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Abstract

The aim of this paper is to analyze the biomagnetic fluid flow -
namely the flow of blood over an unsteady curved stretching sheet in
the presence of magnetic field. This study emphasizes the effect of
ferrohydrodynamics (FHD) interaction parameters on the flow field
and FHD has a great enhancement effect on biomagnetic fluid rather
than regular fluid. The complicated coupled system of differential
equations that is the leading equations of continuity, momentum and
energy equations are converted into non-dimensional form with some
suitable similarity variables. This solution is obtained numerically by
applying an efficient numerical technique based on finite difference
method, consisting of central differencing, tridiagonal matrix
manipulation and an iterative procedure. By using Fortran software,
the solution of the nonlinear problem is produced. The obtained
numerical values are plotted through graphs for velocity, temperature
dimensionless pressure, skin friction coefficient, rate of heat transfer
(local Nusselt number) and dimensionless wall pressure with various
parameters, and the variations based on these plots are discussed. The
obtained results reveal that the dimensionless velocity is increased
considerably with the increment of ferromagnetic interaction
parameter and stretching parameter whereas temperature profile and
dimensionless pressure show inverse relation. Both fluid velocity and
temperature profiles decrease with the increasing value of curvature
and suction parameters and reverse trend is true for dimensionless
pressure. It is also incurred that the skin friction coefficient, rate
of heat transfer and dimensionless wall pressure increase with the
increasing value of curvature parameter. Finally, the accuracy of the
results is also compared for some specific values of the parameters
with other documented in literature, and the results are found to be in

good agreement.
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Nomenclature

Similarity variable
Velocity components (ms )
Spatial coordinate (m)

Fluid pressure (kg/msz)

Magnetization (A/m)

Magnetic field intensity (A/m)

Fluid temperature inside the boundary layer (K)
Dimensionless ambient temperature (K)
Dimensionless surface temperature at the wall (K)

Reynolds number

Local Reynolds number

Dimensionless temperature

Dimensionless stream function

Density of fluid (kg/ms’)

Dynamic viscosity (kg/ms)

Kinematic viscosity (m2/ S)

Thermal diffusivity (m?/s)

Magnetic permeability (Kg.m/A’S?)
Specific heat at constant pressure (J/Kg.K)

Heat capacitance of fluid (J/m’K)

Thermal conductivity (J/msK)
Time (s)

Unsteadiness parameter
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Pr Prandtl number

S Suction parameter

K Curvature parameter

R Radius of curvature (m)

A, Viscous dissipation parameter

e Dimensionless Curie temperature
B Ferromagnetic interaction parameter
0 Dimensionless distance

T, Wall shear stress

Gy Wall heat flux

Cp Skin friction coefficient

Nuy Local Nusselt number

Cr Reduced skin friction coefficient
Nu Reduced local Nusselt number
f(n) Dimensionless stream function
e(n) Dimensionless temperature

f"(a) Skin friction at the wall

0'(a) Wall heat transfer gradient

¢'(a) Local Sherwood number

Introduction

Biomagnetic fluid mechanics is the study of a certain class of biological
problems. Blood flow in the human circulatory system is a well-studied
liquid biofluid problem. Diagnosis, surgery and prosthesis are closely related

to biomechanics. Different mathematical models, using the principle of fluid
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mechanics have been developed with a view to understand the complex
phenomena associated with the dynamics of blood flow. These models are
currently being used for diagnosis of various arterial diseases, appraisal of
newly found treatment procedures like drug delivery and developing and
designing various artificial organs. Also, the Navier-Stokes equations could
be used to represent blood flow in specific mathematical situations. So, the
study of biomagnetic fluid flow is very important not only for understanding
of blood flow characteristics through the arteries but also for taking

preventive measures of many diseases which occur in the blood vessel.

Basically, biomagnetic fluid dynamics (BFD) is a composition of the
principle of ferrohydrodynamics (FHD) and the dominant force in
the flow field of magnetohydrodynamics (MHD). Ferrohydrodynamics
(FHD) is the mechanics of fluid motion influenced by strong forces of
magnetic polarization and in the magnetic field. On the other hand,
magnetohydrodynamics (MHD) is the academic discipline concerned with
the dynamics of electrically conducting fluids in the presence of a magnetic

field. When the magnetization property M, is imposed in the magnetic field,

then it turned into a biological fluid.

