Theoretical Mathematics & Applications, Vol. 10, No. 3, 2020, 27-58
ISSN: 1792-9687(print), 1792- 9709(online)
Scientific Press International Limited

Theoretical Investigation of the Role of Perfusion
Rate and Haematocrit on Blood Flow and its
Impact on Radiation Behavior of Tissue for Tumor
Treatment

KW Bunonyo! and E. Amos?

Abstract

This research focused on the role of perfusion rate and haematocrit on blood flow
by formulating nonlinear governing equations subject to some boundary conditions.
The models were solved analytically using perturbation technique and the functions
obtained for velocity and temperature were simulated was done using Mathematic
10 for velocity, temperature, wall shear stress, rate of heat transfer and volumetric
flow rate by varying the resulting pertinent parameters, to see the influence on the
flow profiles. It is noticed that Da,Rd,#,,Gr and R, influenced the velocity
positively while CI,H, ¢ and M influenced the velocity negatively. Secondly, the
parameters 6,,Rd and R; increase the temperature profile within the tumor and the
enhancement of temperature above 316K for hyperthermia treatment in cancer
therapy, while Cl, s and « decreases the temperature profile. The aforementioned
parameters also increase the volumetric flow rate and decrease the wall shear stress
as well as the rate of heat transfer.
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1. Introduction

Bio-magnetic fluid dynamics (BFD) is a new area in fluid mechanics study the fluid
dynamics of biological fluids in the presence of applied magnetic field. A bio-
magnetic fluid is a fluid of the living beings and its flow is influenced by the
presence of magnetic field. The basic bio-magnetic fluid is blood, which behaves as
a magnetic fluid, as stated by Higashi et al. [1] due to the complex interaction of the
intercellular protein. The inhibitory effects of Lorentz force on the flow of blood in
the presence of an atherosclerosis are (i) to reduce the high shear stress caused by
atherosclerosis and hence to prevent the damage to the red and endothelial cells and
(i) to delay the transition from laminar to turbulent flow (Chandrasekhar [2];
Rudraiah [3]) inside the lumen and thus reducing high intensity shear area, which
are unfavorable to the blood and arterial wall. Over the years, flow of biological
fluids under the influence of a magnetic field has been investigated by several
researchers due to its suspected applications in the field of bioengineering and
medicine (Haik [4]; Ruuge [5]; Misra and Shit [6]).

Numerous researcher (Chaturani and Kaloni [7]; Chaturani and Upadhya [8];
Shukla et al. [9]; Chaturani and Biswas [10]; Majhi and Usha [11]; Philip and
Peeyush Chandra [12]) have theoretically studied the flow of blood through uniform
and stenosed tubes and analyzed the influence of slip velocity or peripheral plasma
layer thickness on the flow variables such as velocity and wall shear stress. In recent
time, Tzirtzilakis [13], formulated a mathematical model of biomagnetic fluid
dynamics to describe a Newtonian blood flow under the action of an applied
magnetic field.

MHD flow through a channel with rigid boundaries are not of much use in
understanding the characteristics of flow in arteries, because they are bounded by
tissues which are idealized into a porous medium where one has to use a slip
condition at the binding surface. It is important for the study of motion of contact
line where the effective slip of the interface reverses the singularity in the rate of
strain which was otherwise introduced by the no-slip condition. In the present
situation the interface may be a smooth surface or a rough surface depending upon
the solid matrix of the porous material.

In recent time, Ramakrishnan and Shailendhra [14] analyzed the combined effects
of Hartmann number and porous parameter on the steady flow in a channel of
uniform width covered by porous media using BJ-slip condition. The BJ-slip
condition is independent of the thickness of the porous layer and hence valid when
the thickness of the porous layer is very much larger than the thickness of the fluid
layer. In many industrial and biochemical applications the thickness of the porous
layer is comparable to that of fluid layer and hence the slip condition should involve
the thickness of the layer. Rudraiah [15] has derived the slip condition known as
BJR slip condition involving the thickness of the layer. This BJR slip condition
reduces to BJ condition for large thickness of the layer. Rudraiah et al. [16]
investigated the electro-hydrodynamic dispersion of macromolecular components
in abiological bearing using BJ and BJR slip conditions. Rudraiah et al. [17] studied
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the electro-hydrodynamic dispersion of macromolecular components in a biological
bearing consisting of a poorly conducting synovial fluid both in the cavity of the
bones and in the bounding porous cartilage of finite thickness using BJR slip
condition. Electro-hydrodynamic dispersion due to pulsatile flow in a channel
bounded by porous layer of smart material was studied by Ng et al. [18] using both
BJ and BJR slip conditions.

