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This paper focuses on the theoretical analysis of blood flow in the presence of thermal radiation and chemical
reaction under the influence of time dependent magnetic field intensity. Unsteady non linear partial differential
equations of blood flow consider time dependent stretching velocity, the energy equation also accounts time
dependent temperature of vessel wall and the concentration equation includes the time dependent blood
concentration. The governing non linear partial differential equations of motion, energy and concentration are
converted into ordinary differential equations using similarity transformations solved numerically by applying
ode45. The effect of physical parameters, viz., the permeability parameter, unsteadiness parameter, Prandtl
number, Hartmann number, thermal radiation parameter, chemical reaction parameter and Schmidt number on
flow variables, viz., velocity of blood flow in vessel, temperature and concentration of blood, has been analyzed
and discussed graphically. From the simulation study the following important results are obtained: velocity of
blood flow increases with the increment of both permeability and unsteadiness parameter. The temperature of
blood increases at the vessel wall as the Prandtl number and Hartmann number increase. Concentration of blood
decreases as time dependent chemical reaction parameter and Schmidt number increases.

Key words: stretching velocity, similarity transformations, time dependent magnetic field intensity, thermal
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1. Introduction

When blood flows through blood vessels it carries heat to different parts of our body. Heat can be
transferred by conduction, convection and radiation. Radiation is a process which involves energy transfer by
electromagnetic wave propagation which can occur in vacuum as well as in a medium. Experimental
evidence indicates that radiant heat transfer is proportional to the fourth power of the absolute temperature,
whereas conduction and convection are proportional to a linear temperature difference. Factors that affect
quantity of thermal energy transfer in blood flow are: the thermal energy transfer coefficient of blood;
density of blood; velocity of blood flow; the radius of the blood vessel; temperature of the tissues that
surround the vessel.

Blood flows inside the arteries, veins and capillaries in one direction only. Blood is made up of
plasma and cells. The plasma carries digested food, proteins, salt and waste products. In addition to the
transport of materials, blood also serves in maintaining the water content of the body and distributing heat
evenly throughout the body. Erythrocytes carry oxygen, white blood cells attack bacteria and the platelets
help in blood clotting.

The Reynolds number is the ratio of the velocity, density and vessel radius to dynamic viscosity of
blood; the quantity of heat carried by blood depends only on the Reynolds number and heat transfer
coefficient of blood, and the temperature of the tissues surrounding the vessel. Magneto hydrodynamics is
the study of electrically conducting fluid under the influence of the magnetic field. The magnetic fields with
Newtonian and non-Newtonian fluids have wide applications in chemical engineering, bio-fluid mechanics
and various industries.
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Thermal radiation effects in blood flow have applications in several medical research areas, viz.,
biomedical engineering, radiotherapy, MRI, CT scan, echocardiography and Doppler ultrasound. Infrared
radiation can be applied directly in treatment of blood cancer by heat therapy to treat the infected areas of
blood. Heat therapy is also used in the treatment of muscle pain, chronic wide spread pain and permanent
shortening of muscles.

The effect of radiative heat transfer on blood flow in a stenosed artery was studied theoretically
[1].The effect of temperature on blood flow in human breast tumor under laser irradiation using a numerical
model was discussed in [2]. Blood flow with radiative heat transfer was discussed in [3]. Theoretical
estimates of blood flow in arteries during the therapeutic procedure of electromagnetic hyperthermia used for
cancer treatment were investigated in [4].

The field of study which relates the effect of applied magnetic field on biological fluids is called
computational bio-fluid dynamics. This field of study helps to model and simulate blood flows in vascular
passages such as cerebral and carotid arteries.

