, various experimental methods or numerical
models have been developed [2].

Singal et al. [3], in their numerical research, adopted the volume of fluid
model (VOF) to study the effects of sloshing on a kerosene container. They
carried out experiments on the existence and absence of baffles, and discovered
the significant effects of baffles. Also in other research, the optimum design
of baffles were investigated numerically for increasing the rollover stability
of the partially filled tankers with different shapes [4]. The effect of tank fill
levels on sloshing measured in term of horizontal force and pressure moment
were reported using the volume of fluid (VOF) method.Another study has been
reported in both experimental and numerical methods by Takabatake et al. [5].
In this research, the effect of separator sheets and their positive performance in
decreasing the sloshing height has been discussed. Uras, by using a computer
modeling method studied the effect of viscosity on containers in the presence
of a high viscous fluid [6]. A regular horizontal oscillation was considered
as an external stimulation. The enforced pressure to the different points of
the container and the height of the fluid wave were determined. It was found



354 R. Maroofiazar et al.

that the responses to time became faster to the steady state with increasing
viscosity.

In several studies on various parameters, one of the substantial issues
is the geometry of the vessels containing the fluid, which is encouraged by
external forces. Among the types of geometries, Zeng et al. studied annulus
geometry [7]. The purpose of this study was to investigate the sloshing
phenomenon on a large water tank as well as to simulate critical conditions
such as earthquakes. The researchers calculated the impact pressure at various
points of the tank to obtain effective results.

One of the vital variables considered to investigate this phenomenon
is magnetic fluids. Sawada et al. studied magnetic fluid sloshing inside a
cylindrical vessel in the laboratory scale [8]. For precise investigation, the
difference between the presence and absence of magnetic field has been
investigated. As results, the spatial velocity of the fluid has been determined
and the effect of the magnetic field on fluid has been presented.

One of the most reliable applications of this phenomenon is the electrical
energy harvesting using ferrofluids and magnetic field. Several investigations
have been carried out in both laboratory and numerical methods by various
parameters in order to optimize and enhance energy harvesting. Consequently,
in a container with different geometries, electric power can be generated by
using ferrofluids, magnetic field and effective external force. This project is
imperative because of its advantages such as being flexible and scalable in
energy production [9–11].

The effects of MHD magnetic field have been extensively studied on
the flow and heat transfer of nanofluids (e.g., [12–14]). In the meantime,
it can be mentioned to the study of nanofluid flow behavior between two
radiative stretchable rotary disk that has been investigated with homogeneous
and heterogeneous reactions and Joule heating in the presence of magnetic
field [15]. In another study, analysis for micropolar dusty fluid containing
hybrid nanoparticles has been investigated over a porous medium [16]. The
effect of Brownian motion, thermophoresis phenomenon and Lewis number
on MHD nanofluid flow along with the heat transfer between two parallel
plates have also been studied [17].

Ferrofluids are a special type of nanofluids that could be synthesized using
a colloidal mixture of magnetic nanoparticles and a non-magnetic carrier
fluid [18]. Gholinia et al. have studied nanofluids in various fields of fluid
flow and heat transfer [19]. Ghadikolaei et al. in their study, have proposed
an analysis of three-dimensional squeezing flow of carbon nanotubes (CNTs)
based nanofluids in a rotating channel with a permeable fixed bottom wall by
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Table 1 Physical properties of water and nanoparticles and ferrofluid [29]

ρ(kg/m3) μ × 10−4(kg/(m · s)) σ(1/(Ω · m))
Pure water 997.1 8.55 0.050
Fe3O4 5200 – 25000
4% Ferrofluid 1165.22 941 0.056

taking into account the effect of thermal radiation [20]. These authors also
presented in another article, the increase of fluid heat transfer by application
of hybrid nanoparticles [21]. In this study, nanofluids were prepared by
dispersion of Fe3O4 nanoparticles (0.04 and 4%) in water as a base fluid.
The physical properties of the nanofluid are presented in Table 1. Castillo
et al. [22] used Level Set method to modeling and numerically solution of
two immiscible fluids, which makes it possible to more accurately analyze
the work. In this research, this method has also been used. The accuracy of
numerical computations of this study has been validated by the results of
an experimental-based research [23]. The results for the prepared ferrofluids,
including recordings of pressure at different points on the rectangular vessel
wall, recording of maximum height, fluid surface conditions versus times, as
well as the results of applying MHD magnetic field in different directions
were collected and compared. As a result, the effect of uniform magnetic field
orientation on the ferrofluid sloshing was discussed.

