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ABSTRACT

Magnetic hyperthermia is beneficial in cancer treatment and in the treatment of some blood vessel diseases. However, excessive temperatures
may also kill healthy cells in the vicinity of a sick cell. Using magnetic nanoparticles and changing the nature of the magnetic field as
required, magnetic hyperthermia may be regulated in the blood. This research examines the effects of uniform and non-uniform magnetic
fields on suspensions of bio-magnetic fluid and nano-bio-magnetic fluid under hyperthermia. Blood is a diamagnetic material, and when
combined with superparamagnetic Fe3O4, its thermo-mechanical characteristics are changed significantly. By manipulating the nature of the
magnetic field, it is possible to raise or decrease the temperature in the flow domain of magnetic nano-fluids. A computational study of two
such magnetic fields has been conducted, and their effects on the blood-based magneto nano-fluid flow in a rectangular conduit have been
documented in this study using COMSOL multi-physics. Results indicate that a uniform magnetic field increases temperature only locally,
but decreases the overall temperature in the domain. The non-uniform field of a current-carrying wire decreases both the local maximum
and average blood temperature as field strength increases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128247

I. INTRODUCTION

In medical applications, the significance of magnetism cannot be
overstated. With a high concentration of hemoglobin molecules,
human blood is susceptible to change when exposed to a strong mag-
netic field.1 Though in some kinds of the literature, blood is considered
both diamagnetic and paramagnetic based on its oxidized state,2 in
practical consideration, blood mostly exhibits diamagnetic properties,3

which are extremely weak by nature. So, often magnetic nanoparticles
(MNP) are used to improve blood’s mechanical properties, such as
MNPs like ferrosoferric oxide ðFe3O4Þ, which are widely employed for
their superparamagnetic properties to influence the magnetism and
thermodynamic properties of biofluids in various applications.

The most prominent uses of magnetism in medical applications
are seen in magnetic resonance imaging (MRI),4–6 drug delivery,7–9

hyperthermia,10–12 and cell separation.13,14 Diagnostic imaging
revealed the importance of magnetism in medicine, but until the intro-
duction of nanotechnology, larger applications remained unknown.
When magnetic resonance imaging (MRI) made the transition from
the research laboratories to the clinic, it was frequently employed to
identify malignant tumors. MRI scanners provided physicians with
access to the first machines capable of producing enormous magnetic
fields, inspiring many to investigate how magnetism can be used for
purposes other than imaging. Unfortunately, this line of investigation
offered few novelties, and traditional MRI imaging remained the
primary application of magnetism in medicine. When nanotechnology
came into being, magnetic nanoparticles were able to convert
natural tissue into magnetically sensitive material.15 This dramatically
expanded the spectrum of possible medicinal uses.
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Magnetic nanoparticles, which are typically very smaller in size,
might be utilized to mark cells and biomolecules, thereby endowing
tissues and other biological molecules with magnetic characteristics. In
the near past, there has been an explosion of research aimed at creating
several medicinal uses for magnetic nanoparticles. In every scenario,
physical magnetic fields interacting with ferromagnetic material may
connect or interact with tissue, cells, or biomolecules, hence allowing
applications ranging from magnetic heating to molecular imaging.
These technologies mainly depend on superparamagnetic iron oxide
nanocrystals (SPIONs): these materials are made of iron oxide but,
because of their tiny dimensions, they do not display magnetization
until exposed to an external magnetic field.

Nanomaterials are of significant scientific interest because they
serve as a link between bulk materials and atomic or molecular struc-
tures, and the properties of materials may alter as the nanoscale is
approached. Nanoparticles have attracted considerable attention in
recent years owing to their potential biological applications. Magnetic
nanoparticles are a kind of nanoparticle that can be sent to a specific
bodily site by modulating an external magnetic field. High magnetiza-
tion is required for magnetic nanoparticles to respond to an externally
applied magnetic field at tolerable temperatures. Iron oxide nanopar-
ticles (Fe3O4) with much higher saturation magnetization values are
ideal for this application. Moreover, their non-toxicity, biocompatibil-
ity, surface functionalism, and MRI contrast agents make them excel-
lent for noninvasive diagnosis, disease detection, and therapy.
Therefore, superparamagnetic (Fe3O4) nanoparticles are one of the
most significant and well-acknowledged solutions for therapeutic
applications indicated in the preceding paragraph.

