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ARTICLE INFO ABSTRACT

Keywords: Ferrohydrodynamic or magnetic pumping enables the design of a magnetocaloric refrigerator with no moving
Ferrofluid parts. Existing magnetic pumps utilize travelling wave magnetic fields with frequencies in the range of 100
Ferrohydrodynamics

to 1000 Hz. Such high frequencies when utilized in the proposed refrigerator could cause heating which
is detrimental to its performance. Hence, a magnetic pump that works with low magnetic field frequencies
(< 1 Hz) is designed and its performance is experimentally characterized and compared against an one-
dimensional model. The design of the magnetic pump consists of a rising and falling pipe, circumscribed
by an electromagnetic coil. On application of a magnetic field, due to the inward acting force on either end of
the pipes, the ferrofluid progresses in the rising pipe and reaches the falling pipe. On removal of the magnetic
field, the portion of the fluid in the falling pipe falls down due to gravity, thereby achieving a net pumping
action. Thus on continuously cycling the magnetic field, an intermittent motion of the ferrofluid is obtained.
The maximum cross-sectional area and time-averaged mass flow rate of the proposed design is 1.8 g s cm2
at 0.74 Hz and 35.7 mT. This mass flow rate is comparable to pump designs that work on travelling wave

Magnetic pumping
Magnetocaloric refrigerator
EFH1

No moving parts

magnetic fields, whose operational frequency is three orders of magnitude higher.

1. Introduction

The dominant technology used for refrigeration is the Vapour Com-
pression Refrigeration System [1]. In this, the temperature change is
obtained through a cyclic process of compression and expansion of a re-
frigerant fluid. This process adds a considerable source of irreversibility
to the system. Among the many alternatives, magnetic refrigeration is
a promising technology [2]. It can be up to 20% more energy efficient
than a conventional refrigeration system [3,4]. Furthermore, due to the
absence of harmful, ozone-depleting chemicals, and greenhouse gases,
magnetic refrigeration is considered to be environmentally friendly [5].

When a magnetocaloric material in an adiabatic condition is sub-
jected to varying magnetic fields, it undergoes a temperature change
[6]. This effect was discovered by Weiss and Picard in 1917 [7,8].
They observed nickel being reversibly heated during magnetization
near its Curie temperature, and noted that the reversible nature of
heating distinguishes itself from heating due to hysteresis [7,8]. The
magnetocaloric effect is due to the reduction in the magnetic entropy
of the material, which leads to an increase in lattice entropy, as the
overall entropy of the system is constant in an adiabatic process [9].
When the excess heat is transferred to the ambient, and followed by an
adiabatic demagnetization, the magnetocaloric material experiences a
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reduction in its temperature. This reduction happens due to the increase
in the magnetic entropy at the expense of a reduction in lattice entropy.
This temperature change is used to obtain refrigeration in a magnetic
refrigerator [4,10-12].

The magnetocaloric effect was initially applied in cryogenics where
the temperature drop obtained during adiabatic demagnetization of
paramagnetic salts was utilized to reach temperatures close to absolute
zero [13-15]. Room temperature application was initiated by Brown in
1976, when he built an experimental system utilizing gadolinium [16]
and a regenerator fluid that achieved no-load temperature extremes
of 272 K and 319 K. The subsequent prototypes from the research
community explored further designs, for example, different material
compositions, rotary and linear movement between the magnetocaloric
material and the magnetic field source, and regenerators to increase the
temperature span [2,17-19]. In all the experimentally built magnetic
refrigerator so far, a porous/plate form of the magnetocaloric material
is used through which a heat transfer liquid passes [20]. Such systems
use a mechanical actuator/pump and valves for liquid circulation and
control. While they serve their purpose, the former leads to reliabil-
ity issues due to moving parts while the latter leads to considerable
pressure drop affecting system performance.
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To address the above-mentioned issues, a mixture of magnetocaloric
material and heat transfer liquid can be used in a system as shown in
Fig. 1. It consists of a stationary magnet assembly surrounding the hot
heat exchanger, magnetic pump, and cold heat exchanger. Since the
mixture is magnetic, it offers the possibility to circulate the mixture us-
ing magnetic fields, thereby resulting in a magnetic refrigerator with no
moving parts. As the mixture enters the region of the magnet assembly,
the magnetocaloric material experiences an increase in temperature
due to the magnetocaloric effect. It is simultaneously transferred to the
heat transfer liquid until they are in thermal equilibrium in the mixture.
The mixture now exchanges heat with the ambient through the hot heat
exchanger. The mixture then exits the hot heat exchanger, where it is
demagnetized and therefore experiences a temperature reduction. It is
circulated by the magnetic pump to the cold heat exchanger, where it
absorbs heat from the system to be refrigerated. It then enters the hot
heat exchanger completing a cycle.

The interactions between the forces of a magnetic body and the
magnetic fields can be used to impart motion to the former. A magnetic
particle exposed to a magnetic field gradient tends to move towards an
area with a higher magnetic field. When such particles, e.g. nanometre-
sized magnetite (Fe;0,), are suspended in a carrier fluid such as water
or oil, magnetic fluids or ferrofluids are formed [21,22]. Ferrofluids
are used in a wide range of applications, from cancer therapy to
loudspeakers [23-27].

By utilizing the magnetic body force, also known as the Kelvin
force, ferrofluids can be set in motion by spatial or temporal varia-
tion of the magnetic fields. With suitable flow geometry, magnetic or
ferrohydrodynamic pumping can be achieved. This is different from
magnetohydrodynamic and electrohydrodynamic pumping. Magneto-
hydrodynamic pumping uses the force experienced by an electrically
charged particle in a magnetic field (Lorentz force), while electrohy-
drodynamic pumping uses the force experienced by electrically charged
particles in electric fields [21,28,29].