The flow of chemically reacting fluid mixtures have significant technological applications. Blood is
a complex mixture of plasma, proteins, cells and other chemicals. An experimental study that depicts the
metabolic activities in the presence of chemical reaction has been carried out [S]. An increment in plasma
concentration of reactants occurs due to injection of drugs, hormones and metabolism. A theoretical model to
study the impact of blood flow on the growth of thrombi by considering the interaction between different
constituents of blood and chemical reaction has been developed in [6]. The effect of variable viscosity on
chemically reacting magneto blood flow with heat and mass transfer has been studied in [7].

The effect of a porous medium on blood flow is significant in pathological study. A simulation study
for blood flow through a contracting muscle, with a hierarchical structure of pores was presented in [8].The
Brinkman equation helped to model the pathological blood flow when there is accumulation of fats in an
arterial segment [9]. Flow of a Newtonian fluid in a porous medium in the presence of mass exchange
between the constituents was analyzed in [10].

Erythrocytes are enriched with iron content of hemoglobin molecules so the blood flow will be
influenced by the presence of an external field. Therefore, blood is an electrically conducting fluid in the
presence of magnetic field. The blood flow exhibits magneto hydrodynamic properties. The steady MHD
flow of an electrically conducting fluid with particular reference to blood flow in arteries in a slowly varying
channel in the presence of a uniform transverse magnetic field was studied in [11]. A mathematical model of
the flow of a bio magnetic viscoelastic fluid over a stretching sheet was developed in [12]. The flow and heat
transfer of an HD viscoelastic fluid in a channel with stretching walls investigated in [13]. Misra and his
research group made a great contribution to the field of physiological fluid dynamics. Radiation and free
convection through a porous medium was studied in [14]. The effect of thermal radiation on an MHD flow of
blood and heat transfer in a permeable capillary in stretching motion was been studied in [15]. A numerical
model for a magneto hydrodynamic flow of blood in a porous channel was examined in [16]. A numerical
study of flow and heat transfer during oscillatory blood flow in diseased arteries in the presence of magnetic
fields was studied in [17]. The effect of an MHD free convection oscillatory Couette flow when the
temperature and concentration oscillate with time in the presence of thermal radiation and chemical reaction
was studied in [18]. The effect of thermal radiation, chemical reaction and viscous dissipation on free
convection MHD flow was studied in [19]. Thermal radiation, chemical reaction, viscous and Joule
dissipation effects on an MHD flow embedded in a porous medium was investigated in [20]. Mixed
convection on an MHD flow with thermal radiation, chemical reaction and viscous dissipation embedded in
a porous medium was examined in [21].

Even though the problem of unsteady magnetohydrodynamic flow with heat and mass transfer of
blood in a narrow permeable blood vessel is significant, the effect of chemical reaction parameter on blood
flow has not been considered [15]. This omission encourages considering thermal radiation and chemical
reaction effects on an MHD flow of blood in a stretching permeable vessel.

The main objective of this paper is to study the effects of thermal radiation and chemical reaction on
an MHD flow of blood in a stretching permeable vessel with no velocity, thermal and concentration slip at
the vessel wall.
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2. Mathematical formulation and analysis of the model

Consider a blood flow in stretching permeable narrow vessels with the influence of a time dependent
magnetic field which in two dimensional, unsteady, incompressible, thermal radiating, chemically reacting
and electrically conducting. The x y axes are taken in the direction parallel and perpendicular to the axes of
the blood vessel.

The flow configuration of blood in the vessel and the coordinate system of the model are shown in
Fig.1. At y =0, the temperature of blood at any point in the vessel is equal to the temperature of the blood
vessel wall, the velocity of blood along the axis of the vessel is equal to the stretching velocity of blood,
concentration of blood at any point is the same as blood concentration along the x axis and the transverse
velocity of blood in the vessel is equal to suction or injection velocity. As y — oo, the velocity of blood
along the axis of the vessel is equal to zero, the temperature of blood at any point in the vessel is equal to the
ambient temperature of the fluid and blood concentration along the x axis is equal the ambient concentration
of solute.

