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A B S T R A C T

The present work is an effort to find a feasible design proposal which can ensure the continuous flow and self-
sustained heat transfer within a circular annulus, solely because of magnetic forces. The objective is to study the
change in flow characteristics because of magnetocaloric response of the nanoparticles used. In the present work,
Mean Field Theory is used to calculate the specific magnetization and an improved viscosity model is used for
considering its dependency on applied magnetic field. For better accuracy, individual mechanisms are con-
sidered while calculating the specific heat of magnetocaloric material. To have a better understanding, three
different values of the remanent flux density (Br) and three distinct geometrical configurations are compared for
their flow and thermal characteristics. For all cases, a periodic clockwise rotation of the fluid is observed and it is
noticed that, the frequency of this rotation varies with both geometrical dimensions and Br. The main purpose of
the current analysis is to contribute the preliminary data, which will further enhance our understanding about
applications of Thermo-Magnetic Convection and Magnetocaloric Effect in heat transport devices.

1. Introduction

Magnetocaloric cooling is a rapidly growing technology in the past
few years, which is being used for room temperature cooling [1–3].
Most of the modern household magnetic cooling systems work on the
principle of active magnetocaloric regenerator (AMR) [4,5]. In such an
AMR system, a continuous flow of heat carrier fluid needs to be
maintained inside the system which requires either reciprocating or
rotary arrangements. Due to this mechanical motion, components are
subjected to periodic vibrations which can result in frequent main-
tenance cost and a less reliable system [3]. Also, because of the high
initial cost involved for such an assembly, constant efforts are being
made by researchers to look for better substitutes. One such alternative
for the aforementioned problem is to use ferro-fluids as a heat transport
liquid. Ferro-fluids are stable colloidal suspensions of mono-dispersed
ferromagnetic nanoparticles of size about 10 nm in a carrier liquid such
as kerosene or water [6]. These fluids are widely acknowledged for
their various potential and existing applications [7,8]. Being responsive
to magnetic fields, they exhibit certain characteristics different from
conventional nanofluid, when subjected to magnets [9]. In the presence
of an externally applied magnetic field, the behaviour of these fluids is
influenced by the complex interactions of their magnetic and hydro-
dynamic properties. Due to their magnetic properties, when exposed to

a magnetic field with a non-uniform temperature distribution, ferro-
fluids illustrate a unique type of convection called as Thermo-Magnetic
Convection (TMC). This occurs because thermal gradients inside the
fluid alter the magnetic susceptibility. Consequently, the distribution of
the Kelvin body force changes inside the fluid domain which results in
TMC. Additionally, implementation of an externally applied field de-
creases (increases) the magnetic order and thus increases (decreases)
the magnetic entropy which eventually leads to an adiabatic decrease
(increase) of temperature (Tad). This effect is widely known as the
Magnetocaloric Effect (MCE) and has been extensively used for the past
few years to achieve refrigeration around and below room temperature
[10].

Several studies have been performed to explore the influence of
magnetic interaction on flow and thermal characteristics using both
numerical and experimental methods. Jue [11] performed a numerical
study for both magnetic and thermal convection in a 2D square cavity
for various values of Rayleigh Number (Ra) and Prandtl Number (Pr). It
is concluded that, various locations of the magnet along with its in-
tensity can be used for flow regulation in ferrofluids. Ashouri et al. [12]
investigated a differentially heated 2-D square cavity for magnetically
induced heat transfer in the absence of gravity. Authors proposed a
correlation of the averaged Nusselt Number (Nuavg) for a broad range of
various geometrical and thermophysical parameters. A similar study for
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high Pr ferrofluid in a 2D cavity with a centrally inserted permanent
magnet is conducted by Ashouri and Shafii [13]. Two dominant cir-
culations are observed by the authors which then depend on the size of
the magnet as well. Furthermore, an improved heat transfer is observed
for higher wall temperatures. Jafari et al. [14] simulated the effect of
uniform magnetic field and different temperature gradients for a ker-
osene based ferrofluid in 3D cylindrical domain using CFD techniques.
Authors proposed that increased heat transfer rates are observed, when
the applied magnetic field is perpendicular to the direction of tem-
perature gradient. Zablotsky et al. [15] made a comparison between
experimental and numerical results obtained for a ferrofluid cell having
permanent magnets attached to its walls. The K-ω SST model is used to
obtain the flow field for a 3D rectangular domain. Authors put forward
that maximum thermo-magnetic effect is obtained when the magnets
are placed close to the hot end. Wrobel et al. [16] numerically and
experimentally studied TMC for a paramagnetic fluid in an annulus
between two co-axial vertical cylinders. Authors compared the magni-
tude of Nu for different orientations and reported that, for improved
heat transfer a strong magnetic field can be used as a promising sub-
stitute.