Magnetic or ferrohydrodynamic pumping involves either pumping
the ferrofluid itself or using the ferrofluid to pump a non-magnetic fluid
that is immiscible with the ferrofluid. In either case, the result is a
pump with no moving parts, which is one of the main advantages of
ferrohydrodynamic pumping, resulting in longer life, higher reliability
and compactness. In addition, vibration is significantly reduced, result-
ing in quiet operation. Ferrohydrodynamic pumps can also be used in
areas where direct contact between the liquid and the pump is not
desired. In this case, a mechanical peristaltic pump is an alternative,
but it usually generates significant shear stress in the liquid during the
pumping process. This is undesirable in certain cases, such as pumping
human blood, where excessive shear stress can damage cells. Even in
such cases, ferrofluid can be used to create a hollow core into which
blood can be pumped with less damage [30].

When ferrofluid is used to pump an immiscible fluid, this is nor-
mally done through one or more ferrofluid plugs, with the immiscible
fluid occupying the space between the ferrofluid plugs. The movement
of the magnetic field moves the ferrofluid plugs, pumping the non-
magnetic fluid [31,32]. Magnetic polymers/elastomers are used to
make a magnetic tube whose deformation under alternating magnetic
fields is used to pump a non-magnetic fluid [33-35]. Such magnetic
peristaltic pumps are also used in lab-on-chip systems [36].

When ferrofluid is the fluid to be moved, this is achieved by a spatial
or a combination of spatial and temporal variation of the magnetic
field. In cases where there is only a spatial variation in the magnetic
field, pumping is achieved by heating the ferrofluid in the vicinity of
the magnet. In the presence of a temperature gradient, the temperature
dependence of the magnetization of the ferrofluid is used to attract
the colder fluid, while the hotter fluid is displaced from the region
of the applied magnetic field. This is the principle of thermomagnetic
convection [37], and one of the early works [38] reported its use
in magnetocaloric energy conversion devices for waste heat utiliza-
tion, where the work required for pumping is provided by the heat
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source. It can be used to build cooling devices that require no external
power [39].

In the absence of a temperature gradient, it is possible to pump a
ferrofluid by a combination of spatial and temporal variation of the
magnetic field. One of the first studies to use magnetic body force
to induce motion in a ferrofluid was carried out by Moskowitz and
Rosensweig [40]. They exposed a ferrofluid in a cylindrical container to
a uniform magnetic field rotating at different angular velocities. Their
ferrofluid consisted of polydisperse suspensions, with those suspensions
that did not exhibit superparamagnetic behaviour physically rotating
with the external magnetic field due to the magnetic torque. This
caused viscous drag with the surrounding fluid, resulting in macro-
scopic rotation of the fluid. The rate of macroscopic fluid rotation was
found to be linearly dependent on the applied field strength, while
a non-linear dependence on the field frequency was observed. In a
preliminary study without optimization of the parameters involved,
macroscopic fluid rotation rates of ~ 60 and 160 rpm were obtained
at 100 Hz and 1000 Hz, respectively with a field strength of 4.3 mT.

Prior work in the literature has dealt with the theoretical analysis
of a planar ferrofluid layer subjected to a travelling wave current
sheet [41] and a system with a non-uniform travelling wave magnetic
field [42,43]. The ferrohydrodynamic pumping of a magnetic fluid
caused by spatially travelling and sinusoidally time-varying magnetic
fields in a planar channel was numerically investigated and it was found
that, due to the nature of the magnetic field variation, both magnetic
body force and magnetic torque contribute to the pumping [44]. Mag-
netic field frequencies up to 1 MHz have been studied. It was found
that the period of the travelling wave has a strong influence on the flow
velocity. The maximum flow velocity averaged over the cross section
was obtained when the product of the channel height and the wave
number was close to 1 and also when the magnetic field frequency was
the reciprocal of the relaxation time constant (in their case 10 ps) for
the magnetic fluid.

An experimental investigation of ferrohydrodynamic pumping us-
ing the above magnetic field configuration (spatially travelling and
sinusoidally time-varying) in a circular channel was conducted by
Mao et al. [45]. The channel formed a rectangular closed loop and
it was fully filled with a commercial ferrofluid — EFH1 (Ferrotec
Corporation). The flow velocity was found to be dependent on both
the excitation current (varied from 5 A to 12 A) and the frequency
(100 Hz to 2 kHz). The optimal frequency of pumping was in the range
of 500 Hz to 1000 Hz for the values of the current studied. A maximum
flow velocity of 7.4 mms~! was achieved (pipe internal diameter =
15.4 mm) at 12 A and 1000 Hz. The critical particle diameter for the
transition from Néel to Brownian relaxation mechanism was 15.2 nm,
while most (~ 96%) of the particles had a core diameter of less than
12.1 nm. Due to the dominance of the Néel relaxation mechanism (in
which there would be no physical rotation of particles), individual
particles by themselves cannot have caused the observed flow. So they
conjecture that the individual particles reversibly form dimers (model
discussed in [46]) even in the presence of moderate magnetic fields
(~10 mT used in their study). These dimers rotate due to the magnetic
field configuration, thus contributing to the observed flow.

The existing research in ferrohydrodynamic pumping without any
mechanically moving parts utilizes magnetic field frequencies in the
range of 100 Hz to 1000 Hz. This frequency range usually has no ad-
verse effects on their intended areas of application. However, for usage
in a magnetocaloric mixture based refrigerator (Fig. 1), the frequency
is limited by the following factors: (i) physical rotation of magneto-
caloric particle chains in high frequencies could lead to heat generation
due to viscous dissipation; (ii) for the magneto-caloric mixture, when
compared with using water or alcohol as the heat transfer liquid, using
room temperature liquid metals will result in higher performance of
the refrigerator. However, the use of high-frequency magnetic fields in
conjunction with liquid metals would lead to the generation of eddy
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Fig. 1. Illustration of the proposed pump design applied to a magnetic refrigerator.
The pump consists of a rising and a falling pipe enclosed by an electromagnetic coil,
and its working is shown in Fig. 2.

H=0 \“ 4 (

Electromagnet

HiE 8 Pipe

Fig. 2. Illustration of the ferrofluid position when the electromagnet is powered off
(H =0) and when it is powered on (H # 0).

currents and thus to the heating of the mixture. This would have a
detrimental effect on the performance of the refrigerator system.