This present research is being motivated by studying the flow and heat transfer in
branching tissues with tumor, the perfusion rate and haematocrit contribution to the
flow behavior, and the useful application in clinical sciences, in particular in thermal
therapy. It is significant in different problems of biomedical engineering and finds
some important applications in various industrial manufacturing processes
involving heat transfer. The theoretical study and varying parameters appropriately
and estimating different parameters in controlling various problems of
manufacturing industries can be achieved. Thus, this study is useful.

2. Mathematical formulation

Unsteady, laminar, highly viscous, conducting, hydromagnetic blood flow through
a straight micro channel with permeable walls covered by porous media of finite
thickness is considered. It is well known that at high shear rates blood behaves like
a Newtonian fluid during flows through large blood vessels (Shivakumar et al.[19];
Misra et al.[20]; Copley [21]), Bunonyo et al [22] investigated blood flow in arterial
segment with heat transfer, and found the usefulness of some of the important
parameters in controlling the flow behaviors and is very useful for clinicians.
MacDonald [23] remarked that for vessels of radius greater than 0.025cm, blood
may be considered as a homogeneous Newtonian fluid. Here we assume that blood
behaves like a homogeneous conducting Newtonian fluid, with constant density p,

viscosity x and electrical conductivity o . Further, it is well known fact that blood
flow in arteries is pulsatile Burton [24]. Consider a Cartesian coordinate system
(x*, y*) where x™ lies along the center of the channel, y” is the distance measured in

the normal section such that y" =R is the channel’s half width. Let w~ be the

velocity components in the directions of x". Then, the Navier-Stokes equations
governing the flow are:

*

ow P Low . g,
P = o T oy TPk (T -T.) == w -oBw (1)
ot 0T . .
ptcpat—izkt —ay*tz -W,C, (T, -T,)+Qu (T, -T,) )
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The corresponding boundary conditions are as:

w=0 T, =T, aa y =0

©)
w=0 T,/=T,at y =R
The geometry of the tumor is given as follows:
y*(x):Ro—%(lJrcosZ%J (4)

where: 1 is the length of the tumor, R, is the radius of normal tissue, & is the height
of the tumor, T,is the blood temperature, T,is the arterial temperature, T, is the
wall temperature, and R is the radius of abnormal tissue due to tumor growth.

We introduce the following non-dimensional conditions as:

* * * * 2
X=X—;y=y—;W:Wﬂ°;t=a)t*;P= PR, Da_— Gr=9BTRs Ro. ;C, _WCRy
A R, W, W, RS VoW, Ky
HZTt*_Ta’M:O-B(?R()Z;Rd:QHROZ;Pr_'uOCP;aZ_Roa)”u * 5_5R

T, Hy HoCy K, Uy Hy Ry

(5)

Using the dimensionless parameters in equation (5), we can simplify equations (1)
and (2) as:

2
al%z—ﬂ+gy—\lzv—Daiw—Mw+Grl6’ (6)
rag 60 —-C,0+RdPré (7)

a’P
ot
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a = az P_ I:)0 D _ 1 .

YT (1+25H) ' (1+25H) ' Da(1+25H)

where: (+M2 ) (+G ) (+ )
r

(1+25H) " (1+25H)

Equation (6) and (7) are subject to the following boundary conditions:

The corresponding boundary conditions are as:

w=0 =0 at y=0

(8)
w=0 0=6,-1at y=h
The geometry of the tumor is given as follows:
o
y(x)=1—2R (1+cos27x) (9)

T

where: x=d, +§

3. Method of solution

In order to solve equation (6) and (7) subject to the boundary condition (8), we adopt
the solution in the following form:

W= Woeiwt
0 =6.,e" (10
(]

Substitute equation (10) into (6) and (7), we have the following:

o’w,

ay2

—(Da, + M +ajiw)w, = P, -Gr, (11)

0%6),

2

~(C, +a’Proi—RdPr )6, =0 (12)
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The corresponding boundary conditions are as:
w,=0, 6,=0 at y=0