Under the effect of a magnetic fluid, BFD is the investigation of
biological fluid. Biomagnetic fluid is known as the fluid which presents in
the living creature. Among a number of fluids, blood has the characteristic of
biomagnetic fluid. Nowadays, the study of biomagnetic fluid (BFD) is
investigated by the number of many researchers for bioengineering and
medical applications [1, 2] by controlling blood flow for surgery, cancer
treatment, drug targeting [3, 4]. The first mathematical model was developed
by Haik et al. [5] for the flow of biomagnetic fluids under the action of an
applied magnetic field termed biomagnetic fluid dynamics (BFD) with the
principles of ferrohydrodynamics (FHD). Tzirtzilakis [6] developed the
electric conductivity along with the polarization and extended BFD model
for formulating the entire magnetic features of blood. This model is based on
both principles of MHD and FHD and also includes the energy equations.

Under the action of a magnetic field, Tzirtzilakis and Kafoussias [7]
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analyzed the mathematical model of biomagnetic fluid flow over a linearly
stretching sheet which is produced by a magnetic dipole. Khashan and Haik
[8] discussed the effect of magnetic field of a magnet on biomagnetic fluid
flow downstream of eccentric stenotic orifice, two-dimensionally. Mustapha
et al. [9] introduced the effect of uniform magnetohydrodynamic field on
blood flow inside an irregular multi-stenosed artery, two-dimensionally and
axially symmetric. Abbas et al. [10] developed the hydromagnetic slip flow
of nanofluid over a curved stretching surface with heat generation and
thermal radiation. In this study, the authors have discussed the flow and heat
transfer in a two-dimensional boundary layer flow of an electrically
conducting nanofluid over a curved stretching sheet coiled in a circle.
Nagaraja and Gireesha [11] have introduced the exponential space depended
heat generation impact on MHD convective flow of Casson fluid flow over a
curved stretching sheet with chemical reaction. Hayat et al. [12] numerically
investigated boundary layer convective flow caused by a nonlinear
curved stretching sheet. Also, Hayat et al. [13] analyzed the effects of
heterogeneous and homogeneous chemical reactions on non-Newtonian
fluids over a curved stretching sheet and found that the strength in
heterogeneous reaction increases the concentration of the fluid. Ahmad et al.
[14] studied flow over a curved surface embedded in a porous medium and
found that the velocity profile flourishes for booming values of curvature
parameter. Mathematical models have been developed for blood flow and
many researchers like Eldesoky [15] assumed that blood is a Newtonian
fluid. Eldesoky [15] studied the MHD blood flow of an unsteady parallel plat
in the presence of a heat source. Crane [16] first developed that the shear-
driven flow over a stretching sheet constitutes a classical physical problem
for a Newtonian fluid. Later, Anderson [17] introduced an exact similarity
solution for velocity and pressure of the magnetohydrodynamics flow past a
stretching sheet. The study of MHD flow over a stretching sheet still
constitutes a topic of current ongoing research. Jat and Chaudhary [18] and
Pop et al. [19] developed the radiation effects on the MHD flow near the
stagnation point of stretching sheet. In the presence of a transverse magnetic
field with heat source/sink, Das et al. [20] proposed the unsteady MHD flow
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of nanofluids over an accelerating convectively heated stretching sheet.
Under various non-linear stretching velocities, Dandapat et al. [21]
introduced the MHD flow of a viscous liquid film over a stretching sheet.
In the presence of magnetic field, Misra et al. [22] analyzed the
concerned applications of MHD flow problems to hemodynamics of steady
incompressible viscoelastic and electrically conducting fluid flow and heat

transfer in a parallel plate channel.