Numerical and experimental observations are done by Yamaguchi
et al. [17] to study the convection for a thermo-sensitive magnetic fluid
(TSMF) within a cubic container having a heat generating object placed
inside. Owing to their experimental results, it is put forward that in
addition to the heat generating object, thermal characteristics of the
fluid are increased because of the applied magnetic field. Gerdroodbary
et al. [18] numerically conducted an extensive parametric study for the
influence of non-uniform magnetic field on a ferrofluid within a T
junction. Authors concluded that flow vortices are generated because of
an applied magnetic field which eventually increase overall heat
transfer. Dogonchi and Hashim [19] implemented a novel method
named as Control Volume Finite Element Method (CVFEM) to in-
vestigate TMC along with radiation in a wavy circular cylinder and
rhombus. A similar method is used by Sheikholeslami et al. [20] to
study combined effects of Magnetohydrodynamics and Ferrohy-
drodynamics in a semi annulus area filled with ferrofluid including
thermal radiation. Authors conclude that Nu shows an increment for
increased values of Ra and volume fraction (φv). Zanella et al. [21]
studied both experimentally and numerically TMC in a cylindrical
container with a heated solenoid in addition to the influence of a fer-
romagnetic core. Different volume fractions of nanoparticles are stu-
died for their effect on cooling of a heated coil. It is concluded that, the
use of ferromagnetic core increases heat transfer and maximum cooling
is observed for the highest φv. Lately, Vatani et al. [22] did experi-
mental as well as numerical analysis for ferro-fluid around an elec-
trically heated vertical wire. It is found that, because of magnetic
forces, local vortices are generated within the domain which increase
heat dissipation from the wire.

Few studies are also available in the literature that investigates the
effect of applied magnetic field on viscosity. A non - linear stability
analysis is carried out by Sunil et al. [23] to observe the behaviour of
thermoconvective ferrofluid subjected to magnetic field dependent
(MFD) viscosity and found possibilities for the existence of sub-critical
instabilities. Nanjundappa et al. [24] used the Galerkin technique and
regular perturbation method to analyse the performance of ferrofluid in
a porous horizontal layer. It is put forward that, increase in MFD
viscosity can retard the onset of ferroconvection. A linear stability
analysis of mixed TMC is done by Mehmood [25] for two lid driven
trapezoidal cavities using Galerkin weighted residual scheme. It is
concluded that, concentration of ferromagnetic particles have sig-
nificant influence on fluid flow along with Darcy, Grashof, and Hartman
numbers. Recently, Dogonchi et al. [26] implemented a modified
Fourier approach for investigating heat generation inside a semi-cir-
cular enclosure with MFD viscosity. Authors used the CVFEM technique
for computations and concluded that magnetic field can be used as
regulatory factor.