Therefore, the current work presents and discusses a ferrohydro-
dynamic pump that operates at low frequencies (around 1 Hz) while
achieving similar mass fow rates to pumps operating at two to three
orders of magnitude higher frequencies. Unlike existing work that uses
magnetic rotational force (or torque), the novelty of the developed
pump is that it uses magnetic translational force in combination with
inclined pipes to achieve the pumping action. In addition, previous
works typically uses multi-channel phase-shifted alternating current
to achieve the motion, while the current pump uses a single-channel
pulsed direct current. This simplifies the electrical hardware require-
ments thereby reducing the overall complexity of the system. The low-
frequency pump developed can be used in a magnetocaloric mixture-
based refrigerator (and other applications) where heating effects from
high-frequency magnetic fields are not desired.

2. Methodology

The proposed pump design applied to a magnetocaloric mixture
based refrigerator is shown in Fig. 1, and its working is shown in Fig. 2.
It consists of a rising and a falling pipe that is enclosed by an elec-
tromagnetic coil. When the electromagnet is powered off, the resting
level of the ferrofluid is shown in Fig. 2 (top). When the electromagnet
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Table 1
Properties of EFH1 ferrofluid. Density and viscosity are measured, while other property
values are taken from EFH data sheet [47].

Property Value Units
Density (at 17 °C) 1180 + 1.5% kgm™
Dynamic viscosity (at 17 °C) 9.1x 1073 +4% kgm!s7!
Flash point 95 °C
Boiling point 223 °C
Auto-ignition temperature 215 °C

Carrier liquid
Suspension

Hydrocarbon oil
Fe;0, nanoparticles

is powered on, the ferrofluid near the rising pipe will experience a
magnetic force, as explained in next section, that causes it to rise and
reach the falling pipe. As it reaches the end of the electromagnet in the
falling pipe, it will experience an inward acting force, due to which
it no longer moves, and attains an equilibrium position as shown in
Fig. 2 (bottom). When the electromagnet is powered off, the ferrofluid
in the rising and falling pipe will fall on their respective sides due to the
gravitational force. Thus a net pumping is obtained by a combination
of magnetic and gravitational forces. In certain scenarios, gravitational
force may not be present. An example is in thermal management for
space applications, where system reliability is important. In such cases,
the developed pump can be modified to have an intermediate energy
storage medium such as a compressed bubble for its operation.

For design and analysis of the proposed pump, EFH1, a commercial
ferrofluid from Ferrotec Corporation is used as a test liquid. It is widely
used in the scientific literature and therefore allows for meaningful
comparison with other studies, for example with [46]. The properties
of EFH1 are given in the Table 1. The operating temperature of 17
°C is well below the flash and boiling point of the ferrofluid for safe
operation.

2.1. Magnetic force

When a magnetic particle is exposed to a spatial gradient in the
magnetic field, it experiences a magnetic body force, also known as
Kelvin force, given by Eq. (1). The direction of this force is towards
increasing magnetic field intensity.

Fypr =4y (M -V)H 1

where Fypp is the magnetic body force per unit volume [Nm™],
Uy is the magnetic permeability of vacuum [kgms™2A~2], M is the
magnetization of the particle [Am~!], and H is the applied magnetic
field [Am™!]. Note that the units of HoH is represented by tesla, T.

The magnetization of a ferrofluid is a function of both the applied
magnetic field and its temperature, M(H,T). However, in the present
work the temperature of the ferrofluid during experiments remained
nearly at a constant value of 17.0 + 1.0 °C. In this context, the
magnetization depends only on the applied magnetic field, M(H).
Isothermal magnetization measurements were performed in the Vibrat-
ing Sample Magnetometer option of the Physical Property Measurement
System (Quantum Design Inc.). The resulting magnetization curve of
the ferrofluid is shown in Fig. 3 for 17.0 °C.

3. Experimental setup

In order to understand the dynamics of the magnetic pumping pro-
cess that involves inclined pipes (Fig. 2), we proceed by first analysing
the dynamics of a ferrofluid height rise in a vertical pipe. The schematic
and actual view of the experimental setup used to study this is shown
in Fig. 4. It consists of a reservoir (inner diameter = 150 mm) that is
connected to the vertical pipe (material — PMMA, inner diameter =
6 mm, outer diameter = 10 mm) through a series of two connecting
pipes. A tightly wound electromagnetic coil (inner diameter = 10 mm,
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Fig. 3. Variation in magnetization of the ferrofluid used for experiments with applied
magnetic field at 17.0 °C.

outer diameter = 22 mm) with 3 layers using 2 mm insulated copper
wire is wrapped around the vertical pipe. The electromagnet length
(170 mm) is chosen to be long enough such that the steady-state height
reached by the ferrofluid, for the tested magnetic field strengths, near
one end of the electromagnet will not experience the opposing force
caused by the other end of the electromagnet. The change in height
of the ferrofluid in the reservoir, and thereby in the vertical pipe, was
measured by a confocal laser displacement sensor (CL-L030, Keyence
Corporation). The data collection rate was 1000 Hz. For magnetic
pumping experiments, the vertical pipe in Fig. 4 is replaced with an
inclined rising and falling pipe (Fig. 2, Fig. 10). The end of the falling
pipe is open to the atmosphere, and the pumped mass of the ferrofluid
is measured by collecting it over a mass balance (BCE323i-1s, Sartorius
GmbH). The electromagnet was powered with a direct-current power
supply (TTi TSX1820, TEquipment Interworld Highway, LLC). For mag-
netic pumping, powering the electromagnet on/off was obtained by
integrating a solid state relay (Crydom D1D40) activated by a function
generator (HP 33120 A).

3.1. Magnetic field

The magnetic field caused by the electromagnetic coil in the pipe
is three-dimensional. Since only its axial component is relevant for fer-
rofluid height rise, the other two components, which are also relatively
lower in magnitude, are neglected. The axial magnetic field along the
pipe axis for different current amplitudes supplied to the electromagnet
is shown in Fig. 5. Here, 0 mm in the axial position corresponds to the
bottom end of the electromagnetic coil.