Based on the above-mentioned studies, to the authors’ knowledge, the
numerical study of biomagnetic fluid flow over an unsteady curved
stretching sheet in the presence of magnetic field has not been investigated
yet. The mathematical model used is that of the extended BFD which
incorporates FHD formulations. The extended mathematical model is
described by a coupled of nonlinear system of partial differential equations
(PDEs). The boundary conditions are considered according to the physical
model. The effects of curved geometry are present in the form of the
curvature parameter. The numerical solution of the problem is obtained by
developing an efficient numerical methodology based on finite difference
method with the help of Fortran software. It is hope that the present
study will help in understanding the basic mechanism for applications
in biomedicine and bioengineering such as separation of targeted
molecules, magnetic drug targeting, diagnostic techniques, hyperthermia, or

hypothermia treatment, etc.
Mathematical Formulation

Let us consider an unsteady two-dimensional incompressible, viscous,
laminar biomagnetic fluid whose flow direction in the coordinate system is
taking place in the (s, r) plane and the flow is caused by curved stretching.
The sheet is being stretched along a semi-circle of radius R in a two-
dimensional frame by two equal and opposite forces applied along the

s-direction by keeping the origin fixed, and r-direction is normal to it. We

assumed that the sheet is stretched with U, (¢, s) = %, where (a > 0)
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is the stretching constant. The temperature of the stretched sheet is kept
fixed at 7, and the temperature of the fluid far away from the sheet is T,.
The fluid is confined to the half space (r > 0) above the sheet, and magnetic

dipole is located at distance d below the sheet, giving rise to a magnetic
field of sufficient strength to saturate the biomagnetic fluid. The flow

configuration is shown schematically at Figures 1(a) and 1(b).

(a) (b)

T u—0
o

Magnetic Dipole

Figure 1. (a) Geometry of the problem for a flat stretching sheet and (b)
curved stretching sheet.

The governing equations of the unsteady two-dimensional flow of
viscous incompressible biomagnetic fluid and heat transfer equations under
the influence of magnetic field are [23]:

0 ou _

5[(r + R)v] + Rg =0, (1)
2

W _1dp

r+R_p6r’ )
Eazu 1 Ou_  u

Plor? r+ROr  (;4+R)

R 6_p+6_u+v0_u+ Ru Odu uy 0H

1
pr+Ros O or r+Ra+r+R+u0M1W’ )




Numerical Study of Biomagnetic Fluid Flow ... 43

oT oT Ru 0T
o Vor TrrR s

2
=a,(a T, |1 6TJ+ nol oM, (u OH aHj’ @

o2 r+Ror) pC, o \“as " "or

where u and v are the velocity components along s and r directions,
respectively, p denotes the pressure, T indicates the temperature of the fluid,

C,, is the specific heat at constant pressure, pC,, is the heat capacitance of

p

fluid, p is the mass density, [ is the dynamic viscosity, M is the magnetic

permeability, H is the magnetic field strength, and o' is the thermal
diffusivity and denoted by

o =K
pCp -

0H . .
The term HyM; 3, equation (3) represents the component of the
magnetic force per unit volume and depends on the existence of the magnetic
gradient in s direction. When the magnetic gradient is absent, this force
vanishes. The second term on the right-hand side of the energy equation (4)

accounts for heating due to the adiabatic magnetization. These terms are
known as FHD [6, 7, 24, 25].

The suitable initial and boundary conditions for the velocity and

temperature are [23]:

t<0;u=0,v=0,T =T, for any r and s

t20:v=V,(t),u=NU,( s), T =T, at r =0¢, (5)
Ou
or

u — 0, -0, T=T,asr -

where

as
1-at

U,l(t,s) = is the stretching velocity,
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v, (t) = —,ﬂlci—vétS is the suction velocity.

Here A <0 denotes shrinking and A >0 denotes stretching, where A
is dimensionless constant, 0 < O represents decelerated flow and a >0
represents accelerated flow, respectively. S >0 and S < 0 give suction and
injection, respectively, where S is the constant wall mass transfer parameter.
The biomagnetic fluid flow is affected by the magnetic field generated by the
presence of a magnetic dipole. It is assumed that the magnetic dipole is
located at distance d below the sheet. The magnetic dipole gives rise to a

magnetic field, sufficiently strong to saturate the fluid and its scalar potential
whose components Hy and H; of the magnetic field H = (Hy, H7), due
to magnetic dipole, are given by [6, 7, 26, 27]:

oV _y sz—(r+d)2

HS(S, r) = a 2T[ [s2 N (r N d)2]2 )
_ -
_y 1 s
H(s, r) =—/— - s
L e i
H(0 o):l_ L0 _y1
’ 2 (0+d)?> (0+a)*]| 2Mg?’

