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Abstract

In this study, the fundamental problem of biomagnetic fluid flow in an aneurysmal geometry under

the influence of a steady localized magnetic field is numerically investigated. The mathematical model

used to formulate the problem is consistent with the principles of ferrohydrodynamics (FHD). Blood

is considered to be an electrically non-conducting, homogeneous, non-isothermal Newtonian magnetic

fluid. For the numerical solution of the problem, which is described by a coupled, non-linear system

of PDEs, with appropriate boundary conditions, the stream function-vorticity formulation is adopted.

The solution is obtained by applying an efficient pseudotransient numerical methodology using finite

differences. This methodology is based on the application of a semi-implicit numerical technique,

transformations, stretching of the grid and construction of the boundary conditions for the vorticity.

The results regarding the velocity and temperature field, skin friction and rate of heat transfer indicate

that the presence of a magnetic field considerably influences the flow field, particularly in the region

of the aneurysm.
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1 Introduction

A biomagnetic fluid is a biological fluid whose flow is affected by the presence of a magnetic field. All

biological fluids may be considered biomagnetic fluids because they contain ions that can interact with

an applied magnetic field. For blood, in particular, it has been found that the erythrocytes orient with

their disk plane parallel to the magnetic field [1]-[5] and that blood behaves as a diamagnetic material

when oxygenated and as a paramagnetic material when deoxygenated [6].

The first mathematical model for the flow of biomagnetic fluids under the action of an applied magnetic

field, termed Biomagnetic Fluid Dynamics (BFD), was developed by Haik et al. [7]. According to BFD,

biofluids are actually treated as isothermal, electrically non-conducting magnetic fluids (ferrofluids). One

representative biomagnetic fluid is blood, which exhibits polarization due to the erythrocytes. Thus,

blood can be considered to be a magnetic fluid, with the erythrocytes playing the role of the magnetic

dipoles and the plasma playing the role of the liquid carrier. This model is consistent with the principles

of ferrohydrodynamics (FHD), and the dominant force in the flow field is that of magnetization [7], [8],

[9].

However, blood also contains ions in the plasma, which interact with an applied magnetic field. Con-

sequently, blood can be considered to be an electrically conducting fluid that simultaneously exhibits

magnetization, and thus, the principles of magnetohydrodynamics (MHD) [10], [11] could also be incor-

porated into the mathematical model. Moreover, temperature variations are of considerable importance

for biological systems, even variations of 1oC, because hyperthermia or hypothermia are used for various

experimental medical techniques, such as cancer tumor treatment, injury treatment or open heart surg-

eries [12], [13], and the inclusion of the energy equation in the mathematical problem is also important

[14].

Note that the magnetization of blood can be further increased by adding artificially created nanopar-

ticles, which is a common technique in experimental applications such as the ones mentioned above or

for targeted drug delivery. Practically speaking, this means that the biofluid can behave like a ferromag-

netic fluid. An extended mathematical model for BFD that incorporates the principles of both FHD and
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MHD for non-isothermal flows was developed in [14]. Under certain assumptions, such as the adoption

of isothermal flow, a sharp magnetic field gradient or a low magnetic field strength, the momentum

equations of [14] can be reduced to that used in the BFD model of Haik et al. [7]. These models are

used for either the formulation of pure blood flow in a magnetic field or for blood flow with magnetic

nanoparticles mentioned above.

A topic that is being experimentally investigated is the influence of strong magnetic fields on blood

flow itself. It has been observed that the microcirculatory blood flow of a rat during exposure to an

8 T static magnetic field decreased substantially [15, 16]. However, an 8 T magnetic field does not

change the left ventricular pressure of a normal pig [17]. Thus, it can be assumed that the reduction

of blood flow is not caused by the reduction of pressure but rather by the impact of the magnetic field

on blood itself. In vitro experiments have been performed, which verified an increase in the resistance

of blood flow under high magnetic fields of 3, 5 and 10 T [18]. The effects of magnetic fields on blood

flow have also been theoretically analyzed by treating blood as an electrically conductive fluid [19].

Recently, experiments have been performed using a very strong magnetic field (11.7 T) to explore its

impact on physiological measurements, including cerebral blood flow, blood volume and oxygenation

determination [20]. Moreover, the influence of magnetic fields on biomedical devices has been questioned

due to possible hazards during magnetic resonance imaging (MRI). The use of MRI devices with high

magnetic field strengths (> 3 T) is increasing worldwide, thereby increasing the potential for the fatal

torque or dislodgement of aneurysm clips placed in patients. Consequently, relative research is ongoing

concerning estimations of the interaction of aneurysm clips with the magnetic fields of 3 T or even 8

T MRI systems [21], [22]. It is apparent from the studies referenced above that in the near future, the

appearance and utilization of MRI systems using an 8 T magnetic field is very likely, and thus, the use

of the BFD model for high values of magnetic field strength to investigate possible effects on blood flow

is justified.

Numerous numerical studies have investigated blood flow in aneurysmal geometries, some of which

were mentioned above. The axisymmetric blood flow in abdominal aortic aneurysms is also studied in
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[23, 24]. There are also studies investigating the influence of a magnetic field on blood flow in pathological

geometries exhibiting stenosis. Flows investigated by the use of the BFD model of Haik et al. are the

flow in a channel with thrombus [25] and the BFD flow downstream of an eccentric stenotic orifice [26].

One main result of these studies is that the application of the magnetic field results in an enlargement of

the vortex after the stenotic area and the shifting of the reattachment of the flow toward the downstream

direction. Other studies include the numerical analysis of MHD blood flow in stenosed arteries treated as

a non-Newtonian fluid using the Finite Differences (FD) method [27], the BFD flow in stenosis [28], and

the study of magnetohydrodynamic effects on blood flow through an irregular stenosis [29]. Recently,

the MHD flow in stenosis was studied in [30], where it was demonstrated that the proposed model can

predict the reduction of the blood velocity field and the change of the recirculation zones downstream

of the stenosis. The skin friction coefficient was locally increased at the stenosis area and significantly

reduced at the recirculation zones as the magnetic field intensity was increased. Finally, the MHD effects

on blood flow in an aneurysmal geometry were studied in [31] through a finite element analysis. In this

work, it was found that a moderate magnetic field (<4 T), despite a small increase in the pressure and

maximum wall shear stress, appears to restrict the recirculation zones in a small portion of the dilated

part of the aneurysm, mainly proximal to the aneurysmal neck. An interesting result is that a stronger

magnetic field (>4 T) caused a substantial increase in the pressure and maximum wall shear stresses,

which might become dangerous when the exposure time is increased.