Due to the immense influence on human existence, cancer treat-
ment has received considerable attention during the last decade. The
purpose of cancer therapy is to eliminate malignant cells while mini-
mizing harm to healthy cells. It is difficult to distinguish between can-
cer cells and normal cells, making chemotherapy and radiation
therapy less effective and replete with adverse effects. Heating therapy,
also known as hyperthermia, has a great deal of potential as an adjunct
cancer treatment. It is generally known that tumors have decreased
blood flow, which leads to a shortage of oxygen and the development
of lactic acid, which acidifies the cells. Acidic cells have lower thermal
resistance than normal cells, and their capacity to disperse heat is con-
strained by the tumor’s diminished blood flow. Therefore, elevating
the local temperature between 42 and 46 �C may destroy malignant
cells with some effects on healthy cells. Local hyperthermia is the pro-
cess of heating a tiny target region, such as a tumor.

Since the introduction of BFD by Pai et al.,16 many analytical,
numerical, and experimental investigations have been conducted, and
BFD as an area of study has expanded significantly. Some of the previ-
ous works related to this study was reviewed by us for the development
of this study. It was demonstrated by Khanafer and Vafai17 that the
rise in the nano-fluid heat transfer coefficient exceeds what a conven-
tional equation would predict. Tao and Huang18 have shown experi-
mentally that a 1.3 T magnetic field considerably reduces blood
viscosity. Researchers19 also showed that raising the volume percent of
nanoparticles may either boost or decrease heat transmission. Using a
Maxwell coil pair, Murase et al.20 conducted an experiment to deter-
mine whether the temperature in magnetic hyperthermia may be regu-
lated by an applied magnetic field and a static magnetic field. They
developed an empirical equation to describe the dissipation of energy

on MNPs. Tzirtzilakis and Xenos investigated a square reservoir hold-
ing a magnetic nano-fluid that was electrically impacted by the wire’s
magnetic field;21 their findings demonstrated that the fluid influenced
by the magnetism is vulnerable to this force. Under the effect of Kelvin
force, vortices are created that influence the rate of heat transfer, and
the size of these vortices is proportional to the intensity of the external
magnetic field. Voros et al.22 have shown that magnetic hyperthermia
is used for blood clot lysis in addition to tumor treatment.
Sheikholeslami et al.23 investigated a magnetic nano-fluid-filled micro-
channel in the vicinity of an asymmetric magnetic field. Whenever the
gradient of the magnetic field was in the same orientation as the nano-
fluid flow, maximum heat transfer took place. When the magnetic
field was applied in the other direction, however, heat transmission
was reduced. Local electrical activity in the flow field improves thermal
performance in the transition zone and has global effects on how heat
moves. Tang et al.24 performed a numerical analysis of how the non-
uniformity of a solenoid’s magnetic field might significantly impact
the temperature distribution. In various fields of engineering and med-
icine, the usage of nano-fluid is on the rise owing to its superior ther-
mal efficiency compared to the base fluid.25,26 Abdi et al.27 explored
MNP in a square lid-driven cavity using the same magnetic field as
this study but in the turbulent flow regime. Badfar et al.28 simulated
drug targeting with the help of magnet, in blood vessel with stenosis
utilizing Fe3O4 magnetic nanoparticles in the same kind of magnetic
field. Chandrasekharan et al.29 have shown that magnetic fluid hyper-
thermia is utilized to treat some blood diseases like restenosis, which is
a reoccurring stenosis, in order to eliminate plaques, ablate nerves, and
ease pain by boosting regional blood flow. Experiments were done by
some authors to study heat transfer in a tube with a friction factor of 5
and a high Prandtl number of laminar flows.30 Venkatadri showed that
the effect of locations on a magnetic wire in a square enclosure is impor-
tant to the effect on the fluid.31 As a result, nanoscale solid particles are
often used in investigations and research. The findings of experiments
indicate that nanoparticles improve fluid thermal conductivity owing to
their high conductivity and dispersion in the base liquid, which is one of
the fundamental characteristics of heat transfer.32

Using electromagnetic theories and fluid flow, this study exam-
ines a square duct containing a magnetic nano-fluid (a mixture of
water and Fe3O4) at varying volume fractions and magnetic numbers
in the laminar flow regime under the magnetic field of an electric
current-carrying wire. We also examine the effects of a uniform and
non-uniform magnetic field on whole blood and blood-bearing
(Fe3O4) particles, where a non-uniform magnetic field is produced by
a current-carrying wire and the fluid has attained hyperthermia,
TF � 45. Depending on the severity of the disease, any tumor, dis-
eased blood vessel region, or other organs where the hyperthermia
process is being carried out may be subjected to a constant high tem-
perature for an extended period. This increases the risk of damaging
more neighboring cells by exposing them to very high temperatures.
In cases like this, a process that reduces temperature in a specific
domain becomes very useful. Our research illustrates that so can be
done very efficiently if we use a non-uniform magnetic field very close
to the blood vessel.