For the past few years, a lot of work is done to use these magnetically
induced body forces for operating automated energy transport devices.
Several researchers performed numerous experimental and numerical stu-
dies to investigate different possible configurations. Fumoto et al. [27]
performed various experiments on an oval loop of 2 mm inner diameter for
small scale heat transport, using TMC principles. It is stated that, by
changing position and strength of the magnet, flow velocity of TSMF can be
controlled. Lian et al. [28] developed a method, which uses TMC and il-
lustrated that it can be used for automatic energy transfer. Authors com-
pared experimental data with numerical results and studied the effect of
different heat loads, temperature and magnetic field distributions. Xuan
and Lian [29] extended this work and came up with an improved experi-
mental design which can be used for cooling of electronic equipments using
thermo-magnetic effect of ferrofluid. Authors concluded that a higher heat
dissipation rate can be achieved with increasing heat load as it leads to
greater TMC. Lian et al. [30] experimentally examined a small automatic
energy transport device with micro-scale PIV technique. It is shown that an
internal thermal gradient and an external magnetic field can be used to
regulate energy transport in such devices. Among all three configurations
studied by them, a circular configuration with two magnets is found to be
optimal. Iwamoto et al. [31] used binary TSMF to operate a heat transport
device which is solely driven by magnetic body force. With the help of
experimental and theoretical formulations, it is put forward that buoyancy
of gas phase helps in increasing magnetic body force at low magnetic fields.
Yamaguchi and Iwamoto [32] further redesigned the device for its per-
formance under various magnetic field orientations. It is experimentally
demonstrated that, the device is able to transfer thermal energy over a
distance of 5 m. A toroidal loop is numerically investigated for its heat
transfer and flow characteristics in the presence of magnetic field by Ba-
hiraei and Hangi [33]. Different parameters including the amount of heat
flux in the heat source, temperature of the heat sink, magnet position and
its magnetic strength are studied.

As it can be assessed from literature, very few studies have been
performed that investigate the combined influence of TMC and MCE on
the characteristics of magnetocaloric nanofluids. Also, less attention is
given to observe the behaviour of such fluids near Curie Temperature
(TC). Thus, in continuation with the previous work of automated heat
transport devices, and to improve our understanding of magnetocaloric
nanofluids, a numerical study is carried out for a circular annulus,
where simulations are performed for three different values of remanent
flux density (Br = 0.5 T, 1 T, and 1.5 T) and three different L/D ratios
(L/D = 0.125, 0.25, 0.5, refer Fig. 1). The flow field is closely analysed
with the help of local as well as averaged velocity distributions, and the
magnitude of Nu is also compared for all distinct variations. Weiss Mean

Fig. 1. Geometrical representation of the present case (Figure not to scale).
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Field Theory (WMFT) is used to calculate characteristic magnetic
properties and an improved viscosity model is implemented with in-
dividual precise models to determine the total specific heat. Finally, to
ensure that the resulting fluid motion is not merely the result of density
differences, a comparison is made with and without considering the
buoyancy term in the momentum equations.

2. Problem description

2.1. Geometrical details

For the present analysis, a magnetocaloric fluid is studied in a 2-D
circular annulus with three different L/D ratios, where L represents the
width between outer and inner radius, and D is the inner diameter
(D = 2Ri) of the enclosure having a value of 0.1 m. The fluid consist of
a colloidal suspension of 5% Gadolinium (Gd) in kerosene. The circular
enclosure is placed at the centre of a square domain with a permanent
magnet at the top of it as shown in Fig. 1. To cover the whole extent of
field generated by the permanent magnet, a square domain of length 4D
is considered as bounding region. The magnet is located at an im-
mediate distance of 0.075D with its north pole facing towards the an-
nulus. The permanent magnet used to produce the magnetic field is
1.6D long and has a square pole face with width of 0.4D. As the main
interest of the present analysis is to investigate the TMC in the context
of MCE. To achieve the maximum magnitude of MCE, which has higher
value around (TC) [10], the initial temperature of magnetocaloric na-
nofluid is taken as TC of Gd which is 292.15 K [34].