As would be expected, the magnetic field exhibits a gradual increase
in its magnitude before the start of the electromagnetic coil (Fig. 5),
followed by a region of steep increase. Ideally, it should then approach
an uniform value. However, the aberrations in the magnetic field
observed in Fig. 5 are likely due to imperfections in the coil winding
among the different layers.

The length of the electromagnet (170 mm) is long when compared
to the maximum height rise observed in the experiments (<50 mm).
This implies that the ferrofluid would only experience the force due
to the bottom half of the electromagnet. Therefore, magnetic field
measurements are shown only till 60 mm in Fig. 5. These measurements
were taken by positioning the tesla meter probe (FM 302, Projekt
Elektronik GmbH) concentrically with the electromagnetic coil. The
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movement of the probe was obtained by a motorized positioning system
(OWIS GmbH). The probe had an outer diameter of 6 mm and a length
of 80 mm, with one of its ends connected to the data acquisition box.
The probe had a field measurement sensor mounted on its axis at the
free end with a cross-sectional area of 1 mm x 1 mm. Thus the probe
measured the magnetic field along the central axis of the electromag-
netic coil. The measurements were repeated by positioning the probe at
various parallel lines located within + 2 mm from the central axis of the
electromagnetic coil. The deviation in the magnetic field measurements
observed between them was less than 2%. Therefore, the measurement
along the central axis of the electromagnetic coil is assumed to be
uniform across the cross-section at a given axial position. It follows
that the magnetic field caused by the electromagnet for a given current
depends only on the axial position in the pipe, i.e. H(h).

3.2. Dynamics of ferrofluid rise in pipe

To understand the dynamics of the ferrofluid rise when the magnetic
field is powered on, the one-dimensional form of Newton’s second law
of motion is applied to the ferrofluid as given by Eq. (2). Here, the left
side represents the net external force acting on the ferrofluid which
is given by the summation of the total magnetic force Fy; acting on
the ferrofluid causing it to rise, and negative of gravitational Fy, and
frictional F; forces that act against the ferrofluid rise. For a given
geometry and fluid properties, these forces are time-dependent. The
summation of the four terms at the right side of Eq. (2) represents the
time rate of momentum change of the ferrofluid in the reservoir, two
connecting sections, and in the vertical pipe, respectively. Of these 4
terms, as the ferrofluid is fully filled in the connecting sections, velocity
is the only parameter that is variable in the second and third terms for
a given geometry. As the ferrofluid mass changes in the vertical pipe
and the reservoir, the first and fourth term has height and velocity as
variables.
dh, (1)

dr

+ [/’Acz lea Ucz(l)]
dhp(t)
n [pAphp(r)T” @

where p is the density of the ferrofluid [kgm~3], A is the cross-sectional
area [m?], h is the ferrofluid height [m], / is the length of the connecting
section [m], and v is the velocity of the ferrofluid [ms~']. The subscripts
1, cl, c2, and p refer to the reservoir, connecting sections 1, 2, and pipe
respectively.

The total magnetic force, Fy(¢), acting on the ferrofluid is obtained
by integration of Eq. (1) in its one-dimensional form over the relevant
volume of the ferrofluid, as given by Eq. (3).

Fy@) = ﬂoAp/

h=hp

Fy(t) — Fy(t) — Fy(t) = % HpArhrm ] + Al va ()]

h=h+hy (@)
' M(H)%dh ®3)

where the reference point %, is defined at a position sufficiently far
below the electromagnetic coil such that the magnetic field is zero
when the electromagnet is powered on. The initial level (r = 0) of the
ferrofluid, i.e. before the electromagnet is powered on, is represented
by h;, which is measured relative to ,. The time-dependent ferrofluid
height in the pipe hp(r) is measured relative to the initial ferrofluid
level in the reservoir h.(t = 0). Note that the applied magnetic field
H depends on the electromagnetic coil design and the current passed
through it.

The gravitational force acting on the rising ferrofluid is given by
Eq. (4).

A
Fyt)=p Ay g hy(t) (sin0+a), a= A—': 4)
where g is the acceleration due to gravity [ms2], and 6 is the incli-
nation angle of the pipe with respect to the horizontal (6 = 90° for a
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Fig. 4. (a) Experimental setup illustration for vertical height rise measurements. (b) View of the actual setup.

vertical pipe). Note that h,(t) measures the height relative to initial
ferrofluid level in the reservoir h.(r = 0). As the ferrofluid rises in
the pipe, due to mass conservation, its level lowers in the reservoir.
So the gravitational force acting on the ferrofluid (Eq. (4)) should
account for the total vertical ferrofluid height in the pipe which is
hp(®)sin 0 + he (1) Here . (¥) is the reduction in the ferrofluid height
at the reservoir when compared to A.(t = 0). Since ferrofluid’s density
remains unchanged, mass conservation yields A, .(1) = ahy(®), and it is
accordingly accounted for in Eq. (4).

For all the experiments of ferrofluid rise, its Reynolds number was
well below 2000. So the flow is considered to be laminar. The pressure
drop experienced by the ferrofluid is assumed to be given by Hagen—
Poiseuille law. So the frictional force experienced by the ferrofluid as
it flows through the reservoir, two connecting sections, and the pipe is

given by Eq. (5).

[0 |
Ft) =87 u ||he()

(1)
d’t ] + [l va O] + [leg ve2®)] + [hp(t) —
(5)
where u is the dynamic viscosity [kgm~'s~!] of the ferrofluid used

[Table 1].

By the law of conservation of mass, and incompressibility of the
ferrofluid considered, the decrease in fluid volume in the reservoir must
be equal to the increase in fluid volume in the vertical pipe, and is given
by Eq. (6) and (7).

he(0) = he(0) — @ hy (1) 6
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a T %)

Similarly, the ferrofluid flow rate through the connecting sections 1
and 2 are related to the ferrofluid velocity in the pipe given by Eq. (8).

dhp
Ui = ﬁciw’ Bei =

)
Aci

Substituting Egs. (3) to (5) in Eq. (2), re-writing all time-dependent
variables in terms of hy (1) using Eq. (6)—(8), and grouping terms results
in the one-dimensional equation of motion for ferrofluid rise in the

pipe, hp (1), given by Eq. (9).