From a numerical perspective, the magnetization terms that enter the governing equations due to the

principles of FHD constitute a dense “source term”, which locally is of a greater order of magnitude

than the other terms and gives rise to extended disturbances in the flow field, such as the formation

of vortices. Thus, particularly for high values of the magnetic parameter combined with high gradient

magnetic fields, the calculation of the numerical solution is not a trivial task, and thus, it requires the

adoption of specialized techniques. An effective numerical methodology using finite differences and the

well-known stream function–vorticity formulation was implemented in [32] and was also effectively applied

for the solution of the physical problem in [28]. There are four essential elements of this methodology.
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First, a pseudotransient algorithm is used in which the time derivatives appear in the equations, but the

time t plays the role of iterations to parabolize the governing equations. Second, grid transformations

are used in such a way that the grid is configured to be dense at the area where the major disturbances

of the flow field are expected, and the calculations are performed in a simple orthogonal computational

domain rather than the more complicated physical domain. Third, a boundary condition for the vorticity

equation is constructed on the solid walls, and fourth, a semi-implicit numerical technique is developed

for estimating the solution at the next time step (iteration) [28], [32].

In the present study, the BFD flow in an simplified axisymmetric aneurysmal geometry (2D) is numer-

ically investigated. The biofluid is considered to be blood, and a magnetic field with a sufficiently high

gradient is applied to apply the properties of FHD. Namely, blood is considered to be a homogeneous,

Newtonian non-isothermal and electrically non-conducting fluid with sustained equilibrium magnetiza-

tion, and the mathematical model is the one in [14]. The flow is assumed to be two-dimensional, laminar,

incompressible and the magnetization is described by a linear equation that involves the magnetic in-

tensity H and the temperature T . The two walls are considered to be impermeable and are maintained

at a constant temperature that is lower than that of the biofluid. The magnetic field is applied below

the lower wall before the fluid enters the aneurysm area. The physical problem is described by a cou-

pled, non-linear system of PDEs resulting from the mathematical model presented in [14]. The stream

function–vorticity formulation is adopted, and the solution of the problem is obtained numerically by ap-

plying the numerical methodology presented in [32]. The results regarding the velocity and temperature

field, skin friction and rate of heat transfer presented show that the flow is appreciably influenced by the

magnetic field. These encouraging results indicate that the application of a magnetic field in the flow of

a biomagnetic fluid could be useful for medical and engineering applications.

2 Mathematical Formulation

The viscous, steady, two-dimensional, incompressible, laminar biomagnetic fluid (blood) flow is con-

sidered to occur between two impermeable walls forming an aneurysm. The present physical problem
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constitutes a simplification of a configuration presented in three dimensions in fig. 1(A). The adoption

of the present simplification implies that the flow is investigated at the x̄− ȳ plane shown in fig. 1(B). It

is assumed that this plane is positioned sufficiently far from the side walls to not interact with the flow

and that there is no secondary flow toward the z̄ direction.

Figure 1: Representation of the geometry of the physical problem. (A) The configuration in 3D and the

plane of symmetry, (B) The configuration in 2D where the flow is studied.

The length of the walls is L̄, and the distance between them at the entrance is h̄. The origin of

the Cartesian coordinate system is located at the leading edge of the lower wall. The positions of the

upper and lower walls are mathematically formulated through the use of a function with respect to the

x̄ direction. The position of the boundaries are given by the functions F̄1(x̄) and F̄2(x̄) for the lower and

upper walls, respectively, defined by

F̄1 (x̄) =
Ā1

2

[
1 + cos

(
π (x̄− x̄1)

B̄1

)]
, F̄2 (x̄) = h̄− Ā2

2

[
1 + cos

(
π (x̄− x̄2)

B̄2

)]
where Ā1, Ā2, B̄1, B̄2 are positive constants with length units controlling the degree of expansion and the
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length of the expanded area, respectively, whereas x̄1, x̄2 are the positions of the lower and upper walls

where the major expansion occurs. The flow is subject to a magnetic source, which is placed very close to

the lower wall and below it. The magnetic source is considered to be a magnetic wire (current-carrying

conductor) positioned vertical to the x̄− ȳ plane. A schematic representation of the flow field is given in

Figure 1B.

The flow at the entrance is assumed to be fully developed, and the walls are maintained at a constant

temperature T̄w, while the fluid is at temperature T̄f such that T̄w < T̄f . The bar above the quantities

denotes that they are dimensional. The flow is considered to be laminar, and the increment of the viscosity

due to the magnetic field is considered to be negligible. Additionally, the rotational forces acting on the

erythrocytes when entering and exiting the magnetic field are discarded (equilibrium magnetization). The

walls are assumed to be electrically non-conducting, and the electric field is considered to be negligible.

The applied magnetic field is of high enough gradient to assume that the source terms arising due to

the principles of Magnetohydrodynamics, namely the Lorentz force at the momentum equations and the

Joule heating term at the energy equation, can be omitted. Under the above assumptions, the equations

governing the flow under consideration are [7] and [14]:

∂ū

∂x̄
+
∂v̄

∂ȳ
= 0, (1)

ρ̄

(
ū
∂ū

∂x̄
+ v̄

∂ū

∂ȳ

)
= −∂p̄

∂x̄
+ µ̄0M̄

∂H̄

∂x̄
+ µ̄

(
∂2ū

∂x̄2
+
∂2ū

∂ȳ2

)
, (2)

ρ̄

(
ū
∂v̄

∂x̄
+ v̄

∂v̄

∂ȳ

)
= −∂p̄

∂ȳ
+ µ̄0M̄

∂H̄

∂ȳ
+ µ̄

(
∂2v̄

∂x̄2
+
∂2v̄

∂ȳ2

)
, (3)

ρ̄c̄p

(
ū
∂T̄

∂x̄
+ v̄

∂T̄

∂ȳ

)
+ µ̄0T̄

∂M̄

∂T̄

(
ū
∂H̄

∂x̄
+ v̄

∂H̄

∂ȳ

)

= k̄

(
∂2T̄

∂x̄2
+
∂2T̄

∂ȳ2

)
+ µ̄

[
2

(
∂ū

∂x̄

)2

+ 2

(
∂v̄

∂ȳ

)2

+

(
∂v̄

∂x̄
+
∂ū

∂ȳ

)2
]
. (4)
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The boundary conditions of the problem are

Inflow (x̄ = 0, 0 ≤ ȳ ≤ h̄) : ū = ū(ȳ), v̄ = 0, T̄ = T̄ (ȳ)