2.2. Magnetocaloric properties

The magnitude of MCE is mainly dependent on the type of mag-
netocaloric material (MCM), temperature (T), and strength of magnetic
field (H). For the present study, to obtain maximum MCE, we are only
interested in a narrow range around TC. At TC, materials lose their
preferred spin axis which results in decreased magnetization and un-
dergo a phase transition from the ferromagnetic to paramagnetic be-
haviour. Due to this phase transition, qualitative or many times quan-
titative changes are observed in the characteristics properties of MCM.
For certain MCM's, (such as Gd) a database is available that explains the
variation of these properties at phase transition, but such data does not
ensure overall stability and energy conservation [37]. Thus, to obtain a
continuous and an approximate solution near this transition, Mean
Field Theories (MFT) are widely used [35,36].

In order to determine the characteristic properties of MCM in the
present analysis, Weiss Mean Field Theory is used [35,38]. These
properties are magnetization (M = ρm), partial derivative of magneti-
zation over temperature ( )( )M

T H
and specific heat (CH). Theoretical

specific magnetization (m) and also its partial derivative with tem-
perature are calculated as mentioned in literature [35–39]. It is clear
from Eqs. (1)–(3), that the magnitude ofm varies significantly with both
T and B, so its variation is plotted as shown in Fig. 3. These char-
acteristic properties are then used as an input function during calcu-
lation of source terms in continuity and momentum equations (see Eqs.
(21)–(23)).

=m N g J µ B ( )s J B J (1)

In Eq. (1), BJ(χ) refers to the Brillouin function, which is a set of
implicit equations (Eq. (2) and Eq. (3)) as shown below. Here, χ re-
presents the ratio of the Zeeman energy to the thermal energy, gJ is the
Land́e factor, J is angular momentum. The values of all constant
parameters used in the present study are mentioned in Table 1.
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2.3. Thermo-physical properties

All thermo-physical properties except for the viscosity are calcu-
lated according to the literature [40,41]. Density (ρnf), specific heat
((cH)nf), and coefficient of thermal expansion ((β)nf) are evaluated as the
sum of corresponding contributions (see Table 2) from fluid and solid

Fig. 3. Variation of magnetocaloric properties for different T and B (a) m (b) ( )M
T H.

Fig. 2. Enlarged view of the discretized circular annulus.
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particles based on the value of volume fraction (φv). Here, subscript f
and s represent base fluid and solid nanoparticles, respectively.

= +(1 )nf v f v s (4)

= +c c c( ) (1 ) ( ) ( )H nf v H f v H s (5)

= +( ) (1 ) ( ) ( )nf v f v s (6)

The thermal conductivity (knf) is approximated by the Hamilton-
Crosser model [40,41] with n = 3 for spherical particles as shown
below:

=
+

+ +
k k

k n n k k
k n k k k

( 1)k ( 1)( )
( 1) ( )nf f

S f f s v

S f f s v (7)

In the current work, as suspended colloidal particles are magneti-
cally responsive, they will exhibit movement in presence of an ex-
ternally applied magnetic field. This will eventually result in producing
hindrance for fluid motion. Thus, influence of the magnetic field is
taken into consideration while modeling the viscosity [42]. The new
viscosity value will be addition of the magnetically induced viscosity
(μ(H≠0)) and the nanofluid viscosity in the absence of magnetic field
(μ(H=0))

= +=µ µ µnf H H( 0) ( 0) (8)

==µ
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3
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The total specific heat (CH) for any material is the summation of
magnetic (Cmagnetic), lattice (Clattice), and free electron (Celectrons) me-
chanisms (Eq. (12)). And as for the present analysis, we are dealing
within a very precise range of T, it is desired to achieve maximum ac-
curacy and reduce possible modeling errors. Thus, the individual con-
tribution from all three mechanisms is taken into consideration by
implementing different models as shown in Table 3.