II. GEOMETRIC MODEL

Two separate perspectives are presented below for the applied
magnetic field. Figures 1(a) and 1(b) depict a square duct with side h
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and scattered nanoparticles under the influence of a uniform and non-
uniform magnetic field in two separate models. The non-uniform
magnetic field is seen in Fig. 1(a), in the transverse plane of the rectan-
gular channel. The magnetic field is produced by a wire carrying elec-
tric current. The wire is positioned along the straight line,
x ¼ h=2; y ¼ �b, and the diameter of the wire is neglected so that the
cross section of the wire at z¼ 0 is considered a point. In the case of
Fig. 1(a), the magnetic field acts parallel to the z-plane, starting at the
bottom of the xz plane; hence, only the magneto-hydrodynamic force
is felt against the axial force. It happens only because the electrical con-
ductivity of blood helps it be affected by the magnetic field. Assuming
fully developed temperature and noticing that the magnetic field does
not vary along the z-axis, the problem may be studied on a projection
plane in the vicinity of the duct. These planes are shown in the insets of
Figs. 1(a) and 1(b). In the case of uniform magnetic field, the magnetic
field is represented as parallel vectors, whereas in the non-uniform one
the contours of the field are given by a function that is inversely propor-
tional to the distance from the wire to a point on the plane keeping the
wire at the center below the lower wall. As the distance from the wire
increases, the magnetic strength of the wire decreases. The point on the
plane where the magnetic strength is the strongest is ðx; yÞ ¼ ðh=2; 0Þ.
III. GOVERNING EQUATIONS

Without considering the cases of magnetic field, general
Navier–Stokes equations for magnetic fluid in vector form2 are

Continuity equation:r � V ¼ 0:
Momentum equation:

q
DV
Dt
¼ �rpþ qFþ lr2Vþ J� Bþ l0ðM � rÞH:

Energy equation:

qCp
DT
Dt
þ l0T

@M
@T

DH
Dt
� J � J

r
¼ kr2T þ lU;

whereU is dissipation due to viscosity, given as

U ¼ 2
@u
@x

� �2

þ @v
@y

� �2

þ @w
@z

� �2
( )

þ @v
@x
þ @u
@y

� �2

þ @w
@y
þ @v
@z

� �2

þ @u
@z
þ @w
@x

� �2

� 2
3

@u
@x
þ @v
@y
þ @w
@z

� �2

:

Required magnetic field equations are given as r�H ¼ J
¼ rðV� BÞ andr � B ¼ r � ðHþMÞ ¼ 0. In the momentum equa-
tion, l0ðM � rÞH is the magnetic force due to magnetization per unit
volume. Assuming thatM and H are parallel andMnH; r � B ¼ 0,
and using J ¼ r�H, and B ¼ l0H, it can be showed33 that
l0ðM � rÞH ¼ l0MrH þ J� B. Given that B ¼ Bðx; yÞ, the Lorentz
force term in momentum equations is as follows: J� B
¼ rByðvBx � uByÞ;rBxðuBy � vBxÞ;�rwB2
� �

. Joule heating term in

temperature equation is J � J ¼ r2ððwBÞ2 þ ðuBy � vBxÞ2Þ. Assuming
fully developed flow, that is, @u@z ¼ @v

@z ¼ @w
@z ¼ 0 and fully developed tem-

perature, that is, @T@z ¼ 0 along the axial direction, and also considering

that the axial pressure gradient is constant or @p@z ¼ �Pz and finally by

the assumption of saturated magnetization, we have @M@T ¼ 0. Then, with
a non-uniform magnetic field H(x, y) and internal magnetization func-
tion M, governing equations for velocity components u; v;w; tempera-
ture T, and pressure p is taken as Tzirtzilakis34 and Mousavi35 with the
addition of the energy equation as

qCp
@T
dt
þ u

@T
@x
þ v

@T
@y

� �
¼ rw2B2 � rðByu� BxvÞ2

�l0T
@M
@T

u
@H
@x
þ v

@H
@y

� �

þ k
@2T
@x2
þ @

2T
@y2

 !
þ lU;

where U is given as

2
@u
@x

� �2

þ @v
@y

� �2
( )

þ @u
@y
þ @v
@x

� �2

þ @w
@x

� �2

þ @w
@y

� �2

;

and boundary conditions as at y ¼ 0 or h and 0 � x � h u ¼ 0 v ¼ 0
w¼ 0 T ¼ Tw at x ¼ 0 or h and 0� y� h u¼ 0v¼ 0w¼ 0T ¼ Tw:
Here, q;l;r and l0 are, respectively, density, viscosity, electric con-
ductivity, and magnetic permittivity of the fluid. When we assume a
uniform magnetic field, magnetic field strength H does not change
in any direction and works parallel to y direction. So, @H