Outflow (x̄ = L̄, 0 ≤ ȳ ≤ h̄) : ∂ū/∂x̄ = ∂v̄/∂x̄ = ∂T̄ /∂x̄ = 0

Upper wall (ȳ = h̄, 0 ≤ x̄ ≤ L̄) : ū = 0, v̄ = 0, T̄ = T̄w

Lower wall (ȳ = 0, 0 ≤ x̄ ≤ L̄) : ū = 0, v̄ = 0, T̄ = T̄w


(5)

In the above equations, all quantities are dimensional, ~q= (ū, v̄) is the velocity, p̄ is the pressure, T̄

is the temperature, ū(ȳ) is a parabolic velocity profile corresponding to the fully developed flow, T̄ (ȳ)

is a parabolic profile of the temperature, ρ̄ is the biomagnetic fluid density, µ̄ is the dynamic viscosity,

µ̄o is the magnetic permeability of vacuum, c̄p is the specific heat at constant pressure, k̄ is the thermal

conductivity, H̄ is the magnetic field strength, and B̄ is the magnetic induction (B̄= µ̄oH̄).

The term µ̄oM̄∂H̄
/
∂x̄ in (2) represents the component of the magnetic force per unit volume and

depends on the existence of the magnetic gradient. The term µ̄0T̄
∂M̄
∂T̄

(
ū∂H̄∂x̄ + v̄ ∂H̄∂ȳ

)
in (4) represents

the thermal power per unit volume due to the magnetocaloric effect. These two terms arise due to the

principles of FHD [8]∼[9]. For the variation of the magnetization M̄ with the magnetic field intensity H̄

and temperature T̄ , the following relation derived experimentally in [33] and also used in [28] is considered

M̄ = K̄H̄(T̄c − T̄ ), (6)

where K̄ is a constant and T̄c is the Curie temperature.

The components of the magnetic field intensity H̄x and H̄y along the x̄ and ȳ coordinates ( ~H =

(H̄x, H̄y)) are respectively given by

H̄x =
γ

2π

ȳ − b̄
(x̄− ā)2 + (ȳ − b̄)2

, H̄y = − γ

2π

x̄− ā
(x̄− ā)2 + (ȳ − b̄)2

(7)

where (ā, b̄) is the point where the magnetic wire (current-carrying conductor) is placed and γ is the

magnetic field strength at this point (x̄ = ā, ȳ = b̄).

The magnitude H̄ of the magnetic field intensity is given by
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H̄(x̄, ȳ) = [H̄2
x + H̄2

y ]1/2 =
γ

2π

1√
(x̄− ā)2 + (ȳ − b̄)2

, (8)

The selection of this type of magnetic field is made as a plausible choice of a common magnetic field

that decays with the distance from the source similar to the one generated by a magnetic wire. Because

there are commercial devices that generate various forms of magnetic fields with a regulated magnetic

field gradient, the potential choices for the form of the applied magnetic field are numerous. Note that

in BFD as well as in FHD problems, the form of the magnetic field is the major determining factor for

the formation of the flow field. Clearly, BFD contains combined principles of MHD and FHD. A sharp

magnetic field gradient will lead to strong polarization and the BFD problem will behave more like an

FHD one. On the other hand, a smoother magnetic field gradient and a relatively high magnetic field

strength throughout the flow field will give rise to Lorenz force. In this case, the BFD formulation will

cause the flow pattern to behave like an MHD one. Thus, one can choose other types of magnetic field

motivated by the current study to further investigate this interesting topic, i.e., the influence of applying

different types of magnetic fields on the flow.

3 Transformation of Equations

To proceed to the numerical solution of the system (1)∼(4) with the boundary conditions (5) and the

assumptions (6) and (8), the following non-dimensional variables are introduced

ζ =
x̄

h̄
, ϕ =

ȳ

h̄
, t =

t̄µ̄

ρ̄h̄2
, u =

ū

ūr
, v =

v̄

ūr
, (9)

p =
p̄

ρū2
r

, H =
H̄

H̄o
, T =

T̄ − T̄w
T̄f − T̄w

, (10)

where ūr is the maximum velocity of the blood at the entrance of the aneurysm and H̄o=H̄(ā, 0).

For the numerical solution, the stream function–vorticity formulation is adopted by introducing the

dimensionless vorticity function J = J(ζ, ϕ) and the dimensionless stream function Ψ = Ψ(ζ, ϕ) defined

by the expressions
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J (ζ, ϕ) =
∂v

∂ζ
− ∂u

∂ϕ
, (11)

u =
∂Ψ

∂ϕ
, v = −∂Ψ

∂ζ
. (12)

Thus, equation (1) is automatically satisfied, and equations (2), (3) and (4) produce, by eliminating

the pressure p from the first two and substituting (12) in (4) and (11), the following system of equations

∇2Ψ = −J, (13)

∂J

∂t
= ∇2J −Re

(
∂J

∂ζ

∂Ψ

∂ϕ
− ∂J

∂ϕ

∂Ψ

∂ζ

)
+MnFReH

(
∂H

∂ζ

∂T

∂ϕ
− ∂H

∂ϕ

∂T

∂ζ

)
, (14)

Pr
∂T

∂t
= ∇2T − PrRe

(
∂T

∂ζ

∂Ψ

∂ϕ
− ∂T

∂ϕ

∂Ψ

∂ζ

)
+ PrEc

[(
∂2Ψ

∂ϕ2
− ∂2Ψ

∂ζ2

)2

+ 4

(
∂2Ψ

∂ζ∂ϕ

)2
]

+MnFPrReEcH(ε+T )

(
∂H

∂ζ

∂Ψ

∂ϕ
− ∂H

∂ϕ

∂Ψ

∂ζ

)
(15)

where ∇2 is the two-dimensional Laplacian operator (∇2 = ~∇ · ~∇ =
(
∂2/∂ζ2 + ∂2/∂ϕ2

)
).

In the above equations, the variable t is not a real time variable but rather is introduced to play the

role of iterations as we reach the steady state solution. This introduction of the “time” is known as a

pseudotransient method for numerically solving the governing equations [28], [32].

The non-dimensional parameters that now enter into the problem under consideration are

Re =
h̄ρ̄ūr
µ̄

(Reynolds number), Ec =
ū2
r

c̄p(T̄f − T̄w)
(Eckert number),

ε =
T̄w

T̄f − T̄w
(Temperature number), Pr =

c̄pµ̄

k̄
( Prandtl number),

MnF =
µ̄oH̄

2
o K̄(T̄f − T̄w)

ρ̄ū2
r

(Magnetic number arising from FHD).