= + +C C C CH magnetic electrons lattice (12)

To have a better understanding, variation of all three mechanism
with temperature is plotted for Gd at B = 0.5 T . It can be clearly seen
from Fig. 4 that near TC, a considerable difference in the magnitude of
Cmagnetic and CH is present. Hence, the total specific heat for Gd (CH Gd)

at different T and B is plotted as shown in Fig. 5. These values are then
used as an input function for the second term of Eq. (5) which even-
tually calculates the specific heat of magnetic fluid (CH nf) at a parti-
cular temperature and magnetic field.

3. Computational methodology

3.1. Governing equations and boundary Cconditions

Owing to their negligible conducting properties, ferromagnetic
fluids are often treated as electrically insulated[43–45]. In accordance

Fig. 4. Variation of different specific heats for Gd with temperature at
B = 0.5 T

Table 1
List of parameters used in the present study

Symbol Description Value

μ0 Permeability of free space 1.256 × 10−6 N/A2

μB Bohr magneton 9.274 × 10−24 J/T
γe Sommerfeld constant 6.93 × 10−2 J/(kg K2)
Ns Number of magnetic spins per kg 3.83 × 1024 kg−1

kB Boltzmann constant 1.381 × 10−23 (m kg)/(s2 K)
TDebye Debye temperature for Gd 169 K
χvf Volume magnetic susceptibility of

fluid
8.8 × 10−6 m3/kg

Table 2
Thermo-physical properties of base fluid and nanoparticles used

ρ (kg/m3) cH (J/kg.K) k (W/m.K) β(K-1) μf(kg/m.s)

Kerosene 795 2010 0.15 99 × 10−5 1.64 × 10−3

Gd 7900 Fig. 5 10.6 0.94 × 10−5 –

Table 3
Various models used for calculation of different specific heat mechanisms.

Type Model Equation

Cmagnetic Weiss Mean Field
Theory = ( )C µ H Nmagnetic

s
M
T H

int
M
T H

1
0

1
2

( )2

where

=
+

Nint
kBTCurie

NsgJ J µB J J
3
2 2 ( 1)

Clattice Debye Model
=C Nk dx9lattice B

T
TDebye

TDebye
T x ex

e x0
4

( 1)2

Celectron Sommerfeld Model Clattice = γeT

Fig. 5. CH of Gd for various temperature and magnetic fields
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with this, Maxwell's Equations are solved in its magnetostatics form
[46] for the present analysis as shown below.

Gauss's Law

=B. 0 (13)

Ampere's Law

× =H 0 (14)

Here, B is magnetic induction, H is magnetic field, and both are
coupled via the magnetic permeability (μ0 = 4π × 10−7) and remanent
flux density (Br) as

= +B µ H Br0 (15)

Additionally, the flow is considered laminar, incompressible, and of
Newtonian rheological behaviour. In the current study, as the volume
fraction of Gd is small thus, it is assumed that nanoparticles and base
fluid are in thermal equilibrium, therefore the single phase approach is
used. The governing equations used to calculate the magnitude of all
field variables are written in conservation form as shown below:

Continuity Equation

+ =u
x

v
y

0
(16)

x - Momentum Equation

+ + = + + +u
t

u u
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v u
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2 (17)

y - Momentum Equation
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F Fnf nf Ky B
2

2

2

2 (18)

Energy Equation

+ + = + +c T
t

u T
x

v T
y

k T
x

T
y

Q( )H nf nf MCE
2

2

2

2 (19)

Here, u, v denote x and y components of velocity respectively, T
denotes temperature, and p is pressure. Density variation of the present
magnetic fluid is taken into account using the Boussinesq
Approximation which will generate a buoyancy force (FB) as shown
below:

=F T T g( )B nf nf init (20)

Moreover, due to the response of MCM to the applied magnetic
field, additional source terms such as the Kelvin force density (FK) and
the magnetocaloric heating (QMCE) are considered in both momentum
(Eqs. (17) and Eq. (18)) and energy Equation (Eq. (19)) respectively. FK
represents the magnetic body force experienced by fluid elements [6]
and when the domain is considered to be free from electric current it is
calculated as shown in Eq. (21) Being a vector quantity, FK acts in-
dividually in both x-momentum and y-momentum equations as FKx

( )µ M H
x0 and FKy ( )µ M H

y0 , respectively.

