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1. Introduction

Abstract. The use of ferrofluids as shapeable external appendage to a submerged
body and as a mean of vortex flow induction is studied in this paper. Ansys-CFX
numerical results are validated against analytical problems and used to analyze the
ferrofluid free surface shape affected by gravity, different magnets, and different densities
of the surrounding non-magnetic fluids. It is demonstrated that the height, width, and
curvature of ferrofluid can be controlled by magnet size and strength. It is also observed
that ferrofluid mass loss may occur due to gravity, which should be addressed in designing
a fluid appendage. Subsequently, vortex production inside the ferrofluid is investigated
via a shear flow on the magnet. It is shown that ferrofluid can contain complex vortices
while being shaped by the magnetic field, gravity, and the vortices. It is also observed
that vortices inside the ferrofluid affect the flow of the surrounding fluid. Additionally, the
effects of surface tension and viscosity are briefly analyzed to roughly show the importance
of these parameters for further works. Overall, it is concluded that using ferrofluids as
appendages for shaping and controlling fluid flow around submerged bodies seems to be
practical and calls for more attention.

(© 2017 Sharif University of Technology. All rights reserved.

pipes, valves, propellers, etc. To reduce the need of
solid state for fluid control, smart fluids were born.

Knowing and controlling are among the most essential
motivations of engineers in many fields to continue en-
gineering human surroundings through their knowledge
and art of control for optimizing the reciprocal relation
of mankind and their environment. Controlling fluid
flows, among other control issues, has always been one
of the most critical problems for which the main solu-
tion has mostly been the use of an overwhelming mass
of solids that are structured in the form of reservoirs,
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Ferrofluids, among others, have changed the engi-
neering view of the flow control. Nowadays, ferrofluids
are used in heat transfer [1], optics [2-4], micropumps
and microfluidic devices [5,6], electro-magnetic control
of the droplet [7-9], nanotechnologies [10,11], and many
other industrial fields [12].

Ferrofluid has also been welcomed in the elec-
tronic art sector, where it has been used for producing
ferrofluid sculptures [13] and ferrofluid displays and
interfaces [14,15], which have made the application
of these fluids public. FExamples of these artistic
applications are displayed in Figure 1.

Resler and Rosenweig [17] in 1964 and Shliomis
[18] in 1968 presented governing equations of the fer-
rofluids motion, called ferro-hydrodynamics equations.
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Many researchers have experimentally investigated
Ferrohydrodynamics. Shliomis and Raikher [19] and
Cowley and Rosnweing [20] focused on the free surface
stability of the ferrofluids. Hejazian and Nguyen [21]
also investigated the behavior of non-magnetic particles
suspended in ferrofluids. Different aspects of ferrofluid
flows have also been studied, analytically and numer-
ically. Shliomis et al. [22,23] focused on improving
the equations of ferrohydrodynamics and ferrofluids
magnetization and relaxation behavior. Lavrora [24]
presented numerical methods for predicting static ax-
isymmetric shapes of ferrofluids. Rabbia et al. [25] also
numerically studied the heat transfer of ferrofluids in a
lid-driven cavity.

As pointed out earlier, in addition to heat transfer
and magnetic sealing and suspension, shaping ferroflu-
ids are used in many fields where shape of the fluid is of
high importance, mainly in visualization and electronic
arts. Accordingly, the basic idea behind the current
study is to investigate the possibility of using the smart
fluids and, particularly, ferrofluids as external shape
changing appendages for the submerged bodies in
water. Examples of this application may include “fluid
fins” and “fluid tails” in bionics, “fluid propellers” for
marine vessels, or even “fluid structures” for designing
shape changing controllable bodies as a marine vessel,
for the enhanced applications. Another important goal
of the present study is to assess the feasibility of gener-
ating complex flows inside the fluid appendages in order
to add surface flow control to the “fluid structures”.
For instance, the focus of the present paper is firstly
to investigate the free surface shape of ferrofluids in a
secondary non-magnetic fluid medium with a different
density under the influence of permanent magnets
with different sizes and field strengths. Secondly, the
possibility of vortex generation inside the ferrofluid and
using the ferrofluid as a vortex container is investigated.