Consider a blood flow in the vessel which is influenced by a time dependent magnetic field of
intensity which acts in the direction transverse to the blood. At time =0, the blood vessel is assumed to be

stretched with velocity U, (x,7) and C,,(x,t) is blood concentration taken along the x axis. The origin is

kept fixed in the fluid medium of ambient temperature 7, and ambient concentration of solute C,..

Although according to Misra ef al. [16] blood flow in the circulatory system is three dimensional, in
many cases blood flow in a narrow vessel is taken to be two dimensional.

T =T C =Cx
V=fuzt) } } C=Cu=
u = Uyl(ax,t) | | T = Tyw(x, t)vx

- B(t)

direction of blood flow

Fig.1. Flow configuration of blood in the vessel and coordinate system.

To derive the governing equations of the model the following assumptions are made:
1. Blood is an electrically conducting fluid hence the flow has magnetohydrodynamic property.
2. The magnetic field is time dependent which acts in the direction transverse to the flow of blood.
3. It is assumed that the magnetic Reynolds number is much less than unity so that the induced
magnetic field is negligible in comparison to the applied magnetic field.
Velocity, thermal and concentration slip are negligible.
Blood flow through narrow vessels is taken as two dimensional.
The time dependent permeability parameter of blood vessel is taken into account.
Thermal radiation and chemical reaction that take place during blood flow in a narrow vessel are
taken into consideration.

Nk
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Based on the model assumptions, the governing equations have the following form:
The continuity equation of the model has the form

ou + w_ 0. (2.1
ox Oy
In Eq.(2.1), u denotes velocity of the blood flow along the x axis of the vessel and v represents

transverse velocity of blood flow in the vessel.
The momentum equation of the model takes the form

2y oB(t
8_u+u8_u+va_u_vﬁu_0 ()u_ Y 4. (2.2)
ot ox Oy Gyz p kj(t)

In Eq.(2.2), the second and third term on the left hand side represent convective acceleration. The
second and third term on the right hand side denotes the time dependent magnetic field intensity due to
Lorenz force and time dependent permeability parameter of blood, respectively.

The energy equation of the model can be expressed as

or or or T 1 dq,

2.3)

—tu—+v—=0—- —.
o0 ox oy o' pC, oy

In Eq.(2.3), a denotes thermal diffusivity, p represents density of blood.
The concentration equation of the model takes the form

2
a—Cﬂta—CJrva—C=D6—C—k,(C—CDO). (2.4)
ot Ox oy ayz

In Eq.(2.4), D denotes molecular diffusivity and &, represents the chemical reaction parameter.
The boundary conditions for the problem can be written as
u=U,, v=f, T=T, C=C,at y=0, (2.5)

w

u—>0, T->T,, C—>C,as y—>o. (2.6)

In Egs (2.6), f,, denotes the blood velocity at the vessel wall and is equal to injection/suction
velocity and given by

)
7 _(ﬂjé S 2.7)

In Eq.(2.7), the concentration transfer of blood at the surface of the vessel wall takes place with a
velocity f,,, where f, >0 in case of injection and f,, <0 in case of suction.
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In Eq.(2.2), k; (t) =k, (I —ct) represents the time dependent permeability parameter. The velocity
U, (x,t) is the stretching velocity of the blood vessel; the surface temperature is 7, (x,t) ; the concentration

of bloodis C,, (x,t) and time dependent chemical reaction parameter &, (t) takes the following form

ax bx bx k,
U - T, =T, +——, C =Cp+—, k()= 2.8
w (1) I-ct’ w(0) OO—i_l—ct’ »(00) OO—i_l—ct’ (1) I—ct @)
k
k() =—0—
A0 D(I-ct)

where a,b, ¢ and k, are the constants such that a>0,b20,c20 and ct<I. Let us choose

B . . . .
B(t)= ——2__, B, denotes the magnetic field strength at =0 and K, (¢) is chemical reaction rate of the
’ /(1 - ct)
blood flow.