The parameter entering in the problems of BFD (and consequently of FHD) is the magnetic number

MnF defined above. Note that when this number is zero, the problem is reduced to the problem of
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a common hydrodynamic flow in a aneurysm with heat transfer. Additionally, for a specific Reynolds

number and temperature difference, increasing these magnetic numbers is equivalent to increasing the

magnetic field strength intensity H̄o.

The magnitude H of the magnetic field intensity is also derived by relations (9), (10) and (8) and is

given by

H(ζ, ϕ) =
|b|√

(ζ − a)2 + (ϕ− b)2
. (16)

Figure 2: Magnetic field strength intensity H(ζ, ϕ) for various values of the dimensionless distance b.

Note that the parameter b may be connected to the physical distance b̄ of the wire from the wall, but

it also plays an important role in the formation of the magnetic field gradient. Adopting this formulation

b actually regulates the dimensionless magnetic field gradient given by relation (16). As b decreases, a

sharper magnetic field gradient is generated. Figure 2 depicts H(ζ, ϕ) for b = −0.8,−0.2 and −0.05,

respectively.
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3.1 Grid Configuration

Two transformations of the physical plane are considered. According to the first transformation, the

grid is stretched in the direction that is more dense toward the walls (ϕ–direction) and to the ζ=a point

(ζ–direction) where the magnetic field is applied. This transformation occurs between the planes (ζ −ϕ)

and (ξ − η). The relation between the coordinates is given below [34]:

ζ(ξ) = ξo

(
1 +

sinh[τ(ξ − λ)]

sinh[τλ]

)
, ϕ(η) =

2δ1 − δ2 + (δ2 + 2δ1)κ
η−δ1
1−δ1
1

(1 + 2δ1)

(
1 + κ

η−δ1
1−δ1
1

) (17)

ξ(ζ) = λ+
1

τ
sinh−1

[(
ζ

ξo
− 1

)
sinh(λτ)

]
, η(ϕ) = δ1 +

(1− δ1) ln [κ2]

ln [κ1]
(18)

where

λ =
1

2τ
ln

∣∣∣∣ 1 + (eτ − 1)(ξo/ξmax)

1 + (e−τ − 1)(ξo/ξmax)

∣∣∣∣ , κ1 =

(
δ2 + 1

δ2 − 1

)
, κ2 =

−2δ1 + δ2 + ϕ(1 + 2δ1)

2δ1 + δ2 − ϕ(1 + 2δ1)
(19)

In the above relations, ξmax is the aforementioned dimensionless length of the walls (L̄/h̄), ξo is the

point where the grid clustering occurs, and τ is a parameter that controls the rate of clustering toward

the ζ direction and varies from zero (no stretching) to large values that produce the largest clustering

near ξ = ξo. Moreover, δ1 and δ2 are parameters that control the stretching toward the ϕ direction. If

δ1 = 0, then the mesh will be refined only near ϕ = 1, whereas if δ1 = 0.5, then the mesh will be refined

equally near ϕ = 0 and ϕ = 1 [34]. Thus, the grid is clustered toward the ζ direction at the area of the

magnetic source for ξo = a. A clustering also occurs near the walls due to the stretching toward the ϕ

direction.

The derivatives that appear in (13)∼(15) are transformed according to the relations

∂

∂ζ
=

∂

∂ξ

∂ξ

∂ζ
,

∂

∂ϕ
=

∂

∂η

∂η

∂ϕ
,

∂2

∂ζ∂ϕ
=

∂2

∂ξ∂η

∂ξ

∂ζ

∂η

∂ϕ
(20)

∂2

∂ζ2
=

∂2

∂ξ2

(
∂ξ

∂ζ

)2

+
∂

∂ξ

∂2ξ

∂ζ2
,

∂2

∂ϕ2
=

∂2

∂η2

(
∂η

∂ϕ

)2

+
∂

∂η

∂2η

∂ϕ2
(21)
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In the above relations, the quantities ∂ξ/∂ζ,
∂2ξ
/
∂ζ2, ∂η/∂ϕ and ∂2η

/
∂ϕ2 are easily calculated from

(18).

Hereafter, another transformation is used from the (ξ − η) plane to the computational plane (x− y).

This transformation is used to transform the computational domain into a rectangular one. The relations

used are as follows:

ξ(x) = x, η(x, y) = F1(x) + y(F2(x)− F1(x)) (22)

and consequently,

x(ξ) = ξ, y(ξ, η) =
η − F1(ξ)

F2(ξ)− F1(ξ)
, (23)

where F1(x) and F2(x) are the equations that provide the position of the lower (y = 0) and the upper

(y = 1) walls, respectively. For the physical problem under consideration

Figure 3: Transformations of grid
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F1 =
A1

2

[
1 + cos

(
π (ξ − ξ1)

B1

)]
, F2 = 1− A2

2

[
1 + cos

(
π (ξ − ξ2)

B2

)]
(24)

where A1 and A2 are constants for regulating the rate of the aneurysm. For A1 = A2 = 0, there is no

aneurysm and the walls are flat (similar to a straight channel). The constants B1 and B2 control the

extension of the aneurysm toward the ξ direction, and ξ1, ξ2 are the points where the extrema of F1 and

F2 occur, respectively (see Figure 1).

Here, the transformations of the derivatives are

∂

∂ξ
=

∂

∂x

∂x

∂ξ
+

∂

∂y

∂y

∂ξ
,

∂

∂η
=

∂

∂y

∂y

∂η
(25)

∂2

∂ξ2
=

∂

∂y

∂2y

∂ξ2
+

∂2

∂x2

(
∂x

∂ξ

)2

+
∂2

∂y2

(
∂y

∂ξ

)2

+ 2
∂2

∂x∂y

∂x

∂ξ

∂y

∂ξ
,

∂2

∂η2
=

∂2

∂y2

(
∂y

∂η

)2

(26)

∂2

∂ξ∂η
=

∂

∂y

∂2y

∂ξ∂η
+

∂2

∂y2

∂y

∂ξ

∂y

∂η
+

∂2

∂x∂y

∂x

∂ξ

∂y

∂η
(27)

The metrics that appear in the above equations are calculated using relations (22) and (23). For

a better demonstration of the transformations as well as the transformations of the physical to the

computational plane, the procedure for the grid is demonstrated in Figure 3.

3.2 Transformed Equations

The transformed equations can be derived by applying the following steps:

• Calculate the metrics ∂ξ
∂ζ , ∂η

∂ϕ from relations (18).

