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Abstract—Blood flow rate can be measured by Hall

current due to the presence of ions which constitute an

electric current in blood. Similarly, magnetic field has

the potential application in magnetic drug targeting and

adjusting blood flow during surgery. In this work, a the-

oretical investigation of the irreversibility analysis of un-

steady electrically conducting blood flow in an inclined

stretching permeable vessel under the influence of Hall

current, thermal radiation and magnetic field applied

perpendicularly to the flow is undertaken. In order to

have a robust analysis of the flow field, temperature,

concentration field, entropy generation and Bejan num-

ber; formulation of the equations governing the flow is

carried out and the resulting coupled partial differen-

tial equations are reduced to a set of first order ordinary

differential equations with the aid of appropriate similar-

ity variables. A numerical technique, Runge-Kutta with

shooting method is applied to solve the dimensionless

equations. The impact of flow parameters such as the

unsteadiness parameter (A), inclination angle parameter

(α), Hall current parameter (m), Hartmann (Ha) and Ra-

diation parameter (Nr), skin friction and Nusselt number

are presented using plots and tables. The study reveals

that blood flow is accelerated by Hall and radiation pa-

rameters while unsteadiness and inclination parameters

cause deceleration. Blood temperature is raised by in-

creasing the values of Hartmann number, radiation and

inclination angle parameters. However, unsteadiness pa-

rameter reduces it. Furthermore, blood entropy genera-

tion and Bejan number receive a boost with the enhance-

ment in Hartmann number and radiation parameter.

Index Terms: Hall current, Hydromagnetic Blood flow,

Stretching vessel, Runge-Kutta method, entropy genera-

tion

Manuscript received October 20, 2023; revised May 21, 2024.

Hammed, Fatai A. is a lecturer in the Department of Mathemati-

cal Sciences, Olabisi Onabanjo University Ago-Iwoye, Nigeria (email:

hammed.fatai@oouagoiwoye.edu.ng).

Usman, Mustapha A. is a lecturer in the Department of Mathemat-

ical Sciences, Olabisi Onabanjo University Ago-Iwoye, Nigeria (email:

usman.mustapha@oouagoiwoye.edu.ng).

Akanbi, Olumuyiwa O. is a Ph.D student in the Department of

Mathematical Sciences, Olabisi Onabanjo University Ago-Iwoye, Nige-

ria (email: pscf20210070@oouagoiwoye.edu.ng).

1 Introduction

The flow of blood plays a crucial role in the transporta-
tion of oxygen, nutrients, waste product and supply heat
to different body tissues Ribatti [1]. Understanding the flow
characteristics of blood and their associated phenomena is of
high importance in both clinical and physiological research.

In recent years, the field of hemodynamic has emerged as
a powerful tool for investigating the flow behaviour of hu-
man blood. Oka and Murata [2] investigated theoretically
the flow of blood in a blood vessel which has permeable
wall. A study on the blood flow under a post-stenotic di-
latation with forced field was carried out by Dhange et. al
[3]. A simple mathematical model was presented by Rah-
man and Hague [4] under the influence of blood pressure
gradient and cross-sectional area. McCulloch et. al. [5]
studied the mathematical biology of the heat ranging from
heat structure to function. Human hypertension blood flow
was investigated by Mohammed et. al [6] with the imple-
mentation of fractional calculus to understand the structure
and functional changes in the large and small arteries af-
fected by hypertension disease. A growing body of litera-
ture has examined the magnetohydrodynamics (MHD) on
blood flow, highlighting their potential role in modulating
hemodynamic parameters and contributing to various phys-
iological processes. Mohamad et. al. [7] studied the effects
of heat and mass transfer on MHD blood with a focus on
Casson fluid model. The study of blood with gold nano
particles in the presence of magnetic dipole was examined
in Alam et. al [8]. The MHD blood flow in a stretching
permeable vessel under the influence of thermal radiation
and chemical reaction was examined by Zigta [9]. Rekha
and Usha [10] proposed a mathematical model of blood flow
with an externally applied magnetic field in a small blood
vessel. Effect of thermal radiation on MHD blood flow and
transfer of heat in a stretching permeable capillary was stud-
ied by Misra and Sinha [11]. A mathematical study of blood
flow characteristics when catheterization is implemented in
stenosed artery was studied by [12]. Prakash and Makinde
[13] studied the connected actions of axial pressure gradi-
ent and externally applied magnetic field on the blood flow
through a stenosed artery. The effect of magnetic field on
the human blood flow through human arterial system was
reported by Sud and Sekhon [14]. Theoretical analysis for
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magnetohydrodynamic flow with different physical blood pa-
rameter was investigated by Misra et. al. [15]-[17].