2 Mathematical Modeling

In this paper, 3D geometry has firstly been considered and then compared
with the results of 2D geometry (Figure 1). After the accuracy of the results
have been verified, the rest of the studies were performed in 2D geometry.
The external stimulation of the vessel was accomplished sinusoidal in the x
direction and the results were recorded according to the conditions described
in the formulation section related to the vessel movement.

Figure 1 Geometry of two dimensional and three dimensional modeling.
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Figure 2 Geometry and boundary conditions, pressure recording points, and magnetic source
location.

The specific physical properties of ferrofluid were obtained by adding 4%
of Fe3O4 nanoparticles to the base fluid. The magnetic field was supplied
using a conductive wire in the middle-bottom of the vessel, which was placed
perpendicular to the x−y plane (Figure 2).

2.1 Governing Equations

In this modeling, some assumptions for fluid dynamics including Newtonian,
incompressible and non-elastic fluid with laminar flow range neglected tur-
bulence, as well as two immiscible fluids in an unsteady state and isothermal
process have been considered. Based on these assumptions, the governing
equations have been studied. For that reason, the governing equations could be
the continuity and momentum equations, which are written below [18, 24, 25].
If the MHD magnetic field is applied, a new term in the form of Lorentz force
will be added to the momentum equation. Therefore, Equations (2) and (3)
are related to the ordinary fluid whereas Equations (4) and (5) associated with
the ferrofluid, which are expressed in the Cartesian coordinate system. Hence,
the set of governing equations describing MHD is a combination of Navier
Stokes fluid dynamics equations and Maxwell’s electromagnetic equations.
These equations must be solved simultaneously [26–28].

Continuity equation:
∇V = 0 (1)
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Momentum equation for ordinary fluid in x direction:

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

)
= −∂P

∂x
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(
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∂2u

∂y2

)
(2)

Momentum equation for ordinary fluid in y direction:

ρ
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Momentum equation for ferrofluid with MHD field in x direction:

ρnf
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)
u + σnfBxByv (4)

Momentum equation for ferrofluid with MHD field in y direction:

ρnf

(
∂v

∂t
+ u

∂v
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∂y

)
= −∂P

∂y
+ ρgy + μnf

(
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)
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(
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x

)
v + σnfBxByu (5)

In Equation (1), V is the component of corresponding velocity of fluid.
In Equations (2) and (3) (ρ = αρ1 + (1 − α)ρ2) is the mixture density
of liquid and air, ρ1 and ρ2 are the density of fluid and air, respectively,
and (μ = αμ1 + (1 − α)μ2) is the viscosity of the mixture. α Expresses the
volume fraction of fluid that is 1 for liquid, and 0 for the air, the area between
them being between 0 and 1. p is pressure and gy shows the effect of gravity
in the y direction.

The terms −σnf (B2
y)u + σnfBxByv and −σnf (B2

x)v + σnfBxByu in
(4) and (5), respectively, appear as a result of the electrical conductivity of the
fluid and denote the Lorentz force per unit volume in the x and y directions
which highlights the principles of MHD. B is the magnetic induction that
defined by the following equation:

B = μ0(H + M) (6)

μ0 is the magnetic permeability of vacuum (4π × 10−7Tm/A); H is the
magnetic field intensity. For the variation of the magnetization (M ) as a func-
tion of the magnetic field intensity (H) and temperature (T ), the subsequent
correlation can be assumed as [26];

M = K ′(T ′
c − T ) (7)
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The magnetic field was supplied by a wire perpendicular to the x− y plane in
the middle-bottom of the container (Figure 2). The magnitude of the magnetic
induction was assumed B = 1T that was examined at three angles of 0◦,
45◦, 90◦. The concept of angles in the MHD magnetic field is to determine
the direction and angle of the field lines. When the magnetic induction angle
is set to 0◦, it means that the field lines are in a horizontal state, which, by
increasing this angle, moves from a horizontal state to a vertical position at
90◦. The imposed magnetic field B = 1T , by considering the relation of the
magnetic field angles, was determined by the following equation.