(13)
w,=0, 6,=(6,-1)e™ at y=h

Let’s apply the transformation: z:% so that equation (11), (12) and (13) are

transformed as:
2
‘2"‘20 —h(Da,+M +ajiw)w, =hP, —hGrg,
X

(14)
0°0, 2
2 —h(C, +a’Prai—RdPr), =0 (15)
o
The corresponding boundary conditions are as:
w,=0, 6,=0 at y=0
(16)

w,=0, 6,=(6,-1)e™ at y=1

Let B, =h(Da,+M +a,iw) and B, =h(C, +a’Prei—RdPr) , so that equation
(14) and (15) are transformed as:

o*w
WZO - AW, =hR —hGr,g, (17)
00,
W _ﬂzeo =0 (18)

Solving equation (18) using the boundary condition equation (16), we obtain the
following solution:

6,(x)= % sinh(\/,.% ) (19)
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Substitute equation (19) into equation (17) and solve:

0w,

el U P, = Bsinh({/B, 7 (20)
hGr, (6, -1)e™
where: S, = rl( L —1)e and P, =hP,
smh(\/ﬂ_2 )

Equation (20) has a homogenous solution as:

Wy, = Asinh(\/ﬁl;g) + Bcosh(\/ﬁl;() (21)
The particular solution is in the form:

P yés .
W, =——2+| —=— Isinh(/B,x (22)
o ﬂl [ﬁl_ﬁzj ( ’ )

The general solution of equation (20) is the sum of (21) and (22) as follows:

w, = Asin(77) + [ ]cosh(fz)__{ﬂfﬂzjsinh( 5 @

We can now solve for the function coefficients in equation (23) using the boundary
condition in equation (16) as:

e U

—= 24
sinh(\/ﬁl) B sinh(\/ﬁl)Jr,Blsinh(\/E) 24
Substitute equation (23) and equation (19) into equation (10) as:
(6,-1) i
0 = v 7 h 2
(Z) {sinh(\/ﬁ_z) sin ( ﬂzl) (25)

W(Z’t)ZLASinh( ﬁ”‘){ jCOSh(J_Z)_T{ﬂﬂﬁJS'”“( ﬂz’f)jem

(26)
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The Rate of heat transfer is calculated from the temperature profile, it is obtained
as:

Nu = [%} cosh (\/E) (27)

The shear stress is calculated from the velocity profile, it is obtained as:

- {@ cosh(\/ﬁl)+(%h—\élﬂ_leinh(\/ﬁl)+[M’Bgl—\/_ﬂ_zz)}osh(\/z)}em @)

The volumetric flow rate is calculated from the velocity profile with the following
result:

Ah P,h . Ph
—cosh(\/ﬁl){ 2 ]smh(\/ﬁl)—L

Q: \/Fl ﬂl\/Fl eiwl (29)
B

+| ——=—>———|cO0S _ AR pih
(ﬁ(ﬂl—ﬂz)] "(7.) JB: (Jﬁ_z(ﬂl—ﬂz)]

4. Results presentation

This section presents the graphical results of the analytical solutions in equation
(25), (26), (27), (28) and equation (29) after carrying out numerical simulation by
varying some of the pertinent parameters such as: 6,=1Rd=3,
Gr=10,H=0.2, 6=03R =12 a=03x=03Pr=21,M=3ClI=0.3. On
the basis of experiment investigations, Valvano et al [25] and Chato [26] reported
the following data for human blood at a temperature T =310 °K,
1 =3.2x10°kg / ms,c_ =14.65J / kg °K, k, =2.2x10°J /ms °K, p =1050kg / m*

C
and hence Pr = % =21.
b
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Figure 1: Influence of Da values on velocity
profile

Figure 2: Influence of 6, values on velocity
profile
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Figure 3: Influence of Rd values on velocity profile
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Figure 4: Influence of Cl values on velocity profile
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Figure 5: Influence of M values on velocity profile

Figure 6: Influence of Gr values on velocity profile
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Figure 7: Influence of H values on velocity
profile
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Figure 8: Influence of ¢ values on velocity profile
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Figure 9: Influence of R; values on velocity profile
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Figure 11: Influence of 6, values on temperature
profile
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Figure 12: Influence of Rd values on temperature
profile
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Figure 13: Influence of Cl values on temperature
profile
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Figure 14: Influence of o values on temperature
profile
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Figure 15: Influence of R; values on temperature

profile
20 a=0.2,0.4,0,6:08,
15[
0(x)
10|
0E
[I.IE I I[I.I4 II [I.IE- I I [I.IE'- II 1T[I
X

Figure 16: Influence of « values on temperature
profile
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6, =1,2,3,4,5

Figure 17: Effect of Rd values on Nusselt Number along the stenosed
region

Figure 18: Effect of Rd values on Nusselt Number along the stenosed
region
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Figure 19: Effect of Cl values on Nusselt Number along the stenosed
region