• Evaluate the operators of the derivatives using relations (20) and (21).

• Replace the corresponding derivatives to the governing equations (13)∼(15) and derive the equations

in the (ξ − η) plane (first transformation).

• Calculate the metrics ∂x
∂ξ , ∂y

∂ξ , ∂y
∂η , ∂2y

∂ξ2
, ∂2y
∂ξ∂η using relations (23).
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• Evaluate the operators of the derivatives from relations (25)∼(27).

• Replace the corresponding derivatives to the governing equations of the (ξ−η) plane (step 3 above)

and derive the final equations in the computational (x− y) plane (second transformation).

Consequently, the final transformed equations, resulting from the above procedure, have an extremely

complex form. However, the use of the present methodology enables us to bypass this resulting very

complex system of governing equations. Rather than this system, to derive the numerical solution, the

considerably less complex system of equations (13)∼(15) is used, as in [28] and [32].

3.3 Boundary Conditions

To obtain the numerical solution to the present problem, the boundary conditions (5) should also be

transformed from the initial real plane (x̄− ȳ) to the final computational one (x− y).

The boundary conditions with respect to the dimensionless (ζ − ϕ) plane are [28], [32]:

Inflow (ζ = 0, 0 ≤ ϕ ≤ 1) : Ψ=2ϕ2 − (4/3)ϕ3, T =4ϕ(1− ϕ), J=8ϕ− 4

Outflow (ζ = L̄/h̄, 0 ≤ ϕ ≤ 1) : ∂Ψ/∂ζ = ∂T/∂ζ = ∂J/∂ζ = 0

Upper wall (ϕ = F2(ζ), 0 ≤ ζ ≤ L̄/h̄) : Ψ = 2/3, T = 0, J = Ji,m

Lower wall (ϕ = F1(ζ), 0 ≤ ζ ≤ L̄/h̄) : Ψ = 0, T = 0, J = Ji,m


(28)

where Ji,m is the vorticity on the boundary point considered, as shown in Fig. 4.

The vorticity Ji,m at the boundary point is given by [28], [32]:

Ji,m =
1

∆x2∆y2

[
2

(
∂ξ

∂ζ

)2
(

∆y2 (−Ψ(i− 1,m) + Ψ(i,m)) + ∆x2 (−Ψ(i,m− 1) + Ψ(i,m))

(
∂y

∂ξ

)2
)

+2∆x2 (−Ψ(i,m− 1) + Ψ(i,m))

(
∂η

∂ϕ

)2(∂y
∂η

)2
]

+O(∆x2) +O(∆y2)(29)

The vorticity boundary conditions enable us to solve the transformed equation (14) provided that the

right-hand side is already known from the previous iteration (“time” step). However, the determination

of Ψ from the transformed equation (13) depends on the distribution of the vorticity within the bounded
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Figure 4: Grid points for calculating Ji,m at boundary point (i,m).

domain. Thus, Ψ and J are coupled, and for the solution of the transformed system (13)∼(15), an

iterative procedure will be employed.

4 Numerical Method

As previously mentioned, the employed numerical method is the one that was applied in [28] and [32].

A brief description is provided here for the purpose of completeness. The equation resulting from the

transform of (13), although more complex than (13) itself, is a linear equation and can be solved rapidly

and efficiently using a simple S.O.R. method. For the other two governing equations, the implementation

of the numerical method consists of using equations (14) and (15), not the corresponding transformed

equations. The manipulations are demonstrated for the vorticity equation (14), which is

∂J

∂t
= ∇2J −Re

(
∂J

∂ζ

∂Ψ

∂ϕ
− ∂J

∂ϕ

∂Ψ

∂ζ

)
+MnFReH

(
∂H

∂ζ

∂T

∂ϕ
− ∂H

∂ϕ

∂T

∂ζ

)
Following the considerations in [32], the “time” derivative is discretized using a common finite differ-

ences method, and at the same time, the term ∂J/∂y is considered to be unknown (at the n + 1 time

step). Thus, the above equation is rewritten in the form

∂J

∂t
− Re

[
∂J

∂ϕ

]n+1 [∂Ψ

∂ζ

]n
= [D(ζ, ϕ)]n ⇒ ∂J

∂t
+ Cn(ζ, ϕ)

[
∂J

∂ϕ

]n+1

= [D(ζ, ϕ)]n (30)

where

C(ζ, ϕ) = −Re

[
∂Ψ

∂ζ

]n
, D(ζ, ϕ) = ∇2J −Re∂J

∂ζ

∂Ψ

∂ϕ
+MnFReH

(
∂H

∂ζ

∂T

∂ϕ
− ∂H

∂ϕ

∂T

∂ζ

)
. (31)
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The derivatives in C(ζ, ϕ) and D(ζ, ϕ) in relations (31) are transformed using relations (20) and (21).

In this way, the C(ξ, η) and D(ξ, η) are obtained. Hereafter, all the derivatives appearing in C(ξ, η) and

D(ξ, η) are transformed using (25)∼(27), and finally, C(x, y) and D(x, y) are calculated. In this way,

equation (30) is transformed from the ζ − ϕ to the x − y plane. This transformation is not attained

through complicated algebraic manipulations but within the program in a much easier way demonstrated

in the algorithm presented later. Equation (30) is now transformed into

∂J

∂t
+ [C(x, y)]n

∂η

∂ϕ

∂y

∂η

[
∂J

∂y

]n+1

= [D(x, y)]n (32)

where C(x, y) and D(x, y) are the transformed C(ζ, ϕ) and D(ζ, ϕ), respectively. The expressions of

C(x, y) and D(x, y) are sufficiently complex, and it is unnecessary to present their exact algebraic ex-

pressions.

In relation (32), the time derivative is discretized using third-order backward finite differences, whereas

second-order central differences are used for the term ∂J/∂y. Moreover, all the derivatives appearing in

expression (32) are discretized using central differences of second-order accuracy except the term ∂J/∂x,

which is discretized using a third-order upwind scheme [34]. Thus, equation (32) is written in the form

−
[
C(x, y)

∂Ψ

∂x

]n
Jn+1
i,j−1 +

11

6∆t
Jn+1
i,j +

[
C(x, y)

∂Ψ

∂x

]n
Jn+1
i,j+1 = RHS (33)

where

RHS = [D(x, y)]n +
Jn−2
i,j

3∆t
−

3Jn−1
i,j

2∆t
+

3Jni,j
∆t

(34)

It can be observed that (33) is written in a way that constitutes a scalar tridiagonal system along

each x grid line (i constant) and can be solved using the Thomas algorithm. Thus, the solution at the

next time step (n+ 1) for equation (14) can be calculated implicitly for each i line constant starting from

the entrance of the channel and ending at the exit. Equation (15) can be manipulated in an analogous

manner. Thus, the solution of the system (13)∼(15) is achieved iteratively (with the time t playing the

role of an iteration parameter) by solving, for all i lines, the arising tridiagonal systems until the unknown
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function at all the grid points of the computational domain has been evaluated up to an accuracy e (the

steady state has been reached).