Reddy et. al. [18] reported a significant impact of MHD
flow of blood in an inclined stretching surface under the in-
fluence of viscous dissipation, chemical reaction and non-
uniform heat source/sink. Majekodunmi et. al [19], con-
ducted a theoretical study of magnetohydrodynamic blood
flow in the case of multiple stenosis. Magnetohydrodynam-
ics impact on a generalized power law fluid model of blood
flowing through an artery that is with an overlapping shaped
stenosis was studied numerically by Zain and Ismail [20].
Mathematical investigation was conducted on thermoregu-
lator influence on blood viscosity in the presence of magnetic
field and thermal radiation in human cardiovascular system
[21]. Sinha et. al [22] examines the effect of heat transfer
on unsteady MHD fluid of human blood under the influence
of non-uniform thermal source. Srinivas et al. [23] carried
out a study on the effect of chemical reaction and thermal
radiation on MHD flow over an inclined surface where the
application of the concept of MHD to the dynamics of blood
flow was applied. MHD blood flow research was conducted
by Tripathi et. al [24] where heat transfer in an inclined
stenosed artery under the influence of varying viscosity was
considered. A variable viscosity and heat source on MHD
blood flow as considered in [25] was investigated. Majeed et.
al [26] considered MHD blood flow in a cylindrical tube using
fractional model. A case study of unsteady MHD blood flow
with single and multiple wall carbon nanotubes and thermal
analysis was investigated by Khalid et. al [27]. A study
was conducted on Spatio-temporal evolution of MHD blood
flow involving heat motions passing through a wavy-walled
artery [28]. In a parallel plate channel Latha and Kumar [29]
considered unsteady MHD blood flow in a porous medium.

The Hall effect has been extensively studied in various dis-
ciplines, such as those encountered in Physics and Electrical
engineering. However, its impact on hydromagnetic blood
flow in biological system remains relatively unexplored. Ef-
fect of Hall current in an oscillatory blood flow, where heat
and mass transfer under the impact of Hall effect was ex-
amined [30]. Abdullah et. al [31] considered Hall currents
along with the magnetic field on the blood velocity and blood
concentration with lipoprotein. Umash and Bhupendra [32]
examined the human blood flow under the influence of Joule
heating, thermal radiation, Hall and ion slip effect. Ascen-
dancy of electromagnetic force and Hall currents on blood
flow was investigated by Das et. al. [33]. Asha & Sunitha
[34] investigated the effect of thermal radiation and double
diffusion with Hall effect on peristaltic blood flow. Influ-
ence of magnetic field and Hall effects on human blood flow
through an obstructed artery was studied by Mekheimer and
El kot [35].

Entropy generation analysis is a powerful tool to quantify
the irreversible losses and inefficiencies in a human circu-
latory system. A number of investigations have been ex-

plored in this area. Rashidi et. al. [36] conducted Entropy
analysis on magnetic blood flow under the influence of peri-
staltic wall. Algehyne et. al [37] studied the Entropy mini-
mization and response surface methodology of blood hybrid
nanofluid flow in a stenosed artery in the presence of mag-
netized nanoparticles for effective drug delivery application.
A study carried out by [38] analysed the entropy generation
on the blood flow with magnetic Zinc-Oxide nanoparticles
flowing through Anisotropically Tapered arteries. Shahzad
et. al. [39] investigated the entropy analysis and stability
of blood flow through infected multiple stenosis artery. An
elegant study by Al-Mdallal et. al. [40] investigated the
MHD blood flow and Entropy generation for two phase hu-
man blood flow in the presence of a curved permeable artery
with variable viscosity, heat and mass transfer. Investigation
of consequence of thermal radiation in a rotating fluid in the
presence of oscillatory vertical plate with variable temper-
ature and mass diffusion was carried out by Antony and
Ravikumar [41]. Jaismitha and Sasikumar [46] carried out a
study on chemically oscillatory casson hybrid nanofluid flow
with heat source/sink in a rotating wavy channel. Effect
of various physical parameter such as prandtl number, Hall
currents, Soret on MHD flow past in an inclined stretching
sheet was investigated by George et al. [47]. Rishu et al. [48]
studied the entropy generation of a mediated blood flow of
a time-variant multi-stenotic artery. Another recent study
by Sakthi et al. [49], carried out a research on the entropy
generation of a blood-based hybrid nanofluid in the presence
of thermal radiation where channels are converged and di-
verged.