Nu
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Figure 20: Effect of wvalues on Nusselt Number along the stenosed
region
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0=0.1,0.2,0.3,0.4,0.5

Figure 21: Effect of ¢ values on Nusselt Number along the stenosed
region

X

Figure 22: Effect of R, values on Nusselt Number along the stenosed
region
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Figure 23: Effect of M values on Shear Stress along the stenosed
region
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Figure 24: Effect of Rd values on Shear Stress along the stenosed
region
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Figure 25: Effect of Grvalues on Shear Stress along the stenosed
region

0.8 1.0

Figure 26: Effect of 6, values on Shear Stress along the stenosed
region
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Figure 27: Effect of H values on Shear Stress along the stenosed

region
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Figure 28: Effect of M values on Flow Rate along the stenosed
region
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Figure 29: Effect of Rd values on Flow Rate along the stenosed
region
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Figure 30: Effect of Grvalues on Flow Rate along the stenosed
region
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Figure 31: Effect of 6, values on Flow Rate along the stenosed
region
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Figure 32: Effect of Cl values on Flow Rate along the stenosed
region
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Figure 33: Effect of H values on Flow Rate along the stenosed
region
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Figure 34: Effect of Davalues on Flow Rate along the stenosed
region
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Figure 35: Contour plot showing the tumor ¢ along the horizontal
distance

5. Discussion of results
This section deals with the discussion of the graphical results presented as Figure 1
to Figure 36 in the above sections. The discussions are as follows:

Figure 1 shows the influence of the Darcy number on velocity profile with other
pertinent parameters:

6,=1LRd=3,Pr=21,M =3,Cl=0.3, Gr=10,H=0.2, 6=0.3 R, =1.2 ¢ =0.3
and x=0.3.

It is seen that velocity profile increases as a result of increase in porosity. This result
is in agreement with existing physical laws. The wall temperature influence was
also been investigated in our simulation, and it is noticed in Figure 2 that the wall
temperature increase, increases the velocity of the blood in the tissue.
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This is so because external heating is applied to constricted tissue to heat up the area
and aid blood circulation with the support of the other parameters:

Da=0.05Rd =3,Pr=21,M =3,CI=0.3, Gr=10,H=0.2, ¢=03R; =12
a =0.3and x=0.3.

Figure 3, illustrates the influence of radiation on velocity profile, it is seen that the
velocity profile increase when radiation increases. This result is the fact that
increase in radiation results to a decrease in blood viscosity and that in turn results
to thinning of the blood and improve in circulation with other pertinent parameter
values as in the preceding discussion. Figure 4, shows the influence of the perfusion
parameter on velocity profile while other pertinent parameters are kept moderate.
In that result, we noticed that the velocity profile increase to a peak before
decelerating to zero, but for increase in perfusion parameter values decreases the
velocity profile of the fluid flowing through the channel. Figure 5, depicts a velocity
profile with increasing values of magnetic field intensity. The figure shows that
velocity profile decrease as magnetic field intensity increases, and this result is the
fact when a magnetic field is applied to moving electrically conducting fluid such
as blood, it generate a force called the Lorentz force, which opposes the flow. The
Grashof number influence on blood velocity in the tissue is shown in Figure 6, the
figure shows an increase in blood velocity as the Grashof number increases. The
importance of haematocrit was investigated and presented in Figure 7, and the
figure shows that increase in haematocrit decreases the blood flow because of the
fact the increase could result to more dense fluid and inhibit blood circulation.
The height of stenosis is a serious circulatory disorder in human, as seen in Figure
8. The figure shows that increase in stenosis height causes a decrease in blood
circulation because it narrows the circulatory channel. The idea of the treatment is
to find a way of having a control of circulatory challenges as figured in Figure 9.
This figure is of the view that application of treatment to flow challenge could
improve the circulation, even though not too huge. Figure 10, shows the influence
of womersley number on blood velocity; it is seen that increase in the parameter
decreases the velocity of blood. Figure 11 and Figure 12 shows the influence of
wall temperature and radiation parameter on blood velocity, it is noticed that there
is a temperature increase as a result of the wall temperature and radiation parameter
increase. These results agree with basic law of physic in the area of heating up and
exciting the molecules around the tumor in order to aid heat circulation for deep
heat treatment. The implication of perfusion rate is elucidated in Figure 13, and the
figure shows a decrease in temperature profile as the perfusion rate decreases.
Increase in tumor/stenosis adversely affects the temperature profile as seen in
Figure 14. This figure shows that the temperature profile decrease as the tumor gets
bigger. This is a common scenario because of the proliferation rate of tumor, which
is more than normal tissue. The influence of tumor treatment was also investigated
with result shown in Figure 15, the figure shows that under normal consideration
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as presented in this research the treatment increase resulted to the temperature
profile increase. Figure 16, illustrates that increase in womersley number decreases
the temperature profile. The rate of heat transfer was investigated and results
presented in Figure 17 — Figure 22. The figures show that increase in
6,,Rd,Cl, w, ¢ increases the rate of heat transfer with other pertinent parameters
taken as in Figure 1. But increase in the treatment parameter decreases the rate of
heat transfer in Figure 22. Investigation of wall shear stress was presented in Figure
23 — Figure 27. Figure 23 — Figure 26 show an increase in wall shear stress as a
result of the increase in M, Rd,Gr and &, with other pertinent parameters as seen