@z ¼ 0
as before. However, this time components Hx and Hy become zero
too. The components of Lorentz force given in momentum and tem-
perature equation are, respectively, J�B¼ 0;0;�rwB2f g and

FIG. 1. Geometric model of the problem and magnetic field. (a) Non-uniform magnetic field. (b) Uniform magnetic field.
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J � J¼ r2ðwBÞ2. In this study, we also use a magnetic field generated
by a current carrying wire, given as

Hðx; yÞ ¼ c
2p

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � aÞ2 þ ðy � bÞ2

q ;

where c is the current passing through the wire, and the components
ofH(x, y) are given as

Hxðx; yÞ ¼ �
c
2p

y � bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � aÞ2 þ ðy � bÞ2

q ;

Hyðx; yÞ ¼
c
2p

x � affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � aÞ2 þ ðy � bÞ2

q ;

where ða; bÞ is the point of application for the wire or the center of the
magnetic field.

There are a few empirical equations for the internal magnetiza-
tion M available in the literature. For the case without any magnetic
nanoparticle, we use the magnetization equation as given in Ref. 36:
M ¼ K 0HðTc � TÞ:

We find the dimensionless equation by using

x� ¼ x
h
; y� ¼ y

h
; z� ¼ z

h
;

u� ¼ u
w0
; v� ¼ v

w0
; w� ¼ w

w0
;

H� ¼ H
H0

; H�x ¼
H
H0

; H�y ¼
Hy

H0
;

t� ¼ tw0

h
; p� ¼ p

qw2
0
; T� ¼ T � Tw

Tf � Tw
;

and after removing the asterisk(�) sign, momentum and energy equa-
tions reduce to

@u
dt
þ u

@u
@x
þ v

@u
@y
¼ � @p

@x
þ 1
Re

@2u
@x2
þ @

2u
@y2

 !

þMnFH
@H
@x
þMnMðvHxHy � uH2

y Þ;

@v
dt
þ u

@v
@x
þ v

@v
@y
¼ � @p

@y
þ 1
Re

@2v
@x2
þ @

2v
@y2

 !

þMnFH
@H
@y
þMnMðuHxHy � vH2

y Þ;

@w
dt
þ u

@w
@x
þ v

@w
@y
¼ Pz þ

1
Re

@2w
@x2
þ @

2w
@y2

 !
�MnMwH

2;

@T
dt
þ u

@T
@x
þ v

@T
@y
¼ EcMnMrðw2B2 þ ðByu� BxvÞ2Þ

þ 1
Pr Re

@2T
@x2
þ @

2T
@y2

 !
;

þ 2Ec
Re

"(
@u
@x

� �2

þ @v
@y

� �2
)

þ @u
@y
þ @v
@x

� �2

þ @w
@x

� �2

þ @w
@y

� �2
#

with boundary conditionat y ¼ 0 or 1 and 0 � x � 1 u ¼ 0 v ¼ 0
w ¼ 0 T ¼ 0 at x ¼ 0 or 1 and 0 � y � 1 u ¼ 0 v ¼ 0 w ¼ 0

T ¼ 0; where Re ¼ qhw0
l ; Pr ¼ Cpl

k ; Ec ¼ w2
0

CpðTf�TwÞ ;

MnF ¼
l2
0H

2
0K
0ðTf � TwÞ

l0qw
2
0

¼

B2
0K
0ðTf � TwÞ
l0qw

2
0

reaching a constant temperature;

B0Ms

qw2
0

saturationmagnetization;

8>>><
>>>:

MnM ¼
rhl2

0H
2
0

qw0
¼ rhB2

0

qw0
¼ Ha2

Re
¼ N:

The relation given here forMnF andMnM is generally true for calcula-
tion related to pure blood.MnF will change in the case of Fe3O4–blood
suspension according to the magnetization scheme of Langevin
model.

Now in our first case of non-uniform magnetic field, we consider
blood as a standalone biomagnetic fluid, where we have two consider-
ations: first, we consider that the change ofM with respect to T is neg-
ligible,2 that is, @M

@T 	 0, and second, we consider that the fluid has

reached complete saturation point, and thus,M ¼ M0 and @M
@T ¼ 0. In

the second case, MnF ¼ B0Ms
qw2

0
and the term due to FHD will change to

MnFH @H
@x and MnFH @H

@y in momentum and energy equations. Both

cases remove the heating term due to internal magnetization, and
thus, a flow profile is obtained, where the temperature profile is con-
trolled by the velocity, joule heating term, and dissipation term only.