Motivated through the survey of relevant literature, this
study was undertaken to optimize the irreversibility analysis
of blood, flowing through an inclined stretching permeable
blood vessel. Thus, the objective is to investigate impact
of Hall effect on entropy generation of hydromagnetic blood
flow in an inclined stretching permeable vessel and examine
the behaviour of the flow variables such as velocity, temper-
ature and concentration under the influence of some flow pa-
rameters which have not been accounted for in the previous
studies by Misra and Sinha [11]. To achieve this, the modi-
fied non-linear partial differential equations of the blood flow
are formulated, converted to a dimensionless ordinary differ-
ential equation and solved numerically by Runge-Kutta via
shooting method.

2 Problem Formulation

Consider an unsteady incompressible flow of blood through
an inclined stretching permeable narrow artery with angle
α to the vertical. It is assumed that the artery is under the
influence of a time-dependent magnetic field B(t) acting in
a perpendicular direction to the flow. The influence of mag-
netic field, Hall current, thermal radiation, porosity, Ohmic
heating and chemical reaction are incorporated.

The coordinate system, as shown in Figure 1, is chosen such
that x − axis is considered along the blood vessel in an in-
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clined upward direction and z-axis normal to plane of the
blood vessel. The electron-atom collision frequency is also
assumed to be relatively high, so that the Hall effect cannot
be ignored. The effect of Hall current gives rise to a force in
the z-direction, which induces a cross flow in that direction,
and hence the flow becomes three-dimensional, see Figure 1.
It is further assumed that the induced magnetic field in com-
parison to the applied magnetic field is insignificant since the
magnetic Reynolds number is much lower than unity, hence
it is negligible.

The assumption is justified due to the fact that magnetic
Reynolds number is very small for liquid metals and par-
tially ionized fluids which are commonly used in industrial
applications [9]. The velocity slip, thermal slip, solutal slip
are incorporated into the flow analysis. At time t = 0 ,
the blood artery is assumed to be abruptly stretched along
the x-axis with velocity Uw (x, t) and concentration Cw (x, t)
The origin is kept fixed in the fluid medium of ambient tem-
perature T∞ and ambient concentration of solute C∞. Ac-
cording to Misra et al. [11] flow in the circulatory system
is mainly three-dimensional, however, in many cases blood
flow in a narrow vessel such as artery has been analysed as
two-dimensional. Following the assumptions made above,
the equations that govern the flow of blood for the analysis
are considered in the form [9, 11].

Fig 1: Geometry of Flow

2.1 The Models

Conservation of mass or Continuity equation

∂u

∂x
+
∂v

∂y
= 0 (1)

Conservation of momentum or Navier-Stokes equation in x-
direction
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= v

∂2u

∂y2
−

∂B2(t)

ρ(1 +m2)
(u+mw)−

v

k1(t)
u

+ gΓ(T − T∞) cosα+ gΓ∗(C − C∞) cosα

(2)

Conservation of momentum or Navier-Stokes equation in y-
direction

∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
= v

∂2w

∂y2
+

σB2(t)

ρ(1 +m2)
(mu+ w) (3)

Conservation of energy or Energy equation

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
=

k

ρcp

∂2T

∂y2
−

1

ρcp

∂qr

∂y

+
ν

cp

[(
∂u

∂y

)2

+

(
∂w

∂y

)2
]
+

σB2(t)(u2 + w2)

ρcp

(4)

Conservation of species concentration (mass diffusion) or
Concentration equation

∂C

∂t
+ u

∂C

∂x
+ v

∂C

∂y
= D

∂2C

∂y2
−R (C − C∞) (5)

Boundary conditions with velocity (N), thermal (K), con-
centration (P) slips and suction (fw) parameter

u = Uw +Nµ
∂u

∂y
,

v = fw,

w =Ww +Nµ
∂w

∂y
,

T = Tw +K
∂T

∂y
,

C = Cw + P
∂C

∂y
, y = 0

u→ 0, T → T∞, C → C∞, y → ∞



(6)

The radiative heat flux in the energy equation is simplified
by using Rosseland approximation as follows

qr = −4σc

3kc
∂T 4

∂y
= −16σcT 3

3kc
∂T

∂y
(7)

The term T in Eq. (7) is highly nonlinear hence its solution
is very difficult to obtain, therefore an assumption of small
temperature differences within the flow is then taken, and
this helps to linearize the Rosseland formula about the am-
bient temperature T. This implies that T∞. Invoking Eq.
(7) in Eq. (4) yields

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
=

k

ρcp

∂2T

∂y2
+

16σcT 3

3ρcpkc

∂T

∂y

+
υ

cp

[(
∂u

∂y

)2

+

(
∂w

∂y

)2]
+

σB2(t)(u2 + w2)

ρcp
(8)
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Introducing the following transformation variables:

η = y

[
a

ν(1− ct)