=F µ M HK 0 (21)

Again, to maintain the highest accuracy and replicate exact beha-
viour, individual contributions from fluid and solid parts are considered
while calculating M, as presented in Eq. (22).

= + = +M M M H m(1 )f s v f vf v s (22)

Here ρ represents density of the corresponding part, χvf denotes
volume susceptibility of the base fluid, and m is calculated using Eqs.
(1)–(3). QMCE denotes cooling or heating of magnetic material in the
presence of varying magnetic field [37] and it's expression is given by
Eq. (23). As the field generated by permanent magnet does not vary
significantly within the present simulation time ( )0H

t first term of
QMCE is not considered while solving equations.

= +Q µ T M
T

H
t

µ T M
T

u H
x

v H
yMCE

H H
0 0 (23)

3.2. Validation study

As the present work is in context with flow and heat transfer
characteristics within a circular annulus section, a validation study is
carried out to compare results with similar experiments performed by
Sawada et al. [47]. Development of temperature distribution at various
probe locations (A-D) with time in the non-dimensional form is plotted
for Ra= 2.6 ∗ 104 as shown in Fig. 6. The observed differences between
experimental and current numerical work can be justified because of
10% estimated error associated with positioning of thermal probes as
mentioned by authors [47]. Value of Nuavg is also compared for the
same Ra between the present numerical model and experimental results
in Table 4. All parameters, probe locations and Nuavg calculations are
modelled in accordance with the information provided by Sawada et al.
[47].

Additionally, to make sure the magnetic field generated by a per-
manent magnet is modelled correctly in COMSOL environment, a
comparison is made with Szabo and Früh [48] as shown in Fig. 7. The
non dimensionalised magnetic field (H′ = μ0H/Br) is calculated for a
square enclosure with a permanent magnet placed on top of it. From
both Figs. 6 and 7 and Table 4, it is clear that present numerical model
is in good agreement with published literature.

3.3. Grid convergence and time independence test

To minimize possible discretization errors, three different grids are
compared to ensure that the results are independent of mesh

Fig. 6. Comparison of temperature distribution between the present numerical work and Sawada et al. [47] for Ra = 2.6 ∗ 104

Table 4
Comparison of Nuavg .

Ra Nuavg (Sawada et al.) Nuavg (present study) % Error

2.6 × 104 2.5863 2.4675 4.59
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distribution. These grids are compared for the case of Br 1.5 T and L/D
of 0.125. Details of averaged values of velocity and Nu for considered
grids are shown in Table 5. As it can be clearly seen, even after having a
substantial difference in the mesh size, variation for both Uavg and Nuavg
is small. Thus, to maintain a balance between computational ease and
numerical accuracy, Grid 2 (Fig. 2) is selected for all of the remaining
simulations. Also, to ensure that the final solution is free from temporal
errors, a time independent study is carried out for the finalized mesh
size, and a time step of 0.2 s is used for all simulations.

3.4. Numerical procedure

For the present study, computations of all field variables are per-
formed with the commercial software COMSOL - Multiphysics 5.4 using
FEM technique [49]. Initially, the magnetic field is calculated for the
whole square enclosure using Eqs. (13)–(15). This magnetic field (H) is
then used along with M to solve all governing equations and calculate
temperature and velocity field distributions throughout the computa-
tional domain. To handle the system of non-linear equations, a fully
coupled approach is implemented and PARDISO is used as direct linear
system solver. Being an unsteady analysis, four different probes are
observed for their behaviour over time and all the data shown here are
taken only when probes show converged values. Additionally, to ensure
the continuous fluid flow, a linear gradient of temperature is im-
plemented at both heat exchangers in horizontal direction as shown in
Fig. 8. The gradients are applied to ensure that the maximum tem-
perature inside the annulus is at rightmost region of HHEX and the
minimum temperature is at leftmost region of CHEX. The model which
is used to obtain such a temperature gradient is shown in Eq. (24).