For the case with the ferro-fluid, we measure the nano-fluid
properties ðP ¼ q;Cp;qCpÞ of ferro-fluid with the help following for-
mula:Pmnp ¼ ð1� /ÞPblood þ /PFe3O4 and effective viscosity is
adapted as37 lmnp ¼ lblood

ð1�/Þ2:5, considering that the nanoparticles are

spherical, and effective heat conduction co-efficient is given as38

kmnf ¼
kFe3O4 þ 2kblood � 2ðkblood � kFe3O4Þ

kFe3O4 þ 2kf þ /ðkf � kFe3O4Þ
:

Effective electrical conductivity is given as39

rmnf ¼ 1þ
3

rFe3O4

rblood
� 1

� �
/

rFe3O4

rblood
þ 2

� �
� rFe3O4

rblood
� 1

� �
/

8>>><
>>>:

9>>>=
>>>;

rblood:

In the case of magnetic nano-fluid, the magnetic field remains
the same, but unlike whole blood, now we consider another magneti-
zation formula known as Langevin magnetization model in the
literature, given as Ml ¼ Ms cothðnÞ � 1

n

n o
, where n ¼ l0m

kB
H
T and

Ms ¼ nm ¼ /Md

This model of magnetization is considered because of the use of
particle parameters in the equation. For this reason, in the literature it
is often associated with nanoparticle that gets affected by magnetiza-
tion of a magnetic field.

Due to the presence of coth and reciprocal of n, LðnÞ is a non-
linear function of n. So, we use different approximations of LðnÞ based
on low-order series approximation of LðnÞ about n¼ 0. For weak
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magnetization, we use the fact that LðnÞ 	 l0m
3kB

H
T , which after using

non-dimensional variables becomes, LðnÞ 	 l0m
3kB

H0
Tf�Tw

H�
T�þe, and conse-

quently, @M@T 	 Msð� l0
3kB

H
T2Þ.

So, the term in the energy equation becomes

l0T
@M
@T
	 l0Ms �

l0m
3kB

H
T

� �
	 l0Ms �

l0m
3kB

H0

Tf � Tw

H�

T� þ e

� �
:

Thus, in this case, we use Mnbloodmnp ¼
mMsl2

0H
2
0

3kBðTf�TwÞw2
0q
¼ mMsB2

0
3kBðTf�TwÞw2

0q
,

for which FHD terms in the momentum equations for MNP will carry,
respectively,

Mnbloodmnpð1� TÞH @H
@x

and Mnbloodmnpð1� TÞH @H
@y

;

and in the energy equation, we will have �EcmnpMnbloodmnp

�ðT þ eÞH u @H
@x þ v @H

@y

� �
.

For strong magnetization, when n!1; cothðnÞ ! 1 so,

LðnÞ 	 1� 1
n
¼ 1� kB

l0m
T
H

and @M
@T 	 Msð� kB

l0m
1
HÞ.

Consequently, l0T
@M
@T 	l0Msð� kB

l0m
T
HÞ	l0Msð� kB

l0m
Tf�Tw

H0

Tþe
H Þ.

Due to the presence of Tþe, we get two non-dimensional number
from this case that arise in FHD, and they are

MnFmnp1 ¼
Ms kBðTf � TwÞ
	 


mw2
0q

and

MnFmnp2 ¼
Msðml0H0Þ

mw2
0q

¼ Msðl0B0Þ
mw2

0q
:

Consequently, magnetization forces in momentum equations are

�MnFmnp1

T þ e
H

@H
@x
þMnFmnp2

@H
@x

and

�MnFmnp1

T þ e
H

@H
@y
þMnFmnp2

@H
@y

;

respectively, in the x and ymomentum directions.
For the FHD term in energy equation,

�EcMnFmnp1

T þ e
H

u
@H
@x
þ v

@H
@y

� �
:

A magnetic field is saturated when with the increase in magnetic
field, the magnetization value Ms does not change. When we consider
complete saturated magnetization from t ¼ 0, then ML ¼ Ms.
Therefore, MnFmnp2 remains but MnFmnp1 vanishes, and also, @M@T ¼ 0 is
considered like before. This is the case in Fig. 2 where the LðnÞ con-
verges to the line y ¼ 1. In the case of complete saturation, we con-
sider that the saturation was reached in the weak magnetic strength
range. It is also to be noted that, when the field is saturated, B0 value
changes withH but not the value ofM. Langevin function or any other
function given for the magnetization is generally an empirical formula.

They were formulated by different scientists as an outcome of physical
experiment. Figure 2 shows different approximations of LðnÞ dis-
cussed above.

IV. DOMAIN DISCRETIZATION AND SIMULATION

As seen in Figs. 3(a) and 3(b), we generated a mesh for the analy-
sis of a uniform magnetic field. Our computational domain is a basic
square plane projected from a long rectangular conduit with a square
inlet and exit. We developed a domain-specific structured mesh. In
Fig. 3(a), the mesh is not uniform over the whole domain. We deliber-
ately make it denser at the edges by adding a factor of exponential
growth of 5 for a 150� 150 grid.