To summarize, the algorithm of the employed procedure is

1. Give initial guesses for the interior points of the computational domain and the boundary conditions.

2. Calculate a new estimation for Ψ by solving the transformed form of (13), considering J as known.

3. Considering Ψ as known, construct the boundary conditions for J using (29).

4. Calculate all the derivatives appearing in C(ζ, ϕ) and D(ζ, ϕ) in (32).

5. Transform the above derivatives using relations (20) and (21) and thereby obtain C(ξ, η) and

D(ξ, η).

6. Transform C(ξ, η) and D(ξ, η) using relations (25)∼(27) and thereby obtain C(x, y) and D(x, y).

7. Calculate a new estimation for J by using (33) for all xi points, considering Ψ, T as known.

8. Considering now Ψ and J as known, calculate a new estimation for T by performing analogous

operations as in steps 4∼7.

9. Compare the new estimation (tn+1) of Ψ, J and T with the old one (tn). If the criterion of

convergence is not satisfied, return to the second step.

The criterion of convergence used is particularly strict, which also reflects the good behavior of the

numerical methodology in terms of stability. The criterion is

max
i,j

∣∣Fn+1 − Fn
∣∣ < 2× 10−5

, where Fn is an estimation of an unknown function F , (Ψ, J or T ) at the n iteration for all the grid

points i, j in the computational domain.
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5 Results and Discussion

The results are obtained after applying the aforementioned algorithm. Although the methodology

used was proven to be quite efficient in [28] and [32], additional comparisons have been made for the

hydrodynamic flow with the experimental and numerical results presented in [24]. The test runs were

performed for the cases of the aneurysm models 3 and 4 of [24] and for Re numbers 800 and 500,

respectively, and there is a very good agreement of the results of [24] with the results of the present

study. The results have also been found to be in good agreement for the hydrodynamic flow with the

ones obtained in [31]. Moreover, grid independency has been evaluated for the results obtained in the

present study for grids 80× 350 and 110× 700, and no significant variations were found.

An important issue arising for the derivation of the results is the assignment of values to the dimen-

sionless parameters entering into the problem under consideration. This range of values could be very

large and quite unpredictable, particularly for the parameter MnF , because experimental research is

in progress and for other various reasons also discussed in [14], [28] and [32]. Another problem that

should be addressed is the compatibility of the value of one parameter with the value assigned to another

parameter.

For the above reasons, a representative case of a physical problem is considered, and a methodology

is presented for the derivation of the values of the dimensionless parameters. The case scenario adopted

is similar to those adopted in [28] and [32], in which the fluid is blood (ρ̄ = 1050kgm−3, µ̄ = 3.2×

10−3kgm−1s−1) [35], flowing with maximum velocity ūr=3.048×10−2ms−1 and the walls are located at

distance h̄= 2.0 × 10−2m, whereas the magnetic wire is placed at distance b̄= −10−3m below the lower

wall of the aneurysm. Hence, b=−0.05 and the Reynolds number, Re, is equal to 200. This value of the

Re number is within the range of realistic time averaged Reynolds numbers [40].

Moreover, following the considerations in [28] and [32], the temperature of the walls is considered

T̄w=37 oC, whereas the temperature of the fluid is T̄f =41.0 oC. For these values of wall temperatures,

the temperature number ε is equal to 77.5. Although the viscosity µ̄, the specific heat under constant

pressure c̄p and the thermal conductivity k̄ of any fluid, and hence of blood, are temperature dependent,
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the Prandtl number can be considered constant. Thus, for the temperature range considered in this

problem, the measurements for blood mentioned in Chato [36] are adopted (c̄p = 3.9 × 103 J kg−1 K−1

and k̄=0.5 J m−1s−1 K−1), and Pr=25. For these values of the parameters, it is also derived from the

definition of the Eckert number that Ec=5.96×10−8.

An estimation for the values of the magnetic number MnF appearing in the BFD flow problems is

given in [28] and [32]. This estimation depends on the plausible assumption that the magnetization of

blood close to the position of the wire and specifically at point (a, 0) reaches its saturation value, which

has been experimentally determined to be 40Am−1 [7] for a magnetic field of 8T . However, this value may

be attained by applying a considerably less magnetic field strength when the magnetization of blood is

increased by adding artificially created nanoparticles, which is a common practice in applications such as

drug delivery [25], [26]. In such a case, blood is practically considered to be a ferromagnetic fluid, and its

magnetization could reach a value of 40Am−1 using considerably lower magnetic field strengths, such as

0.2 T or 0.5 T. Generally, the range of MnF potential values could be very large and quite unpredictable

because experimental research is in progress [25], [26].

In this study, an estimation for the MnF is given in the same way as described in [28] and [32]. The

magnetic number MnF can be written as:

MnF =
µ̄oH̄

2
o K̄(T̄f − T̄w)

ρ̄ū2
r

=
µ̄oH̄oK̄H̄o(T̄f − T̄w)

ρ̄ū2
r

≈ B̄oM̄o

ρ̄ū2
r

, (35)

where B̄o and M̄o are the magnetic induction and the magnetization at the point (a, 0), respectively.

From the definition of Reynolds number, it is also obtained that ūr = µ̄Re/h̄ρ̄, and substitution of

this relation to (35) gives

MnF =
M̄oB̄oh̄

2ρ̄

µ̄2Re2 (36)

Considering now for the above relation a reference magnetic field strength of B̄o = 8 Tesla and a cor-

responding saturation magnetization M̄o = 40Am−1 [7] for the above-mentioned Re=200, it is obtained

that MnF ≈328. This value of MnF is a rather underestimated value for experimental applications using
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magnetic nanoparticles. Moreover, note that for a specific flow problem (h̄, ρ̄, µ̄ constants) and for a

specific magnetic field (B̄o, M̄o constants), a reduction of Re (by reducing ūr) causes an increment of

MnF .