Vortex control around moving bodies in air or wa-
ter can highly affect the pressure distribution, velocity
field, and, hence, the efficiency of the body in motion.
However, actively producing and controlling vortices
is not always simple in most mediums including air
and water. The present study numerically shows the
possibility of producing stationary ferrofluid vortices
on a submerged wall. A schematic of the problem is
illustrated in Figure 2.

(d)
Figure 1. (a) Fluid sculptures [13], (b,c) ferrofluid display [14,15], and (d) ferrofluid interface [16].

In the next section, the governing equations,
which are numerically solved by Ansys-CFX software,
are presented. Afterwards, the ability of the software
in simulating ferrohydrodynamics is assessed by mod-
eling the stable state of a ferrofluid around a wvertical
electric current. Subsequently, the main investigation
is presented, which was previously outlined.

2. Governing equation

As mentioned earlier, the numerical simulations are
conducted using the Ansys-CFX solver. In the present
section, the governing equations applied in the nu-
merical processes in the mentioned solver are briefly
presented [26]. The continuity of mass and momentum
is as follows:

ap B
L) =0, 1)

apU
%+V~(pU®U):—Vp+V~T+Femag. (2)

Here, U is the fluid velocity vector and ¢, p, 7, and p are
time, pressure, viscous stress, and fluid density, respec-
tively. Also, Femag represents the momentum due to
electromagnetic forces. Because of high complexity of
the problem, this term is evaluated using the Maxwell’s
equations as follows:

oB

B=-2"
V X o (3)

aD

H = —_— 4
V x J+ o (4)
V-B=0, (5)
V.D=p., (6)

where B, D, E, H, J, and pe are magnetic induction,
electric displacement, electric field, magnetic field, cur-
rent density, and electric charge density, respectively.
Using these equations, Femag is extracted to be:

Femag = NOMVH (7)

In this equation, M is fluid magnetization, H is the
magnetic field, and pg is the magnetic permeability
of the vacuum. The presented momentum source as-
sumes that free surface is stable. In other words, the
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Figure 2. Schematic of the ferrofluid vortex container and its effect on the surrounding fluid: (a) without vortex, and (b)

with induced vortex.
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Figure 3. Stable and instable free surfaces in ferrofluids.

surrounding fluid, the ferrofluid, and the magnetic field
are set in a way that no instability occurs on the free
surface. The differences between stable and unstable
free surfaces are displayed in Figure 3.

The focus of the present study is on the stable
free surface, where no spikes occur. Finite Volume
method is used by Ansys-CFX for solving the presented
governing equations for ferrohydrodynamics problems.
Validation of the ferrohydrodynamics software is pre-
sented in the following section.

3. Validation

Prior to the numerical investigation of the main
problem, it is necessary to assess the validity of the
solver. To this end, two different problems have been
considered to validate both the free surface and the
flow of the ferrofluid in magnetic fields.

3.1. Free surface validation
To validate the modeling of free surface response of
the ferrofluid to magnetic fields, the ascension of a
ferrofluid along a vertical electric current carrying rod
is simulated and the obtained result is compared with
the analytical solution. Due to the electric current
inside the rod, a magnetic field is created around the
rod, which attracts the ferrofluid and ascends along the
rod and reaches an equilibrium state due to the grav-
itational force. This is better illustrated in Figure 4,
which shows this experiment by Rosenweig [27].

As observed in Figure 4, the ferrofluid is stretch-
ing along the rod due to the electric current magnetic

Figure 4. Response of a magnetic fluid to the steady
electric current passing through a vertical rode [27].
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Ferrofluid with 1 mm depth

Figure 5. Problem setup for the validation problem.

Figure 6. Free surface elevation obtained for test case
number 1.

field. The analytical solution to the stable elevation of
the ferrofluid is presented [27] by:

poxI?