For the non-uniform magnetic field, an additional change is
required such that for a 200� 200 grid, the mesh on both sides of the
midline x ¼ 0:5 and the four boundaries are denser [as shown in Fig.
3(b)], as is the current-carrying wire slightly below the x axis along
x¼ 0.5. Therefore, the force of the magnetic field is particularly strong
close to that point and at locations that are vertically parallel. The
change in force along x¼ 0.5 is disproportionately large compared to
the change in distance x. So, the exponential growth factor is 10 on the
upper, lower, and on x ¼ 0:5 line, whereas on the right and left
boundary, we keep it at 5.

We use the COMSOLmultiphysics software for the simulation of
the study. The PDE interface of Mathematics module of COMSOL
contains a powerful tool to find numerical solution where we define
the problem in coefficient form PDE. Equation in this module is given
as40

ea
@2u
@t2
þda

@u
@t
þ$ � ð�c$u� auþ cÞþb � $uþ au ¼ f ;

FIG. 2. Langevin magnetization approximation.
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where u is the solution vector as u ¼ fu; v;w; p;T;Wgtranspose, t is
time, and r is the two-dimensional differential operator,

r ¼ @
@x ;

@
@y

n o
. ea is mass coefficient, da is damping or mass coeffi-

cient, c is diffusion coefficient, a is conservative flux convection coeffi-
cient, c is conservative flux source, b is convection coefficient, and a is
absorption coefficient.

In the solution u; u; v;w; p;T have usual meaning and W is the
streamline whose Poisson equation is solved to find out the tangential
streamlines of the flow. The equation is given as @2W

@x2 þ @2W
@y2

¼ � @v
@x � @u

@y

� �
, with boundary condition,W ¼ 0 on all boundaries.

For the solution of the flow under non-uniform magnetic field, all
the coefficients are given in the tensor form. For lack of relevant terms,
we have eaij ¼ 0; aijx ¼ aijy ¼ 0;aij ¼ 0. As the flow is fully developed,
we can assume u and v are very small. Average u and v remain small so
that the flow does not cross the laminar state. In that case, the terms
MnFH @H

@x and MnFH @H
@y dominate the momentum equation with the

transverse pressure gradients. Assuming that u and v are small, we have
@p
@x 	 MnFH @H

@x and
@p
@y 	 MnFH @H

@y . So, we define the initial guess pres-

sure to be pðx; yÞ ¼ 1
2MnFH2. COMSOL multi-physics solves a PDE

using finite element method. In the module setting, we use Lagrange
type shape function of quadratic order to solve for our PDE.

A. Study parameters

For both types of magnetic conditions, the study was performed
with a high axial pressure gradient @p

@z, 80–900 Pa/m, as found in Ref.
42, which non-dimensionally varies from 200 to 2000. We combine it
with changing Re from 50 to 200. We consider a square plane of side,
h ¼ 0:01m, and the characteristic velocity of blood is taken to
be w0 ¼ 2� 10�3m=s. Universally known value of l0 is
4p� 10�7N=A2. Also, Boltzmann constant, KB, is given as 1:38
�10�23J=K: MnM was calculated, respectively, from B0 for 0–10 T
using MnM ¼ hrl2

0H
2
0

w0q
¼ rhB20

qw0
. Here, electrical conductivity r ¼ 0:8

siemens for blood. For the non-uniform magnetic field calculation, we
adapted different parameters from Ref. 2. The non-dimensional value
of ða; bÞ ¼ ð0:5;�0:05Þ, which is the position of the wire under the
duct as in Fig. 1(a). The value of saturated magnetization of blood is
taken to beMs ¼ 60ðA=mÞ as mentioned in Ref. 34 at B0 ¼ 8 T. Each
Fe3O4 crystal has an approximate volume of 730 Å

3
and contains eight

molecules. Each nanoparticle includes roughly 6� 103 molecules,
each of which has a magnetic torque of 4lB:

43 lB momentum spin of
a free electron of 9:27� 10�24m2 is referred to as magneton Bohr.
The magnetic torque of Fe3O4 nanoparticles can be calculated accord-
ing to Ref. 44

m0 ¼
4lBpd

3
p

6� 91:25� 10�30
:

The temperature condition is very vital to the study. We consider
that the wall of the duct is always at constant, Tw ¼ 37�C temperature,
and the fluid temperature has reached the generally accepted mini-
mum hyperthermia temperature, that is, Tf ¼ 45

�
C. Important physi-

cal properties are tabulated in Table I.