] 1
2

,

ψ =

[
av

1− ct

] 1
2

xf(η),

w =

[
ax

1− ct

]
g(η),

θ(η) =
T − T∞
Tw − T∞

,

ϕ(η) =
C − C∞

Cw − C∞
,

u =
∂ψ

∂y
,

v = −∂ψ
∂x

,

T = T∞ +
cx

(1− αt)2
θ(η),

C = C∞ +
cx

(1− αt)2
ϕ(η)

(9)

Note that ψ is a stream function. Relations (9) is applied to
reduce Eqs. (2, 3, 5, 8) to the following system of coupled
ordinary differential equations

f
′′′

−A
[
f
′
+

η

2
f
′′]

− f
′2 + ff

′′
−

Ha2

(1 +m2)
(f

′
+mg)

−Kf
′
+ (Grθ +Gcϕ) cosα = 0

(10)

g
′′
−A

[
g +

η

2
g

′
]
−f

′
g+fg

′
+

Ha2

(1 +m2)
(mf

′
+g) = 0 (11)

1

Pr

[
1 +

3

4
Nr

]
θ
′′
−A

[
θ +

η

2
θ
′
]
− f

′
θ + fθ

′
+

EcHa2(mf
′
+ g) = 0

(12)

1

Sc
ϕ

′′
−A

[
ϕ+

η

2
ϕ

′
]
− f

′
ϕ+ fϕ

′
− βϕ = 0 (13)

f = 0, f
′
= 1 + Lff

′′
(0), g = 0, θ = 1 + Ltθ

′
(0),

ϕ = 1 + Lcϕ
′
(0),

η = 0, f
′
→ 0, g → 0, θ → 0, ϕ→ 0, η → ∞

(14)

3 Method of Solution

Application of Runge-Kutta with shooting technique in-
volves the conversion of Eqs. (10-14) to a system of first
order ordinary differential equations. If we let y1 = f, y2 =

f
′
, y3 = f

′′
, y4 = g, y5 = g

′
, y6 = θ, y7 = θ

′
, y8 = ϕ, y9 = ϕ

′

Then,

y
′
1 = y2, y1(0) = 0,

y
′
2 = y3, y2(0) = 1 + Lfy3(0),

y
′
3 = A

[
y2 +

η

2
y3
]
+ y22 − y1y3 +

Ha2

(1 +m2)
(y2 +my4)

+ ky2 − (Gry6 +Gcy8) cosα, y3(0) = S1,

y
′
4 = y5, y4(0) = 0,

y
′
5 = A

[
y4 +

η

2
y5
]
+ y2y4 − y1y5

+
Ha2

(1 +m2)
(my2 + y4), y5(0) = S2,

y
′
6 = y7, y6(0) = 1 + Lty7(0),

y
′
7 =

[
4PrA

4 + 3Nr

] [
y6 +

η

2
y7
]
+ y2y6 − y1y7

+ EcHa2(my2 + y4), y7(0) = S3,

y
′
8 = y9, y8(0) = 1 + Lcy9(0),

y
′
9 = ScA

[
y8 +

η

2
y9
]
+ y2y8 − y1y9 − γy8, y9(0) = S4

(15)

Runge-Kutta method is employed to obtain the solutions to
Equations (15) with a step size 0.001. The results are trun-
cated at a distance where the influence of boundary layers on
the blood vessel is less substantial. The numerical method
is validated by comparison with previously published works
in limited case as displayed in Table 1 Sharidan et. al. [42]
and Chamkha et al. [43] and Table 2 Ishak et. al. [44]
and Hayat and Qasim [45], the results demonstrate excel-
lent agreement. In this work, the quantities of interest are
the skin friction coefficient, rate of heat transfer and mass
transfer, these are defined as

Cf =
τw

ρU2
w/2

Nux =
xqw

k(Tw − T∞)

Shx =
xmw

ρD(Cw − C∞)


(16)

The terms

τw = µ

[
∂u

∂y

]
y=0

, qw = −k
[
∂T

∂y

]
y=0

and

mw = −ρD
[
∂c

∂y

]
y=0

(17)

represents the shear stress, surface heat flux and the mass
flux respectively. Substituting Eq.(17) in Eq.(16) yields
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Cf =
1

2
Re

− 1
2

x f
′′
(0)

Nux = −Re
− 1

2
x θ

′
(0)

Shx = −Re
− 1

2
x ϕ

′
(0)


(18)

4 Entropy Generation

The local volumetric entropy generation rate for blood flow
with Hall current, thermal radiation and Ohmic heating is

SG = k
T2
∞

([
∂T
∂y

]2
+
[
∂T
∂x

]2)
+

16σT3
∞

3kc

([
∂T
∂y

]2
+
[
∂T
∂x

]2)