, fori=1,2 8

h=hi+hy(t) dH(h)
A M(H)——=dh — pA,gh,(t)(sin 6
Ho p/hzhA )= pALgh, (1) (sin 0 + a)
dhy (1)
dr

—87u [Ap®) + LB + LBz + @ [R(0) —ahy0)]] =
d?hy, (1)

dr?

[p AnlaBe + pPAnloBe — p A [h(0) - “hp(f)]

+ pAyhy(1)]

dhy (1)
* [ ds

2
] [pAp + pA,aZ] 9

The equation of motion being second-order in time, requires two
initial conditions for its solution. As noted earlier, the ferrofluid height

(hp(t)) is measured relative to its initial level in the reservoir, A.(r = 0).
Therefore the ferrofluid has zero initial displacement given by Eq. (10).

hy(t=0)=0 (10)

The ferrofluid is always at rest before the electromagnet is powered on.
Therefore it has zero initial velocity as given by Eq. (11).

dh, B 1
<?)t=0_0 ( )

4. Results

To understand the behaviour of the magnetic pumping, the dy-
namics of the ferrofluid rise in a vertical pipe as shown in Fig. 4 is
considered first. The experimental results are compared against the one-
dimensional model. The model is then used to calculate the ferrofluid
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Fig. 6. Magnetic force acting on the ferrofluid as a function of its level in the pipe as
given by Eq. (3) for different current amplitudes.

rise in an inclined pipe. Based on this, the performance of magnetic
pumping is calculated and compared against the experimental results.

4.1. Height rise in a vertical pipe

Consider the vertical pipe to be fully filled with the ferrofluid, and
the electromagnet is powered on. Recall from Section 2.1 that when
a ferrofluid of magnetization M is placed in a magnetic field gradient
VH, it experiences a magnetic body force as given by Eq. (1).

When the electromagnet is powered on, an inward acting magnetic
body force will act on either end of the electromagnet due to the
presence of the magnetic field gradient in that region. Fig. 5 shows
the field distribution at the bottom half of the electromagnetic coil.
The magnetic force acting on the ferrofluid as a function of its level
at the bottom half of the electromagnetic coil is shown in Fig. 6.
Here, 0 mm corresponds to the bottom end of the electromagnetic coil.
The magnetic force is obtained by varying the limit h,(?) in Eq. (3),
where M (H) is obtained from Fig. 3, and H (h) is obtained from Fig. 5.
Note that the variation in the magnetic force with axial distance is
similar to that of the magnetic field variation shown in Fig. 5, due
to their dependence (Eq. (3)). Furthermore, note that the significant
force contribution is from the fluid section that experiences the largest
gradient which is near the bottom end of the electromagnet. The section
of the fluid that is further inside the coil hardly contributes to the
overall magnetic force, since the gradient inside the coil is relatively
negligible.

Consider that the vertical pipe is partially filled with ferrofluid. The
initial ferrofluid level (A; in Eq. (3)) determines the upward acting
magnetic force experienced by it, and thereby its acceleration when the
electromagnetic coil is powered on. The initial level of the ferrofluid
also determines the time taken to reach the steady state height. This
is because when the initial level is relatively low, for example 5 mm
in Fig. 6, the upward acting magnetic force will keep increasing as
the ferrofluid rises which is opposed by the frictional and gravitational
forces. This will take a relatively longer time to reach the steady
state height when compared with the scenario where the initial level
is higher, for example 40 mm in Fig. 6. In this case, the ferrofluid
already experiences most of the upward acting magnetic force when
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the electromagnet is powered on. However, a higher starting level
also indicates a higher frictional force (Eq. (5)), which could delay
the time needed to attain the steady state height. For the magnetic
pump discussed in Section 4.3, during each cycle it is desirable that
that fluid reaches the end of the rising pipe as quick as possible. This
would result in a higher mass flow rate of the pump. However, the
mass flow rate is affected by the starting level of the ferrofluid due to
the interplay between magnetic and frictional forces discussed above.
Therefore there exists an optimum, and based on experiments with
different starting levels, a value of 20 mm is chosen for further analysis.
At this level, the magnetic force experienced by the ferrofluid when the
electromagnet is powered on is 90% of its maximum value (Fig. 6).

When the electromagnetic coil is powered on, the experimentally
measured height of the ferrofluid in the vertical pipe as a function of
time, hy(1), is shown in Fig. 7 (thin solid lines) for different maximum
magnetic field intensities. Here the shaded regions indicate the mea-
surement errors which include the uncertainties in the displacement
sensor reading, as well as in the dimensions of the reservoir and the
pipe. The one-dimensional model (Eq. (9)) is numerically solved to
obtain hy(®), and its result is shown in Fig. 7 (thick solid line). It is
observed that the simulated values are in reasonable agreement within
the errors of the experimentally measured ferrofluid height.

Note that the experimental measurements shows oscillating be-
haviour after overshoot, while this is not observed in the model. The
former is due to the fluid level measurement taken at the reservoir,
which is then converted to height variation in the vertical pipe. In
the reservoir, as the ferrofluid moves downwards, waves are formed
on its surface which results in the observed oscillations, which is not
considered in the model.

The maximum magnetic field strength varies from 21.4 mT to 35.7
mT (current of 12 to 20 A respectively). In all these cases it is observed
that as the ferrofluid rises, it overshoots. This is attributed to the
ferrofluid inertia, a discussion of which is provided below. Following
the overshoot it reaches the equilibrium height, which is a balance
between the gravitational and the magnetic forces.