V. RESULTS AND DISCUSSION

After the numerical solution was found, we used both COMSOL
and MATLAB for the post-processing of results. For the validation of

FIG. 3. Generated mesh for two magnetic fields. (a) Uniform magnetic field. (b) Non-uniform magnetic field.

TABLE I. Physical properties of model components.

Property Symbol Blood36 Fe3O4
41

Density (kg=m3) q 1050 5200
Conductivity [W=ðmKÞ] k 0.5 6
Specific heat [J=ðkgKÞ] Cp 3900 670
Kinematic viscosity (m2=s) � 0.003 � � �
Diameter (m) dp � � � 1� 10�9

Electrical conductivity (S/m) r 0.8 25 000
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FIG. 4. Validation and nature of thermal transfer for pure blood under saturated magnetization. (a) Re� vs B0. (b) Velocity profile, velocity contour, streamlines, and isotherm.
(c) Change in isotherms with B0 when Re¼ 50. (d) Change in isotherms with B0 when Re¼ 100. (e) Maximum and average temperature for pure blood.
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FIG. 5. Nature of flow and thermal transfer at Re¼ 250 and B0 ¼ 10 under strong magnetization for Fe3O4–blood suspension.

FIG. 6. Nature of thermal transfer under strong magnetization for Fe3O4–blood suspension. (a) Change in isotherms with B0 when Re¼ 200. (b) Change in isotherms with B0
when Re¼ 250.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 011902 (2023); doi: 10.1063/5.0128247 35, 011902-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


our computation model of both uniform and non-uniform magnetic
field, we plot the graph of R� vs B0 as in Ref. 2, where
Re� ¼ Re�Re0

Re0
� 100%, which is the percent change of a local Reynolds

number and Re0 is the Reynolds number for MnM ¼ MnF ¼ 0. Both
the figures show agreement with the data of Tzirtzilakis (with
@p
@z ¼ �15 000).

A. Study of non-uniform magnetic field

Blood in non-uniform magnetic field was studied extensively
by Tzirtzilakis.2 They formed a model based on both MHD and
FHD. For the validation of our study, we draw the axial velocity
profile, axial velocity contour, streamline Wðx; yÞ, and isotherms in
Fig. 4(b). The first three plots in Fig. 4(b) show qualitative agree-
ment with the one in Ref. 2, and the last one is the output of our
study. The first two plot in Fig. 4(b) shows how the magnetic force

pushes the parabolic flow profile from the lower plane of the duct
and creates a dent. The streamline contour in Fig. 4(b) shows how
u, v velocity components build two secondary flow region so that
the axial velocity is affected from the below. For blood in saturated
magnetization condition, the isotherms are given in Figs. 4(c) and
4(d) for Re¼ 50 and Re¼ 100, respectively. The isotherms show
how the change in magnetic strength can cause the isotherm to
bend in along the vertical midline region. Also, it shows that the
intensity of this change is more for the case where the Reynolds
number is greater, which shows that for a less viscous resistance
the magnetic force will reduce the high-temperature region more
quickly along the midline for a small magnetic field strength. This
is significant because previous study shows that blood is more
likely to be less viscous as the magnetic strength increases.18 Also,
the temperature is higher when Re is greater or equivalently it can
be said that when the viscous resistance is less.

FIG. 7. Nature of flow and thermal transfer at Re¼ 200 and B0 ¼ 10 under saturated magnetization for Fe3O4–blood suspension.
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In Fig. 4(e), we see that unlike uniform magnetic field, both the
maximum temperature and the average temperature decrease with the
magnetic field strength. Both the values go to wall temperature as the
temperature increases. Also, it is noticeable that for a B0 of less than 2
Tesla, maximum value of T remains at hyperthermic temperature
region and average temperature remains in hyper-thermal region for a
slightly greater value than 0 Tesla.

In Fig. 5, we see that the velocity change is much less compared
to the whole blood, but the change in temperature is still very notice-
able. Also, there is now two new secondary flow region near the wire.
We also simulated for the weak magnetization assumption. The result
for all Langevin approximation remains qualitatively same with only

difference visible in the numerical values. For that reason, we only
show here some plots for strong magnetization and saturated magneti-
zation, and for weak magnetization, it is not repeated.

In Figs. 6(a) and 6(b), the change with the Reynolds number is
very similar to the whole blood case. In a higher Reynolds number, the
change in isotherm is much quicker because of the less viscous
resistance.

In Fig. 7, we see that the velocity change is very small compared
to whole blood, but the temperature change is still very noticeable at
Re¼ 200 and high axial pressure gradient with high magnetic field
strength. There is two new secondary flow regions near the wire in the
tangential streamline of the flow as in the strong magnetization

FIG. 8. Nature of thermal transfer under saturated magnetization for Fe3O4–blood suspension. (a) Change in isotherms with B0 when Re¼ 200. (b) Maximum and average
temperature for Fe3O4–blood suspension.