Initially, calculations were performed for the hydrodynamic flow in an aneurysm. The geometry used

is shown in Figure 5A and results from eqs (24) for A1 = A2 = 0.55, B1 = B2 = 2 and ξ1 = ξ2 = 3. The

contours of the magnetic field strength H(ζ, ϕ) are also depicted in Figure 5A with the application of

the magnetic field at ζ = 1.0

Figure 5: (A): Geometry and magnetic field strength contours, (B): Stream function contours, (C)

Temperature contours.

In the present physical problem, the temperature boundary conditions are treated in the same way as

in [28]. Namely, the two walls are maintained at constant and equal temperatures Tw, whereas the fluid

is at a higher temperature, the maximum of which is Tf , and the temperature of the fluid at the entrance

is given by a parabolic profile (relation (5)). This temperature distribution at the entry is similar to that
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of the thermally fully developed flow.

The stream function contours for the hydrodynamic case (MnF = 0) and for Re = 200 are shown in

Figure 5B. The obvious observation is the formation of two vortices limited in the area of the aneurysm.

Such a hydrodynamic pattern flow is a classic one, which also appears in [24]. An analogous behavior is

also observed for the temperature field in figure 5C, where the temperature is increased at the aneurysm

area, but in all cases, the disturbances are limited at this area.

Figure 6: Channel flow for Re = 200, MnF = 328, (A): Stream function contours, (B): Temperature

contours.

For the case of the application of the magnetic field, note that for A1 = A2 = 0, the geometry decays

to that of a straight channel. For the straight channel and the values of the parameters given in the

present study, Re = 200 and MnF = 328, the results for the stream function and temperature contours

are given in Figs. 6A and 6B, respectively. The results for the BFD channel flow have already been given

in [28] and [32] and are analogous to those obtained experimentally in [38] and numerically in [37].

Figure 7A shows the stream function contours for Re = 200 and MnF = 328 for the case of the

aneurysm geometry. The primary effect of the application of the magnetic field is the formation of a

vortex starting at the area of the application of the magnetic field and extending far enough downstream.

The vortex is rotating clockwise. This result is similar to the one observed in the case of the straight
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Figure 7: Aneurysm flow for Re = 200, MnF = 328, (A): Stream function contours, (B): Temperature

contours.

channel shown in Fig. 6A despite the existence of the aneurysm. The driving of the flow caused by the

application of the magnetic field is strong enough to cancel out the vortex at the upper wall appearing at

the hydrodynamic case (see Fig.5B). Another result that can be obtained is that the disturbance of the

flow field is not confined inside the area of the aneurysm, contrary to the hydrodynamic case. In fact,

after comparison of the stream function contours in Figs. 6A and 7A, it is observed that the main effect

of the application of the magnetic field, which is the formation of the vortex, is actually amplified by the

presence of the aneurysm.

The temperature field is shown in Fig. 7B. It is observed that in the area of the application of the

magnetic field 0.9 ≤ ζ ≤ 1.5, the fluid is maintained at a low temperature. At the area of the vortex

downstream of the application of the magnetic field and for 2 ≤ ζ ≤ 5 at the lower part of the aneurysm,

the dimensionless temperature is also kept relatively low from 0.5 to 0.8, comparable to the hydrodynamic

case. This result of the temperature field is also analogous to that in a straight channel.

Figures 8A and 9A show the stream function contours for a low magnetic field strength corresponding

to MnF = 82 for the straight and aneurysmal geometries, respectively. For the straight channel and from
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Figure 8: Channel flow for Re = 200, MnF = 82, (A): Stream function contours, (B): Temperature

contours.

Figure 9: Aneurysm flow for Re = 200, MnF = 82, (A): Stream function contours, (B): Temperature

contours.
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comparison of the results shown in figures 6A and 8A, it can be deduced that the vortex downstream

of the application of the magnetic field is significantly reduced as the magnetic field is reduced from a

relatively high value (MnF = 328) to a lower one (MnF = 82). An analogous phenomenon is observed

for the temperature field by comparing figures 6B and 8B. For the aneurysmal geometry, the effect of

the magnetic field on the velocity field (stream function contours) and the temperature field remains

significant, as can be observed from figures 7 and 9, respectively. Moreover, although the effect of the

applied magnetic field is reduced as the magnetic number reduces, this reduction is considerably less for

the aneurysmal geometry than for the straight channel.

Figure 10: Aneurysm flow for Re = 200, MnF = 41, (A): Stream function contours, (B): Temperature

contours.

From figure 9B, it is observed that high values of temperature are attained for 2 < ζ < 2.5 close to

the lower wall of the aneurysm. For this case, the biofluid is repelled from the area close to the magnetic

field, and this gives rise to the characteristic major vortex appearing in the previous cases. However, this

vortex, albeit strong enough to nearly vanish the vortex at the upper part of the aneurysm appearing

in the hydrodynamic case, appears to be too weak to completely eliminate the corresponding vortex at

the lower part of the aneurysm. This vortex is now somehow suppressed and moved from 2 < ζ < 4 (fig.
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5B) to 2 < ζ < 2.5 close to the lower wall (fig. 9B). This movement of the hydrodynamic case vortex,

which now appears as a secondary vortex, is also reflected in the temperature field. Consequently, the

high value of the temperature field, which is driven mainly by convection, while occurring for 2 < ζ < 4

(fig. 5C) in the hydrodynamic case, now occurs for 2 < ζ < 2.5 i.e. close to the lower wall (fig. 9B).

An analogous behavior is observed in fig. 10 for MnF = 41, which corresponds to a reference magnetic

field of 1 T. Here, the major vortex is further weakened, and the vortex of the hydrodynamic case at the

upper part of the aneurysm is not completely vanished. The secondary vortex appearing in fig. 9A is also

weakened. However, the corresponding region of the highest temperature comparable to the remainder

of the flow field is still maintained at ζ = 2. Notably, the flow field, albeit with a low magnetic field

strength, is strongly influenced by the application of the magnetic field comparable to the hydrodynamic

case.

As mentioned above, analogous results for the BFD channel flow shown in fig. 6 have previously been

given in [28] and [32]. These results are analogous to those obtained numerically in [37] and experimentally

for nanoparticle ferrofluid flow in a tube in the study [38], albeit this study involved some other properties

of ferrofluids such as magnetophoresis. The interesting point in [38] was that in the area of the vortex,

the magnetic nanoparticles were accumulated. Consequently, provided that the present mathematical

formulation is based on ferrohydrodynamics principles, it is highly expected in an analogous experiment

either for a ferrofluid or for blood with magnetic nanoparticles that there will be a considerably high

concentration of nanoparticles at the lower part of the aneurysm, where the major vortex occurs (see

figs. 7A and 9A).