Ah = S72pg R (8)
In this equation, Ah is the elevation of the ferrofluid,
Lo is the magnetic permeability of the vacuum, y is the
fluid magnetic sensitivity, I is the electric current, and
p, g, and R are the ferrofluid density, the gravitational
acceleration, and the rod radius, respectively.

The problem setup is shown in Figure 5.

In the present simulation, the current is assumed
to be 3.5 A, the rod radius is set at 1 mm, the ferrofluid
density is 997 kg/m®, and the magnetic sensitivity
varies as presented in Table 1 along with the results
obtained for each case.

As evident in Table 1, the elevation obtained for
the three considered cases is very close to the analytical
solution and the error of simulation ranges from 1.21%
to 2.29%, which is considered acceptable for most of
the engineering simulations. The computed ferrofluid
free surface for test case 1 is displayed in Figure 6.

3.2. Magnetic flow validation

To validate the flow simulation of ferrofluids in mag-
netic fields, the Hartman problem [28,29] is considered
here. The Hartman problem consists of the flow of a
magnetic fluid in a channel, in the presence of magnetic
field. For this problem, the Hartman number should be
defined as:

_ ¢
Ha = Bd\/p:’ (9)

where B is the magnetic field strength and p, v, {, and
d are the density, kinematic viscosity, electrical con-
ductivity of the fluid, and channel width, respectively.
The Hartman problem is solved for Ha = 0, 3.2, 6.3,
9.5, and 15.8 in this article and results are compared
with analytical solutions. The obtained results of the
analyses are presented in Figure 7.

As observed in Figure 7, the Root Mean Square
of Errors (RMSE) of the simulation compared to
analytical solutions is 0.16% for all cases. More details
on this validation are presented in a previous work by
the current authors [30].

After the validation of the solver, the numerical
study of ferrofluids with different relative densities and
under the influence of different magnets is presented in
the next section.
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Figure 7. Normalized velocity vs. normalized vertical
coordinate at different Hartman numbers for numerical
(—) and analytical (e) solutions.

Table 1. Input values and results obtained for the validation of the software in different cases.

dh dh 2.5
Test # X analytical numerical Error B dh numerical (mm)
2.0 - m dh analytical (mm)
(mm) (mm) ~
£ 15
1 50  0.986944293 1.0059 1.92% X:! Lo
s . 4
=
2 75 1.480416439 1.4625 1.21% 0.5
3 100 1.973888586 2.019 2.29% 0-0- n 9 s

Test number



M.A. Feizi Chekab and P. Ghadimi/Scientia Iranica, Transactions B: Mechanical Engineering 24 (2017) 2929-2940 2933

4. Results and discussion: Ferrofluids free
surface shape

As pointed out earlier, the main goal of the present
study is to numerically analyze free surface shape of a
ferrofluid in surrounding fluids with different densities.
Additionally, the assessment of the feasibility of using a
ferrofluid as a flow control device via actively producing
vortices inside the ferrofluid is of concern. In the
present section, the first part of the study is presented,
where the ferrofluid is analyzed in different magnetic
fields (Bmag), magnet sizes (Lmag), relative densities
s = pferroﬂuid/psurrounding fluid and on horizontal and
vertical walls (which is applied by altering the gravity
direction). The setup of the considered problem is
presented in Figure 8.

As shown in Figure 8, a very thin rectangular
domain is selected with a magnet of variable length
(Lmag). Also, an induced velocity on the magnet
is assumed, which is set to zero in this part of the
study, where no flow is necessary. Values of different
considered variables are presented in Table 2.

In the following subsections, ferrofluid on a hori-
zontal wall is investigated and, then, the same study is
carried out for the ferrofluid on a vertical wall to show
the feasibility of the use of ferrofluid on moving objects
which can rotate in any direction.

4.1. Horizontal wall
As previously mentioned, shape of the ferrofluid on a
horizontal wall is analyzed in this subsection. The free
surface shape for different relative densities for L. =
1 cm and Bpag = 0.25 T along with magnetic field lines
as a sample of the results are displayed in Figure 9.
As observed in Figure 9, the ferrofluid is agglom-
erated above the magnet. For higher relative densities
(s > 1), the ferrofluid takes a bell form. However, for

S-ymllletry ——

N

1]

2.5 cm

Figure 8. Setup of the conducted simulations.