The Roseland approximation for radiative heat flux [Brewster, 1992] is given by

— * 4
)

In Eq.(2.9), the parameters o and k, represent the Stefan Boltzmann constant and the Roseland

mean absorption coefficient, respectively.
We now assume that the temperature difference of the blood flow inside the vessel is sufficiently

small, 77 in Eq.(2.10) can be expanded as a linear function of 7., using the Taylor series expansion and

neglecting higher-order terms we write 7' * as
T4 =417 31,7 (2.10)
In Eq.(2.10), T, denotes the embedded temperature.

3. Non dimensionalization of the model

Dimensionless form of the model problem is obtained by introducing the following non dimensional
quantities

()= % w(er) = T (), o)=L e o= £

o0

In Eq.(3.1) f,n,y,0 and ¢ denote the dimensionless stream function, similarity variable, stream
function, dimensionless temperature and dimensionless concentration, respectively. And prime denotes
derivatives with respect to 1.

Where \V(x, y,t) is the stream function defined by u = Z—W and v= —Z—W which satisfies continuity Eq.(2.1).
24 X

Substitute Eq.(3.1) into Eqs (2.2)-(2.4) the following non dimensional equations are obtained
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fm+ff‘"_f’2_A(f"*‘gf”j_sz'_kif,:O, (32)
3

I+R\ C g Mo ) _

(Pr je L re—6f A(9+26j 0, (3.3)
d)"+Sc(fd)’—f'(l))—ASC(%W])'+(])}—KF(|)=0 (3.4

where A4 is the unsteadiness parameter; M is the Hartmann number; R is the radiation parameter; k; is
the permeability parameter and Pr is the Prandtl number.

* 3
Here A:%; a:v(]—ct); M =B, I%a;R=16G T%{gk; K3:aK%;sc:\/D and Pr:%

The boundary conditions corresponding to Egs (2.5)-(2.6) are given by
7(0)=8, f'(0)=1,06(0)=1, (3.5)
f'(M)—>0,8(n)—>0,¢(n)>0 as n—oow. (3.6)
In Eqgs (3.5), S >0 and S <0 denote suction and injection parameters, respectively.
The non linear partial differential Eqs (3.2)-(3.4) subjected to the boundary conditions (3.5)-(3.6) constitute
the non dimensional form of the present model.

4. Numerical solution of the model problem

The set of coupled non-linear Eqgs (3.2)-(3.4) is solved numerically using ode45 MATLAB code.
First, convert the higher order non linear differential equations to a system of first order ordinary differential
equations by using

vi=1, y2=f', )’3:f"a y4=0, J’5:9'a Vs =0, )’7:(1)/,

Y=Y

ylz AR
v3=y3 —y1y3+A(yz +%J’3)"‘J’2(M2+%3),
y; =JVs,

ys= I%HR)[ym + 0¥y +A(y4 + ) y5ﬂ,
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Y6 =V7>5

7 ==S¢(y1y7 = yav5) + ASC(%J/7 + ya) —k.ys

V7 ==Sc(y1y7 = yov5)+ 4 SC(%J’7 + ya) +k. 5.
With corresponding boundary conditions

yim)=S, ya(n)=1 y,(M)=1L ys()=1 y3(n)=m

with corresponding boundary conditions

yi(0)=S, »:(0)=1 y,(0)=1 y5(0)=1, y;(0)=m,

Vs (0) =n, Y7 (0) =1

where m,n and [ are unknown to be determined as part of numerical solution using ode45.

5. Simulation study

The effect of thermal radiation and chemical reaction on the MHD flow of blood in a stretching
permeable vessel with the influence of a time dependent magnetic field intensity has been studied. The
effects of physical parameters, viz., the permeability parameter, Hartmann number, unsteadiness parameter,
thermal radiation parameter, chemical reaction parameter and Schmidt number on flow variables, viz., the
velocity, temperature and concentration of blood flow have analyzed. The governing non-linear partial
differential equations of unsteady blood flow, temperature and concentration profiles are transformed to a set
of ordinary differential equations using similarity transformations which can be solved numerically using
ode45 MATLAB code.