The most important flow and heat transfer characteristics are the local skin friction coefficient and

the local rate of heat transfer coefficient. These quantities can be defined by the following relations

Cf =
2τ̄l
ρ̄ū2

r

, Nu =
q̄h̄

k̄(T̄f − T̄w)
, (37)

where τ̄l = µ̄ (∂ū/∂ȳ)|ȳ=0,h̄ is the wall shear stress and ˙̄q = −k̄
(
∂T̄
/
∂ȳ
)∣∣
ȳ=0,h̄

is the heat flux between

the fluid and the walls.
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By using (9)∼(12), the above-mentioned quantities can be written as

Cf =
2Ψ′′(ζ, ϕ)

Re

∣∣∣∣
ϕ=0,1

, Nu =
∂T

∂ϕ

∣∣∣∣
ϕ=0,1

= T ′(ζ, ϕ)|ϕ=0,1, (38)

whereNu is the Nusselt number, Ψ′′(ζ, ϕ)|ϕ=0,1 is the dimensionless wall shear parameter, and T ′(ζ, ϕ)|ϕ=0,1

is the dimensionless wall heat transfer parameter.

Figure 11: Variations of the wall shear parameter for hydrodynamic and biomagnetic aneurysm flow, for

(A): the lower (Ψ′′(ζ, 0)) wall and (B): the upper (Ψ′′(ζ, 1)) wall.

For the graph of the wall shear parameter, the points of interest are the extrema where the maximum

skin friction is observed and the points where the skin friction coefficient is zero, which means detachment

of the flow. The wall shear parameters for MnF =0 and 328 and for the lower wall are shown in Figure

11A. For this wall, negative values of the skin friction coefficient mean inversion of the flow. For the case

of hydrodynamic flow, detachment of the flow occurs at ζ ≈ 1.75 and ζ ≈ 4. Between these two values,

the skin friction coefficient for the lower wall is negative and the flow is reversed. These observations are

consistent with the stream function contours presented in Fig. 5B. From the representation of the skin

friction coefficient of the lower wall for MnF =328 in Fig. 11A, it is apparent that the variation of this

coefficient is an order of magnitude greater than that of the hydrodynamic case. The detachment of the

flow for this case occurs at ζ ≈ 1 and ζ ≈ 5.3, and the flow is inverted between these two points at the

vicinity of the lower wall. Another important observation is that there are two extrema at ζ ≈ 1.25 and

ζ ≈ 4.5, where the absolute value of the skin friction coefficient is maximized.
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Analogous findings are obtained for the stream function coefficient of the hydrodynamic case for the

upper wall presented in Fig. 11B. When the magnetic field is applied, the symmetry of the flow in no

longer retained. The extrema of the skin friction coefficient are at almost the same positions with those

of the lower wall, namely, at ζ ≈ 1.25 and ζ ≈ 4.5. Moreover, it is observed that the flow is inverted at

the vicinity of the upper wall at the region between the points ζ ≈ 2.3 and ζ ≈ 3.2, respectively. This

inversion of the flow for this wall is very weak, and it is not evident from the stream function contours

shown in Fig.7A.

Figure 12: Variations of the heat transfer parameter for hydrodynamic and biomagnetic flow for (A): the

lower (T ′(ζ, 0)) wall and (B): the upper (T ′(ζ, 1)) wall.

Figure 12 shows the variation of the heat transfer parameters for MnF =0 and 328, respectively, and

for the upper and lower walls. In general, particularly for ζ > 2, the heat transfer toward the walls is

smaller by one order of magnitude when the magnetic field is applied. For the lower wall (see Fig. 12A)

and for MnF = 328, the maximum values of the heat transfer parameters are attained for ζ ≈ 0.6 and

ζ ≈ 4.8, whereas for the upper wall, the parameters are attained for ζ ≈ 1.1 and ζ ≈ 4.5.

A general observation related for the skin friction coefficient presented in fig. 11 is that, as previously

mentioned, the variation of these parameters is an order of magnitude greater than the corresponding

ones of the hydrodynamic cases. This is a strong indication that the red blood cells may be exposed

to additional shear stresses upon the application of the magnetic field. It has been observed that this

exposure leads to hemolysis, which according to some studies is linearly dependent on the shear stress [39].
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Consequently, this is a first indication that the application of the magnetic field for therapeutic reasons

with or without magnetic particles should not be applied for a long-term basis. Finally, as previously

mentioned, the walls’ heat transfer parameters (fig. 12) are smaller by one order of magnitude when

the magnetic field is applied comparable to the hydrodynamic case. This result implies that the heat

transfer from the fluid to the walls is considerably reduced upon the application of the magnetic field.

Consequently, if it is assumed that one injects nanoparticles with a warm liquid carrier or applies heat

to the biofluid in a specific position to attain hyperthermia therapy [13], this is also a strong indication

that the biofluid will remain warmer for a longer period of time or for a considerably extended region

of flow. Thus, for hyperthermia therapy, it appears that the magnetic field should be applied for a long

period of time.

The methodology for the results presented in the current study could be applicable to patient-specific

geometries by considering local transformations on arbitrary geometries. This could be implemented, for

example, by locally calculating the metrics (25)–(27) appearing to the transformation of the derivatives

for a patient-specific domain rather than the boundaries defined by the functions F1 and F2 given in

relations (24).

6 Concluding Remarks

Biomagnetic (blood) fluid flow in a symmetric aneurysm is studied. The numerical solution of the

problem is obtained using an efficient finite differences numerical methodology. The results concerning the

velocity field indicate that the symmetry of the flow in the aneurysm breaks. The two symmetric vortices

that appear in the hydrodynamic case cease to exist, and a major vortex is formed downstream of the

area of the application of the magnetic field. It is apparent that the geometry of the aneurysm amplifies

the effect of the magnetic field on the flow. Namely, the vortex downstream of the point of the application

of the magnetic field is enlarged for the aneurysmal geometry compared to the one formed in a straight

channel for the same applied magnetic field strength intensity. The temperature inside the aneurysm

is generally maintained cooler at the area of the aneurysm than the corresponding temperature in the
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common hydrodynamic case. The absolute values of the skin friction coefficient are generally increased

by one order of magnitude as the magnetic field is applied. The heat transfer downstream of the point of

the application of the magnetic field is significantly reduced compared to the hydrodynamic case. Finally,

the effect of the magnetic field on the velocity, as well as on the temperature field, is considerable even

for very low values of magnetic field strength.
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