Thus

Moreover, under the assumption that the applied magnetic field H is
sufficiently strong to saturate the biomagnetic fluid, the magnetization M,
is generally determined by the fluid temperature and magnetic field intensity
H. There is a variety of equations that can be used for the variation of the
magnetization under the equilibrium assumption. In this study, the adopted

relation expresses the magnetization M as a function of temperature 7" and
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magnetic field intensity H, given by M| = K{H(T,, —=T), where K; is a
constant known as pyromagnetic coefficient and 7, is the Curie temperature

[28]. The above relation for the magnetization M7 has also proposed for the
formulation of BFD [29].

Following variables are used for nondimensionalizing [23] the system of
differential equations (1)-(4) with boundary condition (5):

— L =_L av - as ,
=iy = e R V=g W= g () fora< 0
2.2
p=-P_p |
(1-ar)
Ty -T
W=7,

(6)
where 0(n) is the dimensionless temperature function, f(n) is the
dimensionless velocity function, N is the dimensionless similarity variable,

prime denotes derivative with respect to n, 7, is the embedded temperature

. a
and 7,, is the surface temperature, K = I—JR denotes the
V[v( - ar)

curvature parameter. Also, the continuity equation (1) is satisfied using the
similarity variables (6).

Substituting (6) into (1)-(4), we get

oP _ 1 .
2K m 1 " 1 !
P=f"+ -
K+1 f r]+Kf (n+K)2f
K n K 2 K 1 (I n "j
+ - + -C| rr+2
ST REi e Ao R U 2f}
2
, _2B3%0

, 8
0+ ©
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1

e+n+K

o (Cny_ K N Bt K ~
G—Pr(ze —n_l_Kij —(r]+6)5r]+K)\a(e 8). (9)

The associated boundary conditions are:

f(0)=58, f£(0)=xr6(0)=1, (10)
f) -0, f'(M)~0, 6Nn)~0 asn - e, (1)
where K = R,|——%— is the curvature parameter, C = 9 is unsteadiness
V(1 -at) a
v oo, T, .
parameter, Pr =— is the Prandtl number, e = ————— is the
a I, - T,
3

dimensionless temperature parameter, A, = is the viscous

kpz(Too - Tw)d2

dissipation parameter, 0 = 1/ﬁd is the dimensionless distance and

B= %T MoK, H (0. 0)2(T°° ~T,)p is the ferromagnetic interaction parameter.

H

The important physical characteristics skin friction coefficient C . and

local Nusselt number Nuj are described by

Tw

p(as)

and Nuy = ——dv___ (12)

where T,, is the local shear stress at wall, while g, represents the heat

transfer from the sheet, given by

e -
rw_p(ar r+Rjr:0 and g, = k(ar)rzo' (13)

Introducing (13) into (12), the skin friction coefficient and local Nusselt

number can be written in dimensionless form as

c; = f”(O)—% and  Nu = -6(0), (14)
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1
- 3
where C, = Re2(1-ar)2C f 1s the reduced skin friction coefficient,

-1 1
Nu = (Rey)2 (1 — at)2 Nu; signifies reduced local Nusselt number and

Re, = % represents the local Reynolds number.

Numerical Procedure

We have described a simple and efficient approximate numerical
technique to obtain the numerical solution of two-point boundary value
problems under consideration. The base of this numerical technique is the
common finite difference method with central differencing, a tridiagonal
matrix manipulation and an iterative procedure. This numerical method is
described in detail in Kafoussias and Williams [30]. The entire numerical
method is accurate, stable and instantaneously converging. In fluid
mechanics, it is an accurate and powerful method which is appropriate for
application to a wide class of two-point boundary value similarity problems

[29]. So, we can apply it easily.