B =
√

B2
x + B2

y (8)

The ferrofluid used as the model in this study consists of 4% volume of Fe3O4
nanoparticles where the following correlations have been used to calculate the
physical properties of ferrofluid:

ρnf = ρf (1 − ∅) + ρs∅ (9)

The dynamic viscosity of the nanofluid given by Brinkman [26] is:

μnf =
μf

(1 − ∅)2.5 (10)

The effective electrical conductivity (σnf ) of the nanofluid can be calculated
by Maxwell’s approximate:

σnf

σf
= 1 +

3
(

σs
σf

− 1
)

∅(
σs
σf

+ 2
)

−
(

σs
σf

− 1
)

∅
(11)

The physical properties of the ferrofluid, pure water as the base fluid and
Fe3O4 nanoparticles are given in Table 1.

2.2 Level Set Method

This model has been used to record large changes in the pressure of two-phase
fluids. The fluid level is considered as the initial level and indicated by ϕ as
the distance function [30].

∂ϕ

∂t
+ u · ∇ϕ = 0 (12)
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The level set equation is solved in the entire computational domain. This
includes the fluid and solid areas, which progress to re-initialize the level set
function in a repetitive manner to keep the distance function to the answer.

∂ϕ

∂τ
+ S(ϕ0)(|∇ϕ| − 1) = 0 (13)

S(ϕ0) =
ϕ0√

ϕ2
0 + (�h)2

(14)

In the above equations, τ is reflected as non-dimension time, ϕ0 the initial
value of ϕ and �h is very small amount in this model ϕ is considered as a
function of distance, Therefore, two parameters of the unit normal vector (n)
and the local curvature (k) for the common level can be calculated with finite
differential equations:

n =
∇ϕ

|∇ϕ| (15)

k = ∇ · n = ∇ · ∇ϕ

|∇ϕ| (16)

Density and viscosity are adjusted all over the common surface with the
smoothed Heaviside function. They are corrected on a transmission bar
throughout the common surface:

ρ(ϕ) = ρG + (ρL − ρG)H(ϕ) (17)

L and G represent the liquid phase and the air, respectively. The smoothed
Heaviside function is defined as [31, 32]:

H(ϕ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 ϕ > ε

1
2

[
1 +

ϕ

ε
+

1
π

sin
πϕ

ε

]
|ϕ| ≤ ε

0 ϕ < ε

(18)

2.3 Vessel Movement Formulation

In this research, the external stimulation of the vessel is described as a
horizontal sinusoidal motion in the x direction with specific amplitudes and
frequencies. The equation of motion follows the below relation:

xT = A · sin(ωT t) (19)
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In the above equation A and ωT are the oscillation amplitude and frequency,
respectively. In this study, the range of stimulation for a rectangular vessel is
assumed to be A

L = 0.025where,L is the length of the vessel. If the dimensions
of the vessel and the height of the fluid are determined, the natural frequency
ωT can be expressed by the following expression [30]:

ωN =

√
Nπg

L
tanh

(
Nπh

L

)
(20)

Here,L represents the vessel length;h is the fluid height andN is the frequency
mode number [26].

3 Results and Discussions

3.1 Geometry Selection and Validation

In the first step, modeling was conducted in 3D geometry. The dimensions of
the assumed vessel were 10 cm × 5 cm × 5 cm, which shows length, width
and height, respectively. Considering the ratio of h

H = 0.3, the simulation
was performed for 3D and 2D models (Figure 1), and then the results were
compared. After the results of 3D and 2D were matched (Figure 3), the
investigation continued in 2D mode. In order to stimulate sinus oscillation,
the vessel has been used in the first mode number (ω1) and studies have been
proceeded accordingly.

As mentioned, to ensure the accuracy of the numerical calculations, a
comparison was made between the results of the numerical simulation and the
results of an experimental work [23] (Figure 4). It can be observed that there
was a proper match between the results.

The results were recorded as the imposed pressure by the ferrofluid
to points on the container wall called points P1, P2 and P3. Additionally,
the maximum change in nanofluid level occurring at any time was also
recorded. By analyzing these results, the effect of the MHD magnetic field
with different induction magnitude and different induction angles could be
determined.

The points of the pressure recording have been selected in the static state
without motion of vessel. In this case, P1, P2 and P3 were located below the
fluid-air interface (h = 0.75 cm), at the fluid-air interface (h = 1.5 cm), and
at the top of the fluid-air cross-section (h = 3 cm), respectively.
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3.2 Sloshing without Magnetic Field

The results of ferrofluid sloshing were firstly investigated without applying the
magnetic field. It was observed that when the magnetic field was not employed,
the ferrofluid behavior was similar to that of the base fluid, and no significant
changes were observed (Figure 5). Then, when the magnetic field is applied,
magnetic and hydrodynamic behaviors must be considered simultaneously.