For the sake of brevity only graphical representations of temperature profiles for different values of
the thermal radiation parameter, Prandtl number and Hartmann number; velocity profiles for different values
of the permeability parameter and unsteadiness parameter. Furthermore, concentration profiles for different
values of the time dependent chemical reaction parameter and Schmidt number are presented.
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Fig.2. Velocity profile of the model for different values of the permeability parameter.

Figure 2 shows the velocity profile of blood flow for different values of the permeability parameter.
The graph shows ' versus n for different values of dimensionless velocity against dimensionless distance.

As the values of the permeability parameter increase, the velocity profile of the blood flow increases.

For a particular value of the permeability parameter as the dimensionless distance increases the
velocity of the blood flow increases and attains its maximum value. Physiologically, this shows the
relationship between velocity profiles of the blood flow and the permeability parameter of a porous medium
i.e., the volume of blood that passes through the porous medium dominates the total volume. Hence, the fluid
particles move from one place to another place easily in the vessel.
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Fig.3. Velocity profile of the model for different values of unsteadiness parameter.

Figure 3 shows the effect of the unsteadiness parameter on the velocity of blood flow. The graph is
plotted for f’ versus 1 with dimensionless velocity and dimensionless distance, respectively. The

simulation study shows that increasing values of the unsteadiness parameter result in an increment in the
velocity of blood flow in the vessel with no slip at the boundary.
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Fig.4. Temperature profile of the model for different values of Prandtl number.

Figure 4 presents the change in the temperature profile for different values of the Prandtl number.
The graph is plotted for 0 versus m which represents dimensionless temperature in the vertical axis and

dimensionless distance in the horizontal axis respectively. This figure shows that the temperature gradient at
the wall increases with an increment of the Prandtl number. Physiologically, this can be interpreted as an
increment of the Prandtl number is accompanied by an enhancement of heat transfer at the wall of the blood
vessel. The achievement of a higher Prandtl number in the blood results in a decrement of thermal
conductivity and a result heat conduction capacity decreases. Consequently, the thermal boundary layer
thickness decreases, hence the heat transfer rate at the wall of the blood vessel increases.
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Fig.5. Temperature profile of the model for different values of the Hartmann number.
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Figure 5 shows characteristics of the temperature profile for different values of the Hartmann
number. The graph is plotted for O versus m along vertical and horizontal axes, respectively. From the

simulated graph it can be concluded that as the Hartmann number increases the temperature increases.
Physiologically, this means blood behaves as an electrically conducting fluid which induces electric and
magnetic field. Both electric and magnetic field enhance the temperature of the boundary layer of the blood
vessel. The combined effect of both forces produces Lorentz force which increases the temperature of blood.

% 10°
3,

R1=0.2 ||I
— R2=1
I
R3=2.0| {
25| R4=3.0 ."'
!
.}.
/
.JI
2 .Irll
f.-'
."r
= 15 )/
/
/
/
'
1 /
/
/
S
'
Vo
05— s —

Fig.6.Temperature profile of the model for different values of thermal radiation parameter.

Figure 6the effect of thermal radiation on the temperature profile has been presented. The graph is
plotted for 6 versus n for different values of dimensionless temperature against dimensionless distance. The
result of the simulation study shows that as the thermal radiation increases during blood flow in the vessel
there is a significant rise in the thickness of the boundary layer. Hence the temperature of the boundary layer
increases which results in an increment of temperature.
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Fig.7. Concentration profile of the blood flow for different values of the chemical reaction parameter.
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Figure 7 shows the effect of the chemical reaction parameter on the concentration profile of blood.
The graph shows ¢ versus mrepresenting, respectively, dimensionless concentration and distance. From the
simulation study it can be observed that as the chemical reaction parameter increases the concentration of
blood flow decreases. Physiologically, this shows that higher values of the chemical reaction parameter
result in a decrement of molecular diffusivity which directly decreases the concentration of blood.
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Fig.8. Concentration profile of the model for different values of the Schmidt number.