+
µ

T∞

([
∂u

∂y

]2
+

[
∂w

∂y

]2)
+

D

C∞

([
∂C

∂y

]2
+

[
∂C

∂x

]2)

+
D

T∞

[[
∂T

∂y

∂C

∂y

]
+

[
∂T

∂x

∂C

∂x

]]
+

σB2
0

T∞

(
u2 + w2

)
(19)

introducing Eq.(9), in Eq.(19) yields

Ns =

[
1 +

3

4

]
θ
′2 +

Br

Ω

((
f
′′2 + g

′2
)
+Ha2

(
f
′2 + g2

))

+ εϕ
′2 + λθ

′
ϕ

′

(20)

Now, designating

N1 =

[
1 +

3

4

]
θ
′2 and

N2 =
Br

Ω

((
f
′′2 + g

′2
)
+Ha2

(
f
′2 + g2

))
+ εϕ

′2 + λθ
′
ϕ

′ (21)

The interest here is to obtain the irreversibility ratio to
compare the different contributions from the heat energy
contributing forces in the blood flow. In this respect, we
compare the irreversibility due to heat transfer, N1 to the
irreversibility due to the effective viscous effect, N2 where,

Bejan number (Be) is given as

Be =
N1

Ns
=

1

1 + ϕ
, (22)

And ϕ =
N2

N1
is the irreversibility distribution ratio, a param-

eter which measures the rate of the destruction of available
energy in the blood flow.

5 Results Validation

Table 1: Comparison of −f ′′
(0) for various values of un-

steadiness parameter when Ha = Gr = Gc = 0

A Sharidan et al. [42] Chamkha et al. [43] Present

0.8 1.261042 1.261512 1.261042

1.2 1.377722 1.378052 1.377723

Table 2: Comparison of −θ′
(0) for various values of A, fw

and Pr

A fw Pr Ishak et al. [44] Hayat et al.[45] Present

0 -1.5 0.72 0.4570 0.45702 0.457028

1.0 0.5000 0.50000 0.500000

10.0 0.6452 0.64516 0.645168

0 0.72 0.8086 0.80863 0.808634

1.0 1.0000 1.00000 1.000000

3.0 1.9237 1.92359 1.923655

10.0 3.7207 3.72159 3.720649

1.5 0.72 1.4944 1.49436 1.494368

1.0 2.0000 2.00000 2.000000

10.0 16.0842 16.09624 16.08421

1.0 -1.5 1.0 0.8095 0.80951 0.809511

0 1.3205 1.32052 1.320522

1.5 2.2224 2.22235 2.222355

6 Discussion of Results

To gain deeper insight into the qualitative analysis of this
investigation; this section presents the impact of various
parameters such as unsteadiness, angle of inclination,
Hall current, thermal radiation and Hartmann number
on the velocity, temperature and concentration of blood
flowing through a stretching vessel. In addition, tables are
presented for varying values of skin friction and Nusselt
number. For numerical results, we set β = 0.5, Nr = 0.5,

A = 0.5, Gr = 2, Gc = 2, α =
π

4
, Sc = 0.6, Pr= 21,
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Ha = 0.5, Ec = 0.5, m = 0.5, K = 0.5, Lf = 1.5, Lt = 1,
Lc = 0.5. Unless otherwise indicated in the graphs, these
values are retained for the purpose of computation.

In Figures 2 to 5, blood primary and secondary velocity
together with the temperature and concentration are
observed to have reduced as a result of the increasing values
of unsteadiness parameter. This parameter has an inverse
relationship with the blood stretching vessel, hence a rise in
the value of (A) will amount to a reduction in blood velocity,
temperature and concentration as observed in the plots. In
Figure 6, it is obvious that entropy generation is minimised
as the unsteadiness parameter grows in values. This can be
traced to drop in blood motion, temperature and concen-
tration. Finally, in Figure 7 Bejan number reduces as the
unsteadiness parameter rises indicating that fluid friction
irreversibility is the major contributor to blood entropy
formation. Figures 8 to 11 display the impact of inclination
angle on flow velocity, temperature and concentration.
Figures 8, 9 and 10 indicate a reduction in blood velocity
and temperature. This observation is linked to the fact that
inclination angle has the tendency to diminish the impact of
buoyancy force on blood momentum. Physically speaking,
this is valid since the wall becomes less steep, thus lowering
the blood flow rate. However, a reverse phenomenon is
observed in Figure 11. Figure 11 shows a significant rise in
the concentration profile. Figure 12 reveals a drop in blood
entropy formation for a rising values of inclination angle
parameter, this is expected as a result of the significant drop
in blood motion as indicated in Figures 8 and 9. However,
in Figure 13 Bejan number depicts, this implies that heat
transfer irreversibility dominates blood entropy production
for an increment in the values of inclination angle parameter.