in figure 1, while the shear stress decreases as a result of the increase in haematocrit
H values. Finally, the volumetric flow rate was investigated as presented in Figure
28 — Figure 34. Figure 28 and Figure 33 show a decrease in volumetric flow rate
as the magnetic field intensity and haematocrit values increases, while the increase
in radiation parameter, Grashof number, wall temperature parameter and Darcy
number and perfusion rate increases the volumetric flow rate. Figure 35 shows the
contour result of geometry of the tumor as the height grows along different location.

6. Conclusion

Theoretical investigation of the role of perfusion rate and haematocrit on blood flow
and its impact on radiation behavior of tissue for tumor treatment was carried out
with presentation of the governing models in equations (1) and (2). The analytical
solutions were simulation with resulted pertinent parameters varied within a specific
range to study their significant. Graphical results were presented and discussions
done all in the preceding sections, and we conclude as follows:

(@) The blood velocity increases with an increase in Darcy number, wall
temperature parameter, radiation parameter, Grashof number and the
treatment parameter, which are very helpful in deep heat treatment, while
perfusion rate, haematocrit parameter, height of stenosis and womersley
number parameters increase decreases the blood velocity profile.

(b) The wall temperature parameter, radiation parameter and treatment
parameter increases the temperature profile of the fluid while the perfusion
rate, height of stenosis, and womersley number decreases the temperature
profile of the fluid.

(c) The wall temperature parameter, radiation parameter, perfusion rate,
oscillatory frequency parameter and height of stenosis increase the rate of
heat transfer, while the treatment parameter decreases the rate of heat
transfer.
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(d) The magnetic field intensity, radiation parameter, Grashof number, and wall
temperature parameters values increases the rate of wall shear stress, while
the haematocrit parameter values decreases the rate of wall shear stress.

(e) The radiation parameter, Grashof number, Darcy number, wall temperature
parameter and perfusion rate increases the volumetric flow rate, while the
magnetic field intensity and haematocrit parameters decreases the
volumetric flow rate.

In order to treat patients more accurately with the aim of getting a better results in
thermal therapy for relieving pain. The study gives better understanding of the
thermal processes and the contribution of perfusion rate and haematocrit during
blood circulation. The study will also be of interest to clinicians who are involved
in the treatment of cancer and tumors by using the method of electromagnetic
hyperthermia. This technique involves overheating the affected tissues up to 42°C.
The study also finds applications in estimating the electromagnetic radiation when
humans has to work in radiation fields, for the fact that the study considered heat
transfer and performing heat dose sensitivity tests, which is required for using the
method of hyperthermia in an appropriate matter.
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NOMENCLATURE
Dimensional velocity profile
Perturbed velocity profile
Dimensional distances
Radius of an abnormal tissue
Radius of normal tissue
Treatment parameter

Haematocrit parameter

The height of tissue growth
Onset of tumor

womersley number

Heat absorption constant
Thermal conductivity of blood

Darcy number

Thermal Grashof number

The rate of blood perfusion

Perfusion parameter

The specific heat capacity of blood
Strength of applied magnetic field
Specific heat capacity at constant pressure
Prandtl number for blood

Magnetic parameter

Temperature of blood

Temperature of the fluid far from the plate

Greek Symbols

Kinematic viscosity of blood
Dynamic viscosity of blood

Acceleration due to gravity

Length of tumor

Oscillatory frequency

Dimensionless temperature
Dimensionless perturbed temperature

Wall temperature of blood
Density of the fluid