= + + = + =T x x
x

T x x
x

and X x
D

HHEX
2

, CHEX | |
2 | |

,C
s

s
C

s

s

(24)

Here, x is the local coordinate in the horizontal direction and xs
denotes the x coordinate at the starting point of the HEX length. The
non-dimensionalised magnetic field (H′ = μ0H/Br) produced by the
permanent magnet is also shown for the smallest L/D ratio considered
in Fig. 9.

4. Results and discussion

For the current analysis, the behaviour of TMC is studied for dif-
ferent Br and L/D ratios based on their flow and thermal response. The
comparison is made with the help of local as well as averaged velocity
distribution for all cases. Being representative of flow characteristics,
velocity contours are closely observed for their unsteady behaviour.
Their variation over time is plotted in non - dimensionalised form

Fig. 8. Fixed Temperature Gradients over length of HEX's

Fig. 9. Distribution of H within circular annulus for L/D of 0.125

Table 5
Grid Independence Results

Number of Elements Uavg [m/s] Nuavg[−]

Grid 1 138,140 0.0230 1.593
Grid 2 204,240 0.0266 1.616
Grid 3 264,760 0.0274 1.638

Fig. 7. Comparison of H within a convection cell (a) Szabo and Früh [48], (b) present study
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(t∗ = t/tp) for each case according to Eq. (25), where S represents
surface area of the annulus and tp is the total time period taken by a
fluid particle to complete one cycle. As it can be observed from Fig. 10,
the normalised surface averaged magnitude of velocity (Uavg∗) shows a
periodic behaviour for all cases.

= = =U
S

U dS U
U

U
and U

t
U dt1 ,

( )
, 1

avg
S

local avg
a g

avg max
avg

P

t
avg0

v
0

P

(25)

It is noticed from the power spectrum that, for a specific L/D, fre-
quency and strength increases with increase in magnitude of the ap-
plied field. It means that for the same geometrical configuration, less
time is required for fluid particles to complete its cycles within the
annulus. This eventually will improve heat transfer rate between both
heat exchangers. It can be explained as, the value of (Uavg∗) depends
considerably on the magnitude of the source terms in both momentum
and energy equation. These source terms (FK and QMCE) again rely upon
the strength of the externally applied magnetic field. Thus, for in-
creased values of Br an improved TMC mechanism is observed for a
particular L/D ratio. On the other hand, if we compare three different

geometrical configurations of the same Br, a totally contrary trend is
observed. For all three magnitudes of Br, frequency as well as strength
of (Uavg∗) decreases with increase in L/D value. This is mainly because
for a specific Br, the influence of source terms reduces as the driving
force gets distributed over a wider region with increase in L/D. Among
all cases, the maximum frequency is observed for the highest magnetic
field and smallest L/D i.e. Fig. 10g.

For a complete insight of flow structures and their development,
velocity contours for three different geo- metrical configurations of
highest Br are compared over time in Fig. 11. Initially, for all config-
urations, fluid elements are randomly arranged throughout the annulus
with no specific orientation preferences. But as time progresses, due to
the combined effect of QMCE and the applied temperature gradient, fluid
particles adjacent to the rightmost part of HHEX will gain some energy
and reach to higher temperature relative to its surrounding fluid. Now,
due to their thermo-magnetic characteristics, fluid particles with in-
creased T experience a reduced value of the magnetic susceptibility.
This susceptibility difference eventually results in movement of these
fluid elements to the region of lower magnetic field which is in the
bottom half of annulus as can be seen from Figure When these fluid
particles enter CHEX, they exchange heat and reach to the leftmost part