Fig 2: Unsteadiness parameter versus primary velocity

Fig 3: Unsteadiness versus secondary velocity

Fig 4: Unsteadiness parameter versus temperature profile

Fig 5: Unsteadiness parameter versus concentration profile
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Fig 6: Unsteadiness parameter versus entropy generation

Fig 7: Unsteadiness parameter versus Bejan number

Fig 8: Inclination angle parameter versus primary velocity

Fig 9: Inclination angle parameter versus secondary
velocity

Fig 10: Inclination angle parameter versus temperature
profile

Fig 11: Inclination angle parameter versus concentration
profile
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Fig 12: Inclination angle parameter versus entropy
generation

Fig 13: Inclination angle parameter versus Bejan number

In Figure 14 to 15, Hall parameter is plotted against pri-
mary and secondary velocity. An increase in blood velocity
is registered for various values of Hall parameter. This is
physically correct, increasing the value of Hall parameter
reduces the damping force of the magnetic field parameter.
The implication is that the magnetic resistivity force is weak-
ened, resulting in increased blood flow. Also, Figure 16 illus-
trates a moderate reduction in Bejan number with increasing
Hall parameter values, indicating fluid friction irreversibility
dominance over heat transfer irreversibility in entropy pro-
duction. Figure 17 to 20 illustrate how the blood’s motion,
temperature and concentration are influenced by variations
in the Hartmann number. Figure 17 to 18, it is inferred
that the primary velocity is reduced while a reverse scenario
is registered for secondary velocity. However, from figure
19 to 20, the temperature and concentration of the flow re-
ceive a boost. This decreasing effect in blood velocity is
due to the presence of red blood cell (RBC) which contains
haemoglobin, and it is paramagnetic in nature. Therefore
when an external magnetic field is applied to the blood flow,
an interaction between the magnetic field and the blood oc-

curs this produces a strong electromotive field, then a resis-
tive force known as the Lorentz force is generated. Hence the
reduction in blood motion. This result validates the fact that
blood flow during surgery and treatment of arterial diseases
can be adjusted and regulated by the application of an ex-
ternal magnetic field. The existence of Joule heating, which
appears in the energy equation, is responsible for the rise
in blood temperature and concentration. Furthermore, the
presence of a magnetic field induced viscous heating of blood
particles, which further raised blood temperature. Blood en-
tropy generation is portrayed in Figure 21 to have reduced
as Hartmann number value is enhanced. This is expected
since the resistivity force resulting from the presence of the
Lorentz force has drastically reduced blood motion. This
scenario is corroborated in Figure 22, where Bejan number
improved significantly in response to rising Hartmann num-
ber values, demonstrating that the formation of entropy is
essentially as a consequence of heat transfer irreversibility.

Fig 14: Hall parameter versus primary velocity

Fig 15: Hall parameter versus secondary velocity
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Fig 16: Hall parameter versus Bejan number

Fig 17: Hartmann number versus primary velocity

Fig 18: Hartmann number versus secondary velocity

Fig 19: Hartmann number versus temperature profile

Fig 20: Hartmann number versus concentration profile

Fig 21: Hartmann number versus entropy generation
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Fig 22: Hartmann number versus Bejan number

From Figures 23 to 25 an increment in blood momentum
and temperature is registered as thermal radiation param-
eter varies from 1 to 7. Blood flow momentum and tem-
perature are enhanced due to an increase in the Rosseland
mean absorption coefficient term (kc), which occurs as a
denominator in the term that denotes thermal radiation.
Pathologists utilize enhanced blood flow to accelerate the
healing process when treating and curing injuries. Increases
in the thermal radiation parameter will also help patients
receiving thermal radiation therapy overcome Lorentz’s ef-
fect on blood flow by accelerating blood flow. Moreover,
high temperatures are applied to human tissue and cancer-
ous tumours as a result of an increase in thermal radiation.
Consequently, the tumor-containing cancer cells are killed.
An increment in entropy generation and Bejan number is
depicted in Figures 26 and 27, the rise in the blood mo-
mentum and temperature can be attributed to this observed
phenomenon. Furthermore, the enhancement in Bejan num-
ber implies the dominance of heat transfer irreversibility in
entropy generation.