Table 2. Simulation cases for the ferrofluid shape.

‘Wall Horizontal Vertical

Lag 5 mm 10 mm
Brag 0.25 T 05T
s 0.5 0.75 09 1 1.1 1.25 1.5

Vina  0.00 m/s

0.50 =3

Figure 9. Free surface and magnetic field lines for
Lmag =1 cm and Bpag = 0.25 T at different densities
(s =0.5 to 1.5).

lower relative densities, the ferrofluid tends to ascend
due to its positive buoyancy. This positive buoyancy
causes the free surface shape to be more spherical.
Also, a mass loss occurs due to the lack of magnetic
force for retaining all the ferrofluid. Consequently,
lesser relative density causes more ferrofluid loss, and
thus smaller ferrofluid accumulation.

An equation used in the present manuscript is
a dimensionless number, Bg, to show the significance
of gravitational versus magnetic forces as body forces
acting on the fluids, as in:

L
By - pr 2u7
where p is the permeability of the magnetic fluid and L
is the characteristic length of the problem, which is the
height of the ferrofluid surface from its bottom line.
Higher Bg numbers indicate higher effects of gravity
compared to magnetic field on the fluid surface. The
range of Bg number in the present study is between
0.0014 and 0.011, which implies the smallness of gravity
compared to the magnetic forces.

Also, the Bond number (Bo) is hereby used to
show the ratio between the surface tension and body
forces, which is defined as:

2
Bo = B L7 (11)
o
where ¢ is the surface tension and other parameters
have been defined before. It should be noted that
because of very low Bg numbers in this study, the
main body force is due to magnetic field rather than
the gravity; therefore, Eq. (11) is written in terms of
the magnetic field. High Bo means negligible effect
of the surface tension compared to the body forces,
which is hereby the magnetic force. The Bo number
in the present study ranges between 6.5e4 and 7.5e6,
which are very high bond numbers, showing the very
small effect of the surface tension compared to the body
forces.

To better observe and compare the results for all
the 36 considered cases, the free surfaces are plotted
together for s > 1 in Figure 10.

(10)
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Figure 11. Ferrofluid shapes for s <1 for different values of Bmag and Liag.

As evident in Figure 10, for s = 1, there is no
significant difference in the shapes of the ferrofluid
for different magnet strengths and sizes. However,
weaker magnet increases width of the ferrofluid and
decreases the height of the ferrofluid for s > 1, changing
the shape of the ferrofluid from a nearly elliptical
shape to a bell shape. Also, the smaller magnet
increases the curvature change in the ferrofluid and
causes a more concentrated elevation in the ferrofluid
with higher relative densities. By calculating the Bg
number using Eq. (10), it can be demonstrated that
Bg number is between 0.0017 to 0.01, which shows
the very high effect of the magnetic field compared
to the gravity. Ferrofluid shapes for s < 1 and for
different values of Bnag and Limag are also presented in
Figure 11.

As observed in Figure 11, for s < 1, a lower
relative density increases the height of the ferrofluid

and decreases the width of the base of the ferrofluid.
However, more ferrofluid mass is lost, as relative
density is decreased for a constant Bpae and Lpyag.
Also, smaller magnet size increases these effects and
produces more concentrated shapes. On the other
hand, an increase in the magnet strength yields in a
more stable ferrofluid shape for different fluids.

The above results indicate that it would be very
hard to change the shape of a ferrofluid with the
same density as the surrounding fluid by changing the
specifications of a single magnet, because gravity does
not participate in the shaping of the fluid and the
magnetic field will result in a very similar shape for
all cases. This could be an advantage in many cases
and a disadvantage in many others. However, it is
surely a sign of the fact that vast varieties of shapes and
behavioral designs could be presumed as an external
appendage to a submerged body.
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4.2. Vertical wall

Another focal point of the present study is the effect of
transverse gravity. In Figure 11, the ferrofluid is shown
to be agglomerated on a vertical wall.