The magnetic, gravitational, and frictional forces, along with the net
downward force and the net force acting on the ferrofluid with time,
as obtained from the model (Eq. (9)) is plotted in Fig. 8. Due to the
starting level of the ferrofluid at 20 mm from the electromagnet bottom,
it experiences almost 90% of the maximum magnetic force as soon as
the electromagnet is powered on, which is at + = 0. Thus the magnetic
force remains relatively steady when compared with the other forces.
The gravitational force (Eq. (4)) scales with the ferrofluid height, and
thus its variation with time is qualitatively similar to the variation of
the rising fluid with time (Fig. 8).

For a given configuration, the frictional forces (Eq. (5)) mainly
varies with the ferrofluid height and its velocity. For comparison,
velocity variation with time is also plotted in Fig. 8. The velocity
and thereby the viscous forces initially increase with time, reach a
maximum, and then reach a minimum before approaching 0 mms™!
and O N, respectively. Both these parameters show negative values
due to the reversal in the direction of ferrofluid motion following the
overshoot.

The net force acting on the ferrofluid is maximum at the start,
which causes the velocity to increase steeply with time. This higher
acceleration causes a higher frictional force after powering on the
electromagnet when compared with the gravitational force. As the
ferrofluid level and its velocity increase, so is the net downward force
(gravitational + frictional force), and this continues until the magnetic
and the net downward forces balance each other. This is seen as the
net force on the ferrofluid reaching zero at r = 0.25 s, while the velocity
and thereby the frictional force is at its maximum i.e. zero acceleration.
Note that at this time, the ferrofluid height has reached only about 45%
of its equilibrium height.

At t > 0.25 s, the net force and thereby the acceleration becomes
negative, causing a reduction in the velocity, and frictional forces,
while the ferrofluid continues to rise due to inertia.
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Fig. 7. Dynamics of ferrofluid height rise (h,()) in the vertical pipe as a function of
time at different maximum applied magnetic fields.

At ¢t = 0.4 s, when the net downward force reaches its maximum, the
net force reaches its minimum. They occur at the same time because,
after + = 0.3 s, the magnetic force essentially remains constant, and
hence the variation in the net force is a mirror image of the variation
in the net downward force.

The ferrofluid first reaches its equilibrium height at r = 0.48 s. This
can be inferred by observing the gravitational force curve from Fig. 8.
For a given magnetic pump configuration, the gravitational force Fy(t)
is only dependent on the ferrofluid height in the pipe A, (#) (Eq. (4)). So
the path traced by F,(#) vs. t curve in Fig. 8 is qualitatively the same as a
hy () vs. t curve in Fig. 7. Att = 0.48 s, though the velocity is decreasing,
it is still positive. Thus the inertial force of the fluid at # = 0.25 s, results
in an overshoot at = 0.48 s. At the maximum height, while the velocity
is zero, the net force is negative. This causes the ferrofluid to change
its direction of motion, and finally reach its equilibrium height.

4.2. Height rise in an inclined pipe

To enhance the performance, the ideal design for the magnetic
pump would consist of a vertical rising and falling pipe. However,
this would cause complexities in bending the electromagnetic coil.
Therefore, the rising and falling pipes are inclined. Therefore, the
height rise dynamics in the vertical pipe is extended to an inclined pipe.
In this case, the major difference is that the flow along the inclined
pipe is opposed by a component of the vertical gravitational force.
This is accounted for by the sin # term in Egs. (4) and (9), where
0 is the inclination angle with respect to the horizontal plane. The
vertical ferrofluid height in an inclined pipe is given by hp(t)sin 0. The
magnetic force acts along the pipe axis, and hence it is not affected by
the pipe inclination. To reach the same vertical height, a fluid in an
inclined pipe must travel a relatively longer length. This implies that
the frictional force increases with pipe inclination for a given vertical
height rise. Note that the term k() in the governing equation (Eq. (9))
denotes the height of the ferrofluid as measured along the pipe axis.
So the expression for the frictional force (Eq. (5)) does not have a pipe
inclination term in it.

Using the one-dimensional model (Eq. (9)), the variation in the
vertical height, i.e. hy(1)sin 0, with time for inclination angles from 10°
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Fig. 8. Variation in different forces and fluid velocity as a function of time, obtained
from one-dimensional model (Eq. (9)), for the case uyH = 35.7 mT shown in Fig. 7.
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Fig. 9. Vertical ferrofluid height (h,(t)sinf), with h, measured along the pipe axis, as
a function of time for pipe inclinations # = 10° to 90° with respect to the horizontal
(uoH =357 mT.).

to 90° is shown in Fig. 9 for  up to 2 s. In all the cases, the equilibrium
vertical height is the same, since the magnetic force is constant in
these cases. The difference is that when compared with pipes of higher
inclination angles, the fluid has to travel a longer distance along the
pipe axis for pipes with lower inclination angles. This means that the
time taken to reach the steady state height increases with decreasing
inclination angle. Further, it is observed in Fig. 9 that the effect of
the overshoot decreases as the inclination angle decreases, and for
inclination angles less than 30°, there is no overshoot. This is due to the
longer time taken by the ferrofluid to reach the equilibrium height at
lower inclination angles. In such scenarios, any inertial force is utilized
before the equilibrium height is reached, and thus overshoot is absent.
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The height rise dynamics in the inclined pipe is used to model the
magnetic pumping behaviour as explained in the following section.

4.3. Magnetic pumping

The working of the magnetic pump was discussed in Section 2.
To test its performance, the vertical pipe in Fig. 4 was replaced by
an inclined rising and a falling pipe as shown in Figs. 10 and 11(b).
The inclinations of the rising and falling pipes are 29.0° and 23.7°
with respect to horizontal, respectively. The values of /., and /., (refer
Fig. 4(a)) is 250 mm and 110 mm respectively. The inner radius of
connection pipes 1 and 2 are 5 mm and 3 mm respectively.

The experimentally measured area averaged mass flow rate of the
ferrofluid pumped as a function of the magnetic field frequency for
pumping height (47) of 0 mm to 6 mm is shown in Fig. 11(a). Here
Ah is the difference in height between the initial ferrofluid level in the
rising pipe and the bottom of the outlet in the falling pipe. When the
electromagnet is powered on, the ferrofluid fills the rising and falling
pipe, and when it is powered off, the ferrofluid in the falling pipe
flows out due to gravity. Thus the pumping action is intermittent. The
mass flow rate shown in Fig. 11(a) is time averaged so that it can be
compared with the designs that provide continuous pumping.