Fig 23: Thermal radiation parameter versus primary
velocity

Fig 24: Thermal radiation parameter versus secondary
velocity

Fig 25: Thermal radiation parameter versus temperature
profile

Fig 26: Thermal radiation parameter versus entropy
generation
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Fig 27: Thermal radiation parameter versus Bejan number

Figure [28] elucidates the correlation between an augmented
Prandtl number and the velocity of blood flow. The find-
ings indicate that an escalation in the Prandtl number re-
sults in a reduction in blood velocity. This phenomenon is
ascribed to the presence of boundary layer effects in blood
flow near the walls of blood vessels. An increase in viscosity,
corresponding to a higher Prandtl number, may lead to the
formation of thicker boundary layers along the vessel walls.
Consequently, this could induce a decrease in blood velocity
in proximity to the vessel walls.

Figure [29] illustrates the influence of the Prandtl number
(Pr) on the temperature distribution within the boundary
layer. It is observed that as the Prandtl number increases,
there is a decrease in the temperature of the boundary layer.
This trend is associated with the diminishment of the ther-
mal boundary thickness with an increase in the Prandtl num-
ber. Consequently, the temperature gradient at the surface
rises with an escalation in Pr, indicating a concurrent aug-
mentation in the heat transfer rate at the blood vessel wall.
This is attributed to the fact that higher Prandtl numbers
correspond to lower thermal conductivity in blood, resulting
in an increased heat conduction capacity and a reduction in
the thermal boundary layer thickness, thereby enhancing the
heat transfer rate at the vessel wall.

In Figure [30], it is noticeable that as the Prandtl number
rises, there’s a reduction in entropy generation (Ns). This
reduction occurs because the influence of thermal effects be-
comes less pronounced compared to viscous effects. Figure
[31] demonstrates the dominance of viscosity over thermal
effects. Figures [32 & 33] suggest that an increase in the Eck-
ert number leads to higher primary and secondary velocities,
indicating a greater proportion of kinetic energy relative to
the enthalpy of the blood. This surplus kinetic energy can
influence blood flow patterns and velocities, thereby affect-
ing thermodynamic processes.

Fig 28: Velocity versus Prandtl number

Fig 29: Temperature versus Prandtl number

Fig 30: Entropy generation versus Prandtl number
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Fig 31: Bejan number versus Prandtl number

Fig 32: Primary Velocity versus Eckert number

Fig 6.33: Secondary Velocity versus Eckert number

Figure [34] illustrates a sharp rise in temperature with in-
creasing Eckert number, attributed to factors such as fric-
tional heating, improved mixing, and energy dissipation.
Figure [35] reveals that entropy generation escalates with
an increase in the Eckert number due to alterations in heat
transfer, shear stress, and viscous dissipation resulting from
the higher Eckert number. Figure [36] indicates that blood
flow experiences thermal dominance as the Eckert number
increases.

Figure [37] demonstrates the correlation between the veloc-
ity of blood and the Schmidt number, revealing a decrease in
blood velocity as the Schmidt number increases. This sug-
gests that momentum diffusion becomes relatively more sig-
nificant compared to mass diffusion. A higher Schmidt num-
ber, associated with increased viscosity, results in greater
resistance to flow, thus causing a deceleration in blood ve-
locity.

In Figure [38], the impact of the Schmidt number on blood
concentration is depicted. It is observed that as the Schmidt
number increases, there is a decrease in blood concentration.
This phenomenon can be attributed to the indirect influence
of the Schmidt number on biochemical reactions or processes
affecting solute concentrations. Changes in viscosity, influ-
enced by the Schmidt number, may affect enzyme activity or
the binding affinity of solutes to proteins, thereby leading to
variations in solute concentration. Physiologically, this sug-
gests a slower diffusion of blood within the vessel. Figure [39]
indicates a decrease in entropy generation with an increase
in the Schmidt number. This is because a higher Schmidt
number promotes smoother blood flow conditions, reducing
shear stress along vessel walls and consequently decreasing
entropy generation within the cardiovascular system.

Fig 34: Temperature versus Eckert number
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Fig 35: Entropy generation versus Eckert number

Fig 36: Bejan number versus Eckert number

Fig 37: Velocity versus Schmidt number

Fig 38: Concentration versus Schmidt number

Fig 39: Entropy generation versus Schmidt number

In Figure [40], the prevalence of heat transfer irreversibility
in entropy generation is suggested. Figure [41] illustrates a
reduction in blood velocity with an increase in the chemical
reaction parameter. This decrease is attributed to chemi-
cal reactions occurring within the blood, such as those in-
volved in oxygen transport or pH regulation, which alter
blood properties and interactions with vessel walls, conse-
quently impacting flow dynamics and lowering velocity.