As evident in Figure 12, the existence of trans-
verse gravity highly changes the behavior of the fer-
rofluid for relative densities other than unity. Also, the
ferrofluid mass loss occurs this time for both s < 1 and
s > 1. As observed, for stronger and larger magnets,
these effects are diminished. It should be pointed out
here that for an appendage which is subject to change
of direction relative to the gravity direction, s = 1
seems to be the best choice. Again, it is shown through
the calculation of the Bg number that the gravitational
energy is much lower than the magnetic energy.

2935

4.8. Surface tension effects

Although the present paper focuses on the use of
magnetic field and gravity in the shape control of a
fluid with constant properties, it should be emphasized
that the behavior of the ferrofluid could change by
changing the fluid properties. As a brief demonstration
of this fact, the surface tension coefficient between the
ferrofluid and the surrounding fluid has been set to
0.0001 N/m, 0.01 N/m, and 0.025 N/m for B=0.25T
and s = 1.25. Figure 13 illustrates the shape of free
surface with different surface tensions.

As observed in Figure 13 and as expected, increas-
ing the surface tension slightly decreases the length of
the base line of the ferrofluid and slightly increases
the height of the ferrofluid. It is also shown in
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Figure 12. Ferrofluid shapes for different values of s, Bmag, and Lmag on a vertical wall with Bg being equal to 0.0014 up

to 0.011 and Bo number from 2.5e5 to 2.54e6.
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Figure 14. Curvature of the ferrofluid versus surface
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Figure 14 that increasing the surface tension decreases
the curvature of the ferrofluid. In other words, surface
tension slightly decreases the effect of the magnetic
and gravitational forces on the equilibrium shape of
the fluid.

5. Results and discussion: Ferrofluid vortex

5.1. Effect of magnetic field and density ratio

As mentioned in the introduction, after assessing the
shape of the ferrofluid in different circumstances, it is
important to assess the possibility of inducing fluid flow
in the surrounding fluid via vortex production inside
the ferrofluid. To this end, in the present section, Vi,q
is set to be 0.05 m/s (equivalent to Re = 500) in the
hope of producing vortices inside the ferrofluid. It is
important to emphasize the fact that the ferrofluid is
sustained on its place by a magnet on the wall of the
body. In this section, the effects of magnet strength
and relative density are also assessed on the vortex
production inside the ferrofluid. The values of different
parameters are displayed in Table 3.

Figure 15 illustrates the flow inside and around
the ferrofluid for Brag = 0.25 and s = 1.5 as a sample
result.

In Figure 15, vectors represent the velocity field
and are accompanied by partial streamlines for better

Table 3. Simulation cases for ferrofluid vortices.

Wall Horizontal
Lag 10 mm
Bmag 025T 05T
s 0.5 0.9 1 125 1.5
Vind 0.05 m/s (Re = 500)

Figure 15. Ferrofluid shape and fluid flow inside and
around the ferrofluid for Bpae = 0.25 and s = 1.5.

showing the vortex cores created by the shear velocity
Vina. It is clearly observed that two main vortices are
produced inside the ferrofluid due to the shear velocity
on the magnet. Also, a velocity field is transferred
to the surrounding fluid from the free surface of the
ferrofluid. Similar to previous cases, Figure 16 illus-
trates the ferrofluid shapes after the vortex induction
in different circumstances.

Also, to better visualize the velocity field and
vortex cores, each case has been illustrated separately
in Figure 17.

As evident in Figure 17, the presence of Vg
causes at least two distinct vortices inside the ferrofluid;
one main vortex, which is consistent with Vi,q, and
one smaller, which flows in the reverse direction. It
is also observed that the flow inside the ferrofluid
affects the flow in the surrounding fluid, which signals
the possibility of external flow control via ferrofluid
appendages. It is further observed that flow inside
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Figure 16. Ferrofluid shapes for different values of s and Bmag for ferrofluids with vortex.
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Figure 17. Ferrofluid shapes, velocity fields, and partial streamlines for different values of s and Bumag.

the ferrofluid affects the shape of the ferrofluid and
reduces the curvature change of the free surface at
higher relative densities. Therefore, it is possible to
refine the shape of the ferrofluid by means of controlling
the velocity field of the ferrofluid.