The present magnetic pump utilizes magnetic body forces due to
gradient in magnetic fields for pumping. So the design is scalable across
multiple length scales of pipe diameters, for example from millimetres
to metres. Therefore, the mass flow rate shown in the left vertical axis
of Fig. 11(a), can be divided by cross-sectional area to obtain the area
normalized mass flow rate, and is indicated on the right vertical axis.
This allows the performance of the developed magnetic pump design
to be compared with other designs having different pipe sizes.

It is observed from Fig. 11(a), that for a given pumping height
(4h), there exists an optimal frequency at which the mass flow rate
is maximum. At frequencies lower than the optimal value, the time
for which the electromagnet is powered on is longer than the time
required to fill the falling pipe. Therefore, though the falling pipe is
filled, the mass flow rate approaches zero as the frequency decreases.
At frequencies higher than the optimal value, the time for which the
electromagnet is powered on is not sufficient for the falling pipe to be
completely filled. The level of filling in the falling pipe decreases with
increasing frequency, and beyond a certain limit, no ferrofluid reaches
the falling pipe, thus resulting in zero mass flow rate.

As pumping height (4h) increases, the fluid will take longer time
to reach the falling pipe. Therefore, the optimal frequency will shift
towards the lower frequencies as can be seen in Fig. 11(a).

The one-dimensional model for an inclined pipe is used to simulate
the magnetic pumping process. For this, an inclined pipe with length
L, = 140 mm and angle 6, = 29° (Fig. 2) is considered which
mimics the rising pipe. The flow behaviour in such an arrangement
was discussed in Section 4.2, where the vertical pipe length was higher
than the steady state height of the fluid. However, for the case of
magnetic pumping process, the vertical pipe length (L, sin ) should be
lower than the steady state height reached for a given magnetic field
distribution. This is to ensure that the fluid can reach the falling pipe.

For the pumping model, when the fluid reaches the end of the
rising pipe, it is assumed that it will instantaneously fall into the
falling pipe. However, in reality it would indeed take a finite time,
and depending on the velocity and pipe geometry, the fluid at the end
of the rising pipe could also experience resistance. The implication of
ignoring such effects is that, when the electromagnet is powered on,
the mass of the fluid filled in the falling pipe could be higher than the
experimentally measured value. Of L, = 140 mm considered, 110 mm
was the actual length of the rising pipe, while the additional 30 mm
is added to account for the additional resistance encountered. This
value was determined by comparing the experimental and simulated
values for a single value of pumping height. When the electromagnet
is powered off, in reality the fluid will take a finite time to empty
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Fig. 11. (a) Mass flow rate of ferrofluid pumped as a function of magnetic field frequency for different pumping heights at yyH = 35.7 mT. The dotted line represents experimentally
measured values, while the continuous line represents values obtained from one-dimensional model. (b) Illustration indicating the measurement of Ah.
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from the falling pipe. The time for which the electromagnet is powered
on and off is of the same duration, i.e. the magnetic field pulse is
symmetric. For the geometry and angle of the magnetic pump used in
experimental characterization, it was observed that the time taken to
empty the falling pipe during each magnetic field pulse in continuous
operation, is less than the off time of the electromagnet. Therefore, in
the magnetic pumping simulation, it is considered that the fluid in the
falling pipe would be emptied completely during the off time of the
magnetic field pulse for a given frequency. As frequency increases, the
off time reduces and the fluid in the falling pipe may not have sufficient
time for outflow. However beyond a certain frequency, it should be
noted that there will be no fluid reaching the falling pipe.

The results of the simulated magnetic pumping behaviour is shown
in Fig. 11(a) along with the experimental results with error bars. It is
seen that quantitatively there is a considerable disagreement between
the frequency and the mass flow rate. However, qualitatively a similar
trend is observed. This indicates that, usage of a higher dimensional
model is required to better predict the magnetic pumping process.

A performance curve such as the one for Ax = 6 mm in Fig. 11(a)
has among others, three typical points of interest — marked as A, B,
and C. Of these, point A is at the maximum mass flow rate. The other
two points — B and C, correspond to points of zero mass flow rate on
either side of point A. The mass flow rate dependence on time (and
hence on frequency) at these points can be expressed as:

= Myax if ton 2 tmax
. m .
= ——— where m{ o (to, —1,) if t, <ton < fmax 12)
on off .
=0 ifrg, <t

In the above equation, 71 is the mass flow rate pumped [gs~'],
m is the fluid mass collected in the falling pipe during a cycle [g],
ton and ty; corresponds to the time for which the electromagnet is
powered on and off respectively [s], 7. is the time for which the
electromagnet is to be on when the fluid completely fills the falling
pipe [s]. The corresponding fluid mass in the falling pipe is m,,,, [g].
The electromagnet is operated at a symmetric cycle, i.e. 1o, = 7.
Therefore, the time corresponding to point A is twice that of 7.,
i.e. 1y = 2t = 1/fa. For a given magnetic pump configuration, let
t, represents the time required for the ferrofluid to rise in the rising
pipe such that it is just about to enter the falling pipe. Then point C
corresponds to the scenario when the electromagnet is powered on for
fon = t;. Therefore, tc = 21, = 1/ fc. Point B corresponds to an infinitely
long cycle time, i.e. fz =0 Hz.

It is seen from Eq. (12) that the two important time parameters are
fmax and r.. These two times are proportional to the volume of rising
(V) and falling pipe (¥;). These are related to the geometric parameters
as shown in Egs. (13) and (14).

trxV,x L, 0, @, 13)

max & Vg o Lg 6 @ as

where L,6 and @ are the length, inclination, and inner diameter of the
rising (subscript r) and falling (subscript f) pipe respectively.

The six geometrical parameters in Egs. (13) and (14) determine the
position of points A and C. These in turn determine the slopes of the
two lines BA and AC (Fig. 11(a)). The ratio of these two slopes (4) is
given by eq, (15).