3.3 Effect of Magnetic Field on Sloshing

Effect of magnetic field on the maximum level changes and the imposed
pressure to the specified points of the vessel are presented in Figure 6.
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Figure 5 Comparison of the water and ferrofluid sloshing in B = 0, (a) the displacement of
the maximum height and (b) the pressure applied to the point P2.
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Table 2 The amount of pressure reduction according to maximum pressure up to ten seconds
P1 P2 P3

B = 0 285 pa 250 pa 165 pa

Reduction
Percent

(B = 1) 0◦ 15.5% 28% 42%
(B = 45) 0◦ 26% 46% 75%
(B = 1) 90◦ 40% 56% 90%

Figure 7 Position of free surface at t = 2.9 s (left graphs) with conditions; B = 0 (a),
B = 1 with magnetic lines angles of θ = 0◦ (b), θ = 45◦ (c) and θ = 90◦ (d). Likewise,
at t = 8 s (right graphs) with conditions; B = 0 (e), B = 1 with magnetic lines angles of
θ = 0◦ (f), θ = 45◦ (g) and θ = 90

◦
(h).



Numerical Investigation of Ferrofluid Sloshing 365

As seen from Figure 6, using the magnetic field reduced both the maximum
surface level displacement of the fluid and the applied pressure at the specified
points in the container. For example, in the horizontal magnetic field the
maximum height displacement of the fluid in the container was 14.5% lower
than the cases without magnetic field.

Changing the magnetic field angle from 0◦ to 90◦, the sloshing parameters
were more influenced by the magnetic field. It can be observed that increasing
the magnetic field angle caused a 25% and 36% reduction in the maximum
level displacement of the fluid for 45◦ and 90◦ of magnetic field lines,
respectively. The reason of these findings can be discussed as follows. By
applying the magnetic field, an external force called the Lorentz force, was
applied to the fluid in the container and restricted its motion and sloshing. In
the magnetic field with horizontal lines, this force exerts horizontally and by
increasing its angle, the direction of the Lorentz force was also changed and at
the angle of 90◦, its direction was pure vertical and more suppressed the fluid
sloshing. Similar results and discussions can be mentioned for the pressure
imposed on the specified point in the container. Summary of the results of
the imposed pressure on the effect of applied magnetic fields are given in
Table 2. Another important point that can be concluded from this table is that
the imposed pressure on the points with higher heights were more influenced
by the applied magnetic fields.

For visual observation of the effect of magnetic field on the sloshing of
the ferrofluid, the contours of fluid motion at t = 2.9 s and t = 8 s has been
recorded and was displayed in Figure 7.

4 Conclusions

• This model is associated with the level set method that accurately
determines the interface between two phases at any given moment. By
using this method, the effect of various parameters can be easily studied
and in addition, it does not need to carry out expensive experimental
methods.

• Since suitable conformity was observed between the three-dimensional
and two-dimensional results; a complete analysis was carried out in two-
dimensional mode in order to perform the numerical calculations more
quickly.

• When ferrofluid sloshing was performed without applying a magnetic
field, it was observed that ferrofluid behavior exhibited ordinary fluid
and no significant changes occurred.
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• Application of the magnetic field caused sensible reduction in sloshing
of the ferrofluid due to the imposed force which is called the Lorentz
force.

• Changing the angle of the field lines causes variations in ferrofluid
behavior.According to the results, when the field is applied at 0◦, (where,
By = 0, Bx = 1 and the field lines are horizontal) it has the minimum
effect on the ferrofluid motion inside the vessel. Whereas, by switching
the field lines from zero to 90 degrees, which means that they are quite
vertical for the field lines, it has the maximum impact on the ferrofluid
sloshing.

• Displacement of the maximum surface of the fluid in the container was
14.5%, 25% and 36% lower than the no magnetic field case at 0, 45 and
90 degrees of magnetic field respectively.

• This method will help in selecting and controlling the desired state
of ferrofluid motion in advancing the scientific, research and practical
purposes of the sloshing phenomenon by changing the angle of the field
lines which it has been achieved in a cost-effective and practical method.
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