The momentum equation (8) is highly nonlinear with the boundary
conditions (10) and (11). By reducing the momentum equation (8) to a

second order linear differential equation by assuming:
F(x)=f(). F'(x)=r"(). F'(x)=r"(n),
the momentum equation (8) can be written as

K
K +n

1 .k . K e lpie
[(mn)z £+’ k! C}F()

F%x)+{E%rﬁ+ f—~%C}F%x)

_ 2K 2B3°pg
= P -
K+n' (n+g)°

15)
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which is of the form

P(x)F"(x) + Q(x) F'(x) + R(x) F(x) = S(x), (16)
where

_ _ 1 K _n
P(X)—l,Q(X)—K—”]'l'K_I_nf EC,

_ 1 K . K
SR e Al S s

2

S(x) = 2K p- 2B0°pg

K+n' (n+g)°

By using a common finite difference method which is based on central
differencing and tridiagonal matrix manipulation, equation (16) can be

solved. To start the solution procedure, we assume initial guesses for f'(n)
between N =a and N =Ny (N — ) which should obviously satisfy the

boundary conditions (10) and (11). For the present problem, we insert the

following initial guesses:

= —i ! = —i = —l
fn)=s o f'(n)=A e B(n) =1 e

The function f(n) is obtained by integrating the curve f'(n). To
propose a new estimation for f'(n) and f,,,(n), we have to consider the

functions f and 6. The next step is to solve the non-linear equation (16) by

using the above method. We have obtained the updated value of f(n) by

integrating the curve f,,,,(n)-

These new profiles of f'(n) and f(n) are then imposed for getting new

inputs and so on. In this scheme, the momentum equation (8) is solved

iteratively until convergence up to a small quantity | f,,, — f"| < € is

obtained.
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After obtaining the function f£(n), the solution of the energy equation
(9) with boundary conditions (10) and (11) is solved by using the same

algorithm, but without iteration as equation (9) is linear.

Now, the energy equation (9) can be re-written as

, 1, (0n_ K .
e+[n+K Pr(Z K+nfﬂe qropn+k e

_ et K

= —— A T. 17
oy e K "

In this way, we get a new approximation 6,,, for O by considering
f(n), f'(n). This process is continuing until convergence up to a small

quantity | 6/, — 0| < & is obtained and finally we obtain 6.

In order to apply to our numerical computation, a proper step size

h = An =0.01 and appropriate N,,,x value must be determined. By “trial

and error”, we set Nyin = 0.1, Npax =10 and the tolerance between the
Jold ()~ fyen ()

ota (i) J

Computations were also performed for An = 0.001 and no significant

iterations is set at & = 10™* defined as € = max;= N(

differences were found.
Numerical Validation

In order to establish the validity and accuracy of the method, we have
computed the skin friction coefficient with S =0, A =1, A; =0, B =0,
¢ =0 for the values of curvature parameter K = 5, 10, 15, 20, 25, 30, 35,
40, 45, 50 and compared with those reported by Usama et al. [23] which is

shown in Table 1. This observation serves as a confirmation of the accuracy

of the results and shows an excellent agreement, see Table 1.
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Table 1. Comparison of skin friction coefficients —f"(0) for different

values of curvature parameter with specific values of S =0, A =1, A; =0,

B=0 ¢=0

K Usama et al. [23] Present
5 1.1648 1.1654
10 1.07659 1.0758
15 1.05001 1.0505
20 1.03722 1.0370
25 1.0297 1.0297
30 1.02475 1.0250
35 1.02124 1.0263
40 1.01863 1.0272
45 1.01661 1.0280
50 1.01499 1.0286

Results and Discussion

In order to get the numerical solution, it is necessary to determine some
specific values for the dimensionless parameters involved in the problem

under consideration. It is noted that most of the fluids like human blood, the

body temperature is considered as 7,, = 37°C = 310°K and the body Curie

temperature is 7T, = 41°C =314°K [31]. For the above values, it
is obtained that the dimensionless temperature e = 78.5 [31], viscous
dissipation parameter A, = 6.4 x 10714 [31] and dimensionless distance