_ Slope BA
"~ Slope AC

Due to the position of A and C, 5, > #¢. This means that 2 would
always be negative, as expected. For the case 4 = 6 mm in Fig. 11(a)
the magnitude of slope AC is nearly six times higher than that of BA.
The slopes would have equal magnitude when 7, = 2¢.

For Ah = 0 mm, it is observed from Fig. 11(a) that a cross-sectional
area averaged mass flow rate of around 1.8 gs~!cm™2 is obtained

t
1—- A (15)
Ic
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for yyH = 35.7 mT and 0.74 Hz. This flow rate is comparable to
the flow rates reported by the magnetic pumps based on travelling
wave magnetic fields when averaged for applied magnetic field [45].
However, for such pumps the optimal frequency is in the range of
1000 Hz, whereas for the presently developed pump it is less than
1 Hz. Such low operational frequencies are desirable in applications
such as a magnetocaloric mixture based refrigerator where higher
operational frequencies could lead to detrimental heating effects. Apart
from frequency, the efficiency of pumping (¢) is also an important
parameter. It is given by the ratio of fluid flow power to input power
(Eq. (16)).

fo__mAP

_ 16
1000 % p VI (6)

where s is mass flow rate pumped [gs~!], AP is the pressure drop
encountered by the fluid flow [Nm~2], ¥ and I are the voltage [V] and
the current [A] supplied to the electromagnet, respectively. The term
“V I” represents the electrical power supplied to the electromagnet.

The discussion of ferrohydrodynamic pumping efficiency is limited
in the literature, and nearly no experimentally measured values are
available. One reason for this could be the nature of applications where
achieving a fluid flow is more important than its efficiency.

For all the operating conditions shows in Fig. 11(a), the measured
efficiency of the tested magnetic pump is less than 1%. A main advan-
tage of magnetic refrigeration is its increased energy efficiency when
compared to vapour compression refrigeration technology. To maintain
this advantage, it is necessary that the components used in magnetic re-
frigeration are best in their category. Mechanical pumps typically have
efficiencies of 50% or higher. The present magnetic pump is an initial
step, and future work aiming to increase its efficiency, for example
by innovative design with iron core, is necessary for its adoption in
magnetic refrigeration.

5. Conclusions

A design for a magnetic pump that works with low magnetic field
frequencies (<1 Hz) is proposed with its performance experimentally
characterized and compared against a one-dimensional model.

The design of the magnetic pump consists of a rising and falling
pipe, enclosed by an electromagnetic coil. On application of magnetic
field, due to the inward acting force on either end of the pipes, the
ferrofluid progresses in the rising pipe and reaches the falling pipe. On
removal of the magnetic field, the portion of the fluid in the falling
pipe falls down due to gravity, thereby achieving a net pumping action.
Thus on continuously cycling the magnetic field, an intermittent motion
of the ferrofluid is obtained. Care is taken to ensure that syphoning
phenomena did not occur. The maximum cross-sectional area averaged
mass flow rate of the proposed design is around 1.8 gs~'cm™2 at 0.74
Hz and 35.7 mT. This mass flow rate is comparable to pump designs
that utilizes travelling wave magnetic fields, whose optimal frequency
is three orders of magnitude higher. Such low frequency operation of
the developed pump can be used in applications where heating effects
that result from high frequencies would be detrimental to the system
performance.

In order to understand the dynamics of the pump, initially the
dynamics of the height rise in a vertical pipe was studied for different
magnetic field strengths. For the configuration tested, in each case
the fluid overshoots before achieving a steady state height, where the
magnetic and gravitational forces are in equilibrium. This process is
simulated using a one-dimensional fluid flow model, and its results
match reasonably well with the experiments. The model is then used
to obtain the height rise dynamics of the inclined pipe. This is used
to model the behaviour of the magnetic pump, whose results agree
qualitatively with the experimental results. A considerable quantitative
difference exists. This suggests the presence of other effects that occur
during magnetic pumping, and implies the need for usage of higher
dimensional model for simulations. Further work on the efficiency
improvement of the developed pump is necessary for its adoption in
a magnetic refrigerator with no moving parts.
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Nomenclature

Symbol Description Unit

Al Aea Cross-sectional area of [m?]
connecting section c1 and c2.

Ap Pipe cross-sectional srea [m?]

A, Reservoir cross-sectional srea [m?]

Fy Gravitational force [N]

Fr Frictional force [N]

Fy Magnetic force [N]

Fygr Magnetic body force [Nm™3]

g Acceleration due to gravity [ms™2]

hy Position below the electromagnet [m]
where magnetic field is zero

hy Ferrofluid initial level measured [m]
relative to s,

hy Ferrofluid height in pipe [m]

h, Ferrofluid height in reservoir [m]

hpe Reduction in the ferrofluid [m]
height at the reservoir when
compared to h.(t = 0)

H Applied magnetic field [Am™']

I Current [A]

Io1s oo Length of connecting section cl [m]
and c2.

L Rising/falling pipe length [m]

m Fluid mass collected in falling [g]
pipe during a cycle

m Mass flow rate pumped [gs~!]

Moo Fluid mass corresponding to ;.. [g]

M Magnetization of the particle [Am~1]

AP Pressure drop [Nm2]
Time [s]

Tons Toff Time for which the [s]
electromagnet is powered on and
off respectively

Imax Time for which the [s]
electromagnet is to be on when
the fluid completely fills the
falling pipe

t, Time required for the ferrofluid [s]
to rise

Uels Voo Ferrofluic velocity in connecting [ms~1]
section c1 and c2.

14 Voltage vl

Ve, V¢ Volume of rising and falling pipe [m3]

Ho Magnetic permeability of vacuum [kgms2 A~2]

0 Inclination angle of the pipe with [°]
respect to the horizontal

(] Rising/falling pipe inner [m]
diameter

P Density of ferrofluid [kgm~3]
Dynamic viscosity of ferrofluid [kgm™!s7!]
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