FIG. 9. Convection due to advection and diffusion proportional to �@T@y jy¼0. (a) Change in nature of convection for Re. (b) Change in nature of convection for Pz. (c) Change in
nature of convection for /.
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approximation. So, in this case, we have high velocity and diffusion
of temperature. Other than that the graphs are qualitatively similar
to one another. In Fig. 8(a), we see that unlike whole blood there is
a two-way movement of the blood–nano-fluid mixture. The rela-
tively higher temperature is pushed away, but also there is low
temperature region, which pulls the isotherm toward the magnetic
force source. In Fig. 8(b), the trend of Tmax and Tavg is same as the
whole blood case, except this time the temperature remain very
close to the wall temperature. For the mixed fluid in saturated
magnetization, the convection coefficient or the Nusselt number
will be proportional to � @T

@y at the lower wall. So, to have an idea of
the convection due to advection and conduction, we plot � @T

@y vs
Re, Pz, and /, respectively, in Figs. 9(a)–9(c). It is observed that
� @T

@y increases or decreases when Re, Pz, and / increase or
decrease. From this, we can say that the vertical convection will be
inversely proportional viscosity and directly to the volume fraction

of the particle as blood is more likely to be less viscous in a mag-
netic field. So, convection transfer will overall increase in blood
when / and Pz remain constant.

B. Study of uniform magnetic field

For uniform magnetic field, we plot the graph showing the trend
of maximum temperature changing as we increase the magnetic field
strength in the domain in Fig. 10(a) and for average temperature in
Fig. 10(b). This two properties show contrasting behavior. The maxi-
mum temperature keeps increasing for higher magnetic strength,
whereas the average temperature starts decreasing after a short con-
stant trend. From the fully developed temperature profile, it becomes
apparent that the maximum temperature value only increases locally,
but the temperature profile keeps shrinking in that they move away
from the wall to the center of the duct.

FIG. 10. Change of maximum and aver-
age temperature under uniform magnetic
field. (a) Maximum T in pure blood. (b)
Average T in pure blood. (c) Maximum T
in Fe3O4–blood. (d) Average T in
Fe3O4–blood.
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For Fe3O4–blood suspension, we see a similar situation, but in
this case, the maximum temperature remains just above the hyperther-
mia temperature, as can be seen in Fig. 10(c). On the other hand, the
average temperature has similar trend, but the temperature is always
under the hyperthermia range. Figure 10(d) shows that the average
temperature is in the range 0:82 < Tavg < 0:85. Both these happen
for the same reason. If we look at the developed temperature profile,
then we will see that the tip of the profile gets sharper, which corre-
sponds to the increasing maximum temperature but the circumference
get thinner so average temperature in the domain gets smaller. This is
shown in Fig. 11.

VI. CONCLUSIONS

We have studied the thermal distribution of pure blood and an
MNP–blood mixture with the effects of non-uniform and uniform
magnetic field on them. A computer simulation of the problem was
created, and the numerical solution was generated. The results were
presented and discussed in detail. To summarize the result of the
study:

1. In uniform magnetic field,
(a) The highest temperature rises locally at the tip of a fully

developed temperature profile.
(b) At first, the average temperature does not change much as

the magnetic field strength goes up, but over time, it goes
down faster than when the magnetic field strength is low.

(c) Blood has a tendency to become temporarily less viscous
in a high magnetic field. As the Reynolds number
increases, it is the temperature. To keep the temperature in

the range between Tw < T < Tf , the axial pressure gradi-
ent should be kept low, as the Reynolds number increases.

2. In non-uniform magnetic field,

(a) Isotherms are pushed in the direction of magnetic force
and velocity.

(b) When the fluid is less viscous, that is, the Reynolds num-
ber is bigger, then the push is more noticeable starting at a
lower magnetic strength.

(c) Both the average and local maximum temperatures
decrease with the increasing magnetic strength.

(d) Lower axial pressure gradient is necessary to keep the fluid
in therapeutic temperature.

(e) �@T@y jy¼0 for 0 � x � 1 is proportional to the Reynolds
number, axial pressure gradient, and volume fraction.

The three-dimensional model is simplified by our geometric
model. Consequently, there are some limitations to our model. A com-
plete three-dimensional model will provide more opportunities to
investigate the various types of data. In addition, our calculations
assume that the blood and Fe3O4 mixture flows as a single phase. A
two-phase flow would allow us to study particle dynamics and their
respective contributions to the thermal distribution of the fluid under
investigation. In the future, we hope to overcome these limitations and
examine a more comprehensive model to expand this investigation.
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FIG. 11. Developed temperature profile in uniform magnetic field.
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