0 =1 [7, 25]. Moreover, the values of the leading parameters were as
follows: the Prandtl number Pr =17, 21, 23, 25 [32, 33], ferromagnetic

interaction parameter 3 = 0, 5, 10 [11, 31, 34], curvature parameter K = 1,
2, 3,5, 10, 15, 20, 50, 100, 500 [11, 23, 35], Suction parameter S =1, 2,3, 4
[23, 36], stretching parameter A =1, 1.5, 2 [23] and unsteadiness parameter
C=0,0.1,0.2,03,05, 0.8, 1, 1.5 [37].
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Figure 2. (a) Velocity, (b) temperature and (c) pressure profiles for different

values of f3.

The function f'(n) is called dimensionless velocity component, 6(n)
is called dimensionless temperature and P(n) is called dimensionless
pressure. The curves (Figures 2(a)-2(c)) are plotted for M =0 and
B =0,5,10 which correspond to FHD flow of the extended BFD model.

Figure 2 demonstrates the velocity profile, the temperature profile and

dimensionless pressure for numerous values of ferromagnetic interaction
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parameter [3. Figure 2(a) shows the effect of ferromagnetic interaction
parameter 3 on the velocity profile. Here it is observed that when the value
of ferromagnetic interaction parameter [3 increases, then the velocity profile

increases whereas reverse trend is found for temperature profile and

dimensionless pressure as shown in Figure 2(b) and 2(c).

Figure 3 shows the effect of curvature parameter K on the velocity,
temperature and dimensionless pressure profiles. The velocity and
temperature profiles for various values of curvature parameter K are shown
in Figures 3(a) and 3(b). In this case, it is noticed that the velocity and heat
transfer are gradually decreased with the increment of K. This is because
an increase in K tends to make the surface more flat which results into
the decrease of velocity and temperature profiles. The effect of curvature
parameter K on the dimensionless pressure is shown in Figure 3(c) for K =
1, 5, 20, 50 and 500. This figure indicates that magnitude of pressure inside
the boundary layer is increased as dimensionless curvature parameter is
increased. However, the pressure approaches zero far from the boundary.
Because the stream lines of the flow treat in the similar way as they operate
in the flow past a flat stretching sheet as we turn away from the boundary.
The magnitude of the pressure is an increasing function of the dimensionless
curvature at the surface of the stretching sheet. However, the variation of
pressure is very important in the case of a curved sheet inside the boundary
layer. So, the variation of pressure cannot be neglected as is usually done for

a flat stretching sheet.
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Figure 3. (a) Velocity, (b) temperature and (c) pressure profiles for different

values of K.

Figure 4 shows the effect of Prandtl number Pr on the temperature
profile 8(n). Here, it is noticed that the temperature profile 6(n) decreases
as Prandtl number Pr increases. Moreover, as the Prandtl number increases,
the thermal boundary layer thickness decreases. This figure shows that

by increasing Prandtl number, the temperature gradient at the surface
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also increases. When fluid particularly for blood acquires a higher Prandtl
number, its thermal conductivity decreases downward and so that heat

conduction capacity decreased.

1.0

B=5,K=1,0=0.1,5=1,\ ;=6.4x10 \=1,8=1 =785
0.8F
——Pr=17]
——Pr=21
06} —— Pr=25}
=
D
041 Pr=17,21,25
0.2

Figure 4. Temperature profile for different values of Pr.

Figure 5 demonstrates the velocity, temperature and dimensionless
pressure profiles for various values of stretching parameter A(> 0) for
accelerated flow. From Figure 5(a), we can observe that the velocity profile
is increased with the increment of the stretching parameter A. This is caused
due to the opposite directions of stretching and free stream velocities.
Figures 5(b) and 5(c) illustrate the effect of stretching parameter A(> 0) for
accelerated flow on the temperature profile and dimensionless pressure. The
temperature profile and dimensionless pressure are decreased with the

increment of the stretching parameter A.
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Figure 5. (a) Velocity, (b) temperature and (c) pressure profiles for different

values of A.