5.2. Effects of Reynolds number

Although the Reynolds number of the vortex container
is not the main subject of the present study, its effects
on the flow and shape of the vortex container are
assessed here by altering the viscosity of the ferrofluid.
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Figure 18. Velocity field and streamlines for different
Reynolds numbers.

In these cases, the length of the magnet is 1 cm, B =
0.25 T, s = 1.25, and surface tension is considered to be
0.0001 N/m. The analysis is conducted for Re = 165,
250, and 500. Figure 18 displays the vortex container
streamlines for different Reynolds numbers (different
viscosities).

As observed in Figue 18, lower Reynolds numbers
(higher viscosities) displace the main vortex core to
the middle of the container. Also, the secondary
vortex core is strengthened by increasing the Reynolds
number. It is shown in Figure 18 that the secondary
vortex vanishes for Re = 160. As shown in Figure 18,
the Reynolds number highly affects the flow inside the
vortex container and may be the subject of future
studies on the ferrofluid appendages.

6. Conclusions

Nowadays, smart fluids, including ferrofluids, are grow-
ingly being used in different aspects of human life.
The use of these fluids in optics, microfluidics, heat
transfer, electronic arts, and many other fields has
been proposed and even generalized for nearly half
a century. However, many aspects of these fluids
have not been explored yet. The current paper has
focused on the possibility of using ferrofluids as an
external appendage to create fluid vortices on a body
submerged in a secondary non-magnetic fluid, like
water, in which case a “fluid appendage” could be
designed with ferrofluids and magnetic sources to serve
as a flow control device. Accordingly, the present study
has been conducted in two phases. The first phase
has concentrated on the analysis of the ferrofluid free
surface shape at different surrounding fluid densities on
horizontal and vertical walls and under the influence of
different magnet sizes and strengths, which resulted in
72 cases. The second phase of the present study has
focused on the feasibility of producing vortices inside
the ferrofluid in hope of influencing the flow of the
surrounding fluid. This has been achieved by analyzing
the ferrofluid at different surrounding fluid densities
and different magnet strengths.

For conducting the numerical analysis, the finite

volume solver Ansys-CFX has been validated using the
analytical solution to ferrofluid static shape around an
electric current carrying rod for validation of ferrofluid
free surface, which led to errors less than 2.3%. This is
while the Hartman problem has been used to validate
the ferrofluid flow in a magnetic field, which led to error
of 0.16%.

It has been demonstrated that height, width, and
curvature of the ferrofluid can be controlled by the
size and strength of the magnets. Moreover, ferrofluid
mass loss may occur due to low relative density, low
magnet strength, low magnet size, and the orientation
of the ferrofluid wall relative to gravity. It has also
been shown that vortices can be created inside the
ferrofluid, which can, on the one hand, affect the
flow of the surrounding fluid and, on the other hand,
apply fine adjustments to the curvature of the ferrofluid
surface, if necessary. Also, the effects of surface
tension and viscosity have been roughly analyzed to
show the importance of these parameters for future
works.

The overall conclusion of the present study is the
fact that use of ferrofluids as external shapeable ap-
pendages and vortex container seems possible but very
complex, and needs thorough experimental studies.

Nomenclature

Ah Elevation of the ferrofluid

B Magnetic induction

Byg Gravitational forces versus magnetic
force ratio

Brag Magnetic field of the magnet

Bo Bond number

D Electric displacement

E Electric field

Finag Electromagnetic forces

g Gravitational acceleration

H Magnetic field

Ha Hartman number

I Electric current

J Current density

Linag Magnet length

M Fluid magnetization

P Pressure

R Rod radius

Re Reynolds number

RMSE Root Mean Square of Errors

s Relative density

t Time

U Fluid velocity vector
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Greek letters

pe
Ho

Viscous stress
Fluid density
Electric charge density
Magnetic permeability

Electrical conductivity
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