Fig. 10. Power Spectrum of Uavg for different Br and L/D
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with having temperature values smaller than their ambient fluid. It
results in an increase in magnetisation and particles will try to reach to
the high magnetic field zone i.e. the upper half. This is how the fluid
elements within the annulus are exhibiting a periodic fluid motion in
clockwise direction. In general, it is observed that the magnitude of the
local velocity decreases with the increase in the width between outer
and inner radius. Thus, its highest value is observed for L/D of 0.125.
For all three configurations, few fluid elements near to CHEX also try to
reach to higher magnetic region along the inner circumference. This
flow offers some resistance on the right half, while work in favour of
mainstream velocity for the left half of annulus. As a result of this, some
interesting flow patterns are observed for L/D of 0.5. Due to its wider
span, this combination of opposite flow streams along inner and outer
circumference results in the formation of alternate clockwise and an-
ticlockwise local vortices on the right half of the domain as displayed in
Fig. 11f and Fig. 11i. This formation of alternative vortices is also re-
sponsible for the reduced magnitude of average velocities for all cases
of 0.5 L/D. As it can be clearly noticed from Fig. 12, for a distinct
magnetic field, the magnitude of Uavg shows lower value for a wider
geometrical configuration. On the other hand, a substantial increment
is observed if we raise the magnetic strength for a particular L/D. This
behaviour can be primarily attributed to the influence of FK term in the
momentum equations.

Fig. 11. Development of velocity contours over time for different L/D ratios at Br of 1.5 T

Fig. 12. Comparison of Uavg with L/D for different Br
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Also, to have a better understanding about heat transfer mechanism,
Nuavg is plotted for all three variations of Br and L/D. The time averaged
value of Nu is integrated over the whole domain and compared for all
cases. It is observed that, for a specific L/D, the magnitude of Nuavg
increases with increase in Br. It is mainly because, as mentioned in Eq.
(26), Nuavg is directly influenced by the magnitude of net convective
heat flux (Qc). This Qc is further affected by the strength of QMCE which
again increases with Br. A similar trend of increment in Nuavg is ob-
served if we go on increasing L/D for a particular Br. Thus, the max-
imum value of Nuavg is obtained for the case of 0.5 L/D with highest Br
as shown in Fig. 13.

= = =Nu Q L
k T

Nu
S

Nu dS and Nu
t

Nudt, 1 , 1
local

c

nf

S
local avg

P

t

0 0

P

(26)

At the end, in order to closely analyse the exclusive contribution of
the buoyancy force to the fluid rotation, a comparison is made with and
without including the FB term in the y- momentum equation (Eq. 18).
Values of Uavg and Nuavg are compared for the case of highest magnetic
strength and smallest L/D along with their power spectrums. As it is
clearly observed from Table 6 and Fig. 14, FB has an insignificant
contribution in flow development. Thus, it can be evidently said that for
all the cases of current framework, the fluid flow is occurring entirely
because of magnetic forces (FK and QMCE) and is not an outcome of the
density difference inside the annulus.

5. Conclusion

A numerical analysis is performed to define the design criteria for a
heat transport device filled with mag- netocaloric nanofluid. For this
reason, thermal and flow behaviour is studied in a circular annulus for
different magnetic fields. Moreover, to evaluate the effect of geome-
trical configurations, three different aspect ratios (L/D) are also ob-
served. Results show a periodic fluid rotation in clockwise direction for
all cases and highest frequency of this rotation corresponds to the
smallest L/D and maximum Br. Nuavg shows improved values for higher
strength of the applied field and larger span between the annulus. It is
also found that, for a specific L/D ratio, the flow velocity increases with
intensity of the applied magnetic field whereas at a particular Br, it
decreases with increase in span-wise width.
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Fig. 14. Comparison of Power Spectrum of Uavg for L/D of 0.125 at Br = 1.5 (a) With FB (b) Without FB

Table 6
Effect of FB on Uavg and Nuavg for L/D of 0.125 at Br = 1.5

Case Uavg[m/s] Nuavg[−] % Error

With FB 0.026607 1.666349 1.153
Without FB 0.026914 1.678811 0.747

Fig. 13. Comparison of Nuavg with L/D for different Br
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