Figure 8 shows the effect of the Schmidt number on the concentration profile of blood. The graph
shows ¢ versus mrepresenting respectively, dimensionless concentration and distance. From the simulation

study it can be observed that as the Schmidt number increases the concentration of blood flow decreases.
Physiologically, this shows blood can diffuse slowly in the vessel.

6. Theoretical estimates and experimental results

The mass and heat transfer of time dependent stretching blood flow in a permeable blood vessel
influenced by the action of time dependent external magnetic field was studied. A numerical method can be
applied to the system of Eqgs (3.2) —(3.4) with the corresponding boundary conditions Eqs (3.5)-(3.6).

To apply the numerical method it is important to assign some values for the dimensionless
parameters: the suction parameter, unsteadiness parameter, permeability parameter, Hartmann number and
radiation parameter from theoretical and experimental studies. As mentioned in the experimental study of
Valvano et al. (1994) and Chato (1980) at temperature 370’ the human blood has the following data for

and

dynamic viscosity u=3200k—g, the specific heat capacity at constant pressure C, :14.65k ;
ms 8 Uk

thermal conductivity 2.2X [ 073 . Using these values the Prandtl number of human blood is 21.

ms 0y,

The numerical results of the present study are compared with Ishak et al. (2009) and Salem and El-
Aziz (2008) in order to check the validity of the present work. The results are in good agreement with the
above mentioned works.
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7. Conclusion

In this paper, blood flow in the presence of thermal radiation and chemical reaction under the
influence of time dependent magnetic field intensity has been analysed theoretically. The non-linear partial
differential equations are converted to ordinary differential equations using similarity transformations and
solved numerically.

From the simulation study the following important results are obtained:

1. Velocity of the blood flow increases with an increment of both permeability and unsteadiness
parameter.

2. Temperature of the blood increases at the vessel wall as the Prandtl number and Hartmann number
increase.

3. Concentration of the blood decreases as the time dependent chemical reaction parameter and

Schmidt number increase.

8. Application of the model problem

The present study can be applied to model blood flow in micro vessels

To help patients in the treatment of pulmonary thrombus embolism (PTE).

. It can also be applied in the treatment of blood cancer and tumor using electromagnetic radiation.

3. Infrared radiation can be applied directly in the treatment of blood cancer by heat therapy to treat the
infected areas of the blood.

4. This study helps radiologist to find applications in estimating how to reduce electromagnetic
radiation.

5. This study will be helpful in evaluating the accuracy of future theoretical works.

N —

Nomenclature

A —unsteadiness parameter
B(t) —time dependent magnetic field intensity

C — concentration of blood at any point in the vessel
C, — specific heat at constant pressure of the blood
C,, — blood concentration along the x axis

— ambient concentration of the solute

D — molecular diffusivity of blood
fww — suction/injection velocity

k.(t) — time dependent chemical reaction of blood

M — Hartmann number of blood
Pr — Prandtl number
R —radiative parameter
S — suction/injection parameter
Sc¢ — Schmidt number of blood
T —temperature of blood at any point in the vessel
T,, — temperature of vessel wall
', — ambient temperature of the medium
. — stretching velocity of blood

u — velocity of blood along the x axis of the vessel
g, — radiative heat flux of blood

v — transverse velocity of blood in the vessel

a — electrical conductivity of blood
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p  — dynamic viscosity of blood
n — dimensionless distance
k — thermal conductivity of blood
k;(¢) — time dependent permeability of blood

K, — constant permeability of porous medium

k3 — non-dimensional permeability of porous medium parameter
p — density of the blood
v — kinematic viscosity of blood
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