In Figure [42], the influence of the chemical reaction pa-
rameter on the concentration profiles of blood is depicted.
It is observed that as the chemical reaction parameter in-
creases, blood concentration decreases. This suggests that
higher values of the chemical reaction parameter led to a de-
crease in molecular diffusivity, indirectly causing a reduction
in blood concentration. Figure [43] demonstrates the effect
of the chemical reaction parameter on temperature profiles.
As the chemical reaction parameter increases, the tempera-
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ture decreases. This is due to changes in biochemical pro-
cesses such as metabolic activity and hormonal regulation.

Figure [44] depicts the relationship between the chemical re-
action parameter and entropy generation. It is noted that
an increase in the chemical reaction parameter promotes en-
tropy generation. This is attributed to heightened molecular
motion, energy dissipation, production of waste products,
increased system complexity, and deviation from thermody-
namic equilibrium. In Figure [45], an increase in the Bejan
number is observed, indicating thermal dominance in en-
tropy generation. This is primarily attributed to metabolic
heat generation and heat transfer processes associated with
chemical reactions occurring as part of metabolic processes
such as cellular respiration, hormone regulation, and diges-
tion. These reactions release energy, much of which is in the
form of heat, thus an increase in chemical reactions leads to
a higher rate of metabolic heat generation.

Fig 40: Bejan number versus Schmidt number

Fig 41: Velocity versus Chemical reaction parameter

Fig 42: Concentration versus Chemical reaction parameter

Fig 43: Temperature versus Chemical reaction parameter

Fig 44: Entropy generation versus Chemical reaction
parameter
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Fig 45: Bejan number versus Chemical reaction parameter

7 Conclusion

The unsteady two-dimensional hydromagnetic radiative
blood flow in an inclined stretching vessel is theoretically
analysed. The equations for the blood flow are obtained
and converted to system of ODEs with appropriate similarity
variables and the resulting dimensionless equations are nu-
merically solved. Tables and Plots are presented to illustrate
the impact of various physical parameters on the flow. The
theoretical investigation of blood flow in a stretching perme-
able vessel will be of immense benefits for researchers, clin-
ical engineers and medical practitioners to estimate blood
flow velocity, temperature and concentration. In addition,
it is applicable in areas such as drug targeting, cancer tu-
mour treatment, magnetic devices for cell separation, ad-
justing blood flow during surgery and treatment of arterial
diseases. The main highlights of the results are:

� Blood flow is accelerated by Hall and radiation pa-
rameters while unsteadiness and inclination parameters
cause deceleration,

� Blood temperature is raised by increasing the values
of Hartmann number, radiation and inclination angle
parameters. However, unsteadiness parameter reduces
it,

� Blood concentration is enhanced by inclination angle
parameter and Hartmann number,

� Blood entropy generation and Bejan number receive a
boost with the enhancement in Hartmann number and
radiation parameter.

8 Nomenclature

A = Unsteadiness parameter

α = Inclination angle parameter

m = Hall current parameter

Ha = Hartmann Number

Nr = Radiation parameter

Cf = Skin friction parameter/coefficient

Nu = Nusselt number

u = Velocity component in x− direction

ν = Velocity component in y − direction

w = Component of dimensional velocity

x = x− axis is taken along the flow direction

y = y − axis is normal along the flow direction

t = Time

v = Kinematic viscosity of blood

σ = Electrical conductivity of blood

B = Time dependent magnetic field intensity

ρ = Density of blood

k1 = Time− dependent permeability parameter of blood

g = Acceleration due to gravity

Γ = Coefficient of thermal expansion

Γ∗ = Coefficient of mass expansion

T = Temperature of blood at any point in the vessel

T∞ = Ambient temperature of the blood

C = Concentration of the blood

C∞ = Ambient concentration of the blood

k = Thermal conductivity of the blood

Cp = Specific heat at constant pressure

qr = Radiative heat flux of the blood

D = Molecular diffusivity

R = Chemical reaction rate

uw = Stretching velocity

kc = Rosseland mean absorption coefficient term

N = Velocity − slip factor

K = Thermal− slip factor

P = Concentration− slip factor

µ = Dynamic viscosity of the blood
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fw = Injection/Suction velocity

Tw = Wall temperature of the blood vessel

η = Similarity variable

ψ = Stream function

kc = Porosiry parameter

Ω = Dimensionless temperature difference

λ1 = Diffusive parameter

ε = Dimensionless constant parameter

Br = Brinkman number

Ns = Total entropy generation

N1 = Irreversibility due to heat transfer

N2 = Irreversibility to viscious effect

ϕ = Irreversibility distribution ratio

Cw = Concentration of the blood at vessel wall

Ec = Eckert number

Sc = Schimdt number

Pr = Prandtl number

β = Chemical reaction parameter

Gr = Thermal Grashof number

Gc = Solutal Grashof number
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