Figure 6 demonstrates the velocity, temperature and dimensionless

pressure for various values of suction parameter S. Figure 6(a) shows the

velocity profile for various values of suction parameter S. It is apparent that

the dimensionless velocity profile reduces with the increment of S. This is

happened because the suction takes away the arrogant fluid from the surface

of the sheet. Figure 6(b) shows the variation of temperature profile with

suction parameter S. It is observed that the temperature profile in the flow

region reduces as suction parameter increases. This happens because suction
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parameter enhances taking away more arrogant fluid from the fluid region
causing depreciation in thermal boundary layer thickness. Figure 6(c) shows
the variation of the dimensionless pressure with suction parameter S. It
is apparent that the dimensionless pressure increases linearly with the

increment of S.

1.0 T T T T T 1.0 T
—s=2
B=3,K=1,Pr=21,3=1,\;=6.4x10°% —s5-3 B=3,K=1,Pr=21,C=0.1,8=1,\ ,=6.4x10™\=18=1,e=78.5
e o g —S=4 1
0.8 Hl A=15=1,6=78.5,C=0.1 0.8 —)
—8=3
—5=4
__ 06 E
[y
= S=2.34
04}
0.2}
0'%0 0.1
' n
(a) (b)
0.00
—s=2
-0.05} 39
—s=4
-0.10+
=015
o
-0.20

0251 B=3,K=1,Pr=21,0=0.1,5=1
\,=6.4x10"4\=1,5=1,e=78.5
-0.30F

(©)

Figure 6. (a) Velocity, (b) temperature and (c) pressure profiles for different

values of A.

Figures 7(a) and 7(b) exhibit the variation of skin friction coefficient
and rate of heat transfer as a function of ferromagnetic interaction parameter

with different values of Pr. From these figures, we observed that skin
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friction coefficient is increased with the increasing value of Pr whereas rate

of heat transfer shows the transverse relation.
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Figure 7. Variation of (a) skin friction coefficient and (b) rate

transfer with various values of Pr.
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Figure 8. Variation of (a) skin friction coefficient and (b) dimensionless

wall pressure with various values of [.

Figures 8(a) and 8(b) illustrate the variation of skin friction coefficient

and dimensionless wall pressure as a function of unsteadiness parameter
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with different values of [. These figures show that the skin friction
coefficient is increased with the increasing value of 3 while reverse trend is

found for dimensionless wall pressure.
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Figure 9. Variation of (a) skin friction coefficient and (b) rate of heat
transfer with various values of C.

Figures 9(a) and 9(b) represent the variation of skin friction coefficient
and rate of heat transfer as a function of ferromagnetic interaction parameter
with different values of C. From the figures, we observed that as the
unsteadiness parameter increases, then the skin friction coefficient and heat

transfer rate at the surface increase.
Conclusion
On the basis of the computational results, we can draw the following

conclusions:

+¢ The ferromagnetic parameter has a dominating control over the flow

of the biomagnetic fluid and heat transfer.

+¢+ Fluid velocity increases with the increasing value of ferromagnetic
and stretching parameters whereas reverse trend is found for temperature and

pressure profiles.
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¢+ The velocity profile is decreased with the increment of unsteadiness
parameter whereas temperature and dimensionless pressure profiles show
inverse relation.

% By increasing the value of Prandtl number, the temperature
distributions decrease.

+ Both velocity and temperature profiles decrease with the increasing
value of curvature and suction parameters whereas reverse trend is found for

dimensionless pressure.

+¢+ The skin friction coefficient increases with the increment of K against

B and decreases in terms of C whereas the rate of heat transfer and wall

pressure increase with the increment of K against (3, C and Pr.

+» The skin friction coefficient decreases with the increment of [3

against K and Pr and increases in terms of C whereas the rate of heat transfer

and wall pressure decrease against K, C and Pr.

¢+ The skin friction coefficient, rate of heat transfer and wall pressure

increase with the increment of unsteadiness parameter C.

It is hope that the present study will help in understanding the basic
mechanism for applications in biomedicine and bioengineering such as
separation of targeted molecules, magnetic drug targeting, diagnostic

techniques, hyperthermia, or hypothermia treatment, etc.
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