Baghdad Science Journal
2023, 20(6): 2322-2329

P-1SSN: 2078-8665
E-ISSN: 2411-7986

Open Access
Published Online First: April, 2023

DOI: https://dx.doi.org/10.21123/bsj.2023.7076

Numerical Investigation of Physical Parameters in Cardiac Vessels as a New
Medical Support Science for Complex Blood Flow Characteristics

Defrianto? Toto Saktioto!” Yan Soerbakti!
Andika Thoibah!? Bunga Meyzial Romi Fadli Syahputra? Okfalisa®
Syamsudhuha* Dedi Irawan?® Haryana Hairi®

1Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Riau, Pekanbaru, Indonesia.
2Department of Physics, Faculty of Mathematics and Natural Sciences and Health, Universitas Muhammadiyah Riau,
Pekanbaru, Indonesia.

3Department of Informatics Engineering, Faculty of Sciences and Technology, Universitas Islam Negeri Sultan Syarif
Kasim, Pekanbaru, Indonesia.

“Department of Mathematics, Faculty of Mathematics and Natural Sciences, Universitas Riau, Pekanbaru, Indonesia.
SDepartment of Physics Education, Faculty of Teacher Training and Education, Universitas Riau, Pekanbaru, Indonesia.
5Department of Physics, Faculty of Applied Sciences, Universiti Teknologi MARA, Shah Alam, Malaysia.
*Corresponding author: saktioto@lecturer.unri.ac.id

E-mail addresses: defrianto@lecturer.unri.ac.id, yansoerbakti2@gmail.com, andika.thoibah@student.unri.ac.id,
bungameyzia@gmail.com, romifadlisyahputra@yahoo.com, okfalisa@gmail.com, syamsudhuha@Iecturer.unri.ac.id,
dedi.irawan@Iecturer.unri.ac.id, haryana.hairi@johor.uitm.edu.my

Received 20/2/2022, Revised 21/2/2023, Accepted 23/2/2023, Published Online First 20/4/2023,
Published 01/12/2023

m This work is licensed under a Creative Commons Attribution 4.0 International License.

Abstract:

This study proposes a mathematical approach and numerical experiment for a simple solution of
cardiac blood flow to the heart's blood vessels. A mathematical model of human blood flow through arterial
branches was studied and calculated using the Navier-Stokes partial differential equation with finite element
analysis (FEA) approach. Furthermore, FEA is applied to the steady flow of two-dimensional viscous liquids
through different geometries. The validity of the computational method is determined by comparing
numerical experiments with the results of the analysis of different functions. Numerical analysis showed that
the highest blood flow velocity of 1.22 cm/s occurred in the center of the vessel which tends to be laminar
and is influenced by a low viscosity factor of 0.0015 Pa.s. In addition, circulation throughout the blood
vessels occurs due to high pressure in the heart and the pressure becomes lower when it returns from the
blood vessels at the same parameters. Finally, when the viscosity is high, the extreme magnitudes of blood
flow tend toward the vessel wall at approximately the same velocity and radius of the gradient.

Keywords: Blood flow, Finite element analysis,Heart, Navier-Stokes,Vessels.

Introduction:

Cardiovascular modelling continues to evolve
due to the different kinematic movements of blood
flow!. The heart has many movements involving
complex interactions between viscous
incompressible fluids and objects that can be
deformed?®. Meanwhile, the complex development
of the cardiovascular system has led to the
development of several designs and models to solve
the problem of blood flow using several
parameters®. These include the Reynolds number
problem, the uncompressed Navier-Stoke equation

in modelling blood dynamics, momentum equation
on the blood flow of the heart.

The blood flow simulation system is very
complicated, due to the difference in pressure at the
time of entry and exit from the heart®. Furthermore,
the complication occurs because of the three-
dimensional concept of circulation using boundary
conditions of where the blood exits and the diversity
of the viscosity coefficient in the human body?®. The
use of hemodynamic simulation is one of the
solutions to cardiovascular flow complications since
the method is commonly used in scientific and
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clinical studies as a statistical approach’.
Furthermore, it is used in the correlation between
near-wall blood flow parameters including shear
wall pressure with existing cardiovascular
disease®1%. Therefore, the use of hemodynamics is
crucial for further study.

The study of the literature on circulatory
disorders has been widely discussed>t. However,
several studies have shown that the porous walls of
arteries can be deformed and at the same time the
non-Newtonian nature of blood flow is different in
the geometry of the vessels. To solve the problems
in the interaction of the blood-fluid structure, a
nonlinear approach and an incompressible viscosity
flow field, or other approaches partition like weak,
and strong coupling algorithms are used'?. The
dynamics of uncompressed blood have been
modelled without using a symmetrical fixed form of
flow!.  Therefore, the composite structure
incorporated into the fluid equation can pass
through the no-slip condition, and also the balance
of contact forces is evaluated along with the
interface location on the fluid-structure. These two
combinations pose problems with geometric
nonlinear problems and the location of the origin of
the liquid is unknown. The problem of the
interaction of media and fluid-structure is
determined by time-dependent data from the input
and output of dynamic pressure**S,

Arterial pressure is exerted on the walls of
blood vessels by the contraction of the heart to push
the blood into the vessels®. Furthermore, blood
pressure is increased when circulation is disrupted
due to increased resistance. It can be modulated
through changes in heart activity, vasoconstriction,
or vasodilation’. The factors that can change
resistance are vessel length, vessel radius, and blood
viscosity'®. In addition, the circulatory system is
also influenced by the speed of flow, the cross-
sectional area of blood, pressure, and the work of
the cardiovascular muscles and vessels'®. Due to the
complex blood flow, there are several incidents
involving blood flow that have very small and large
speeds to disrupt the activities of organs in the
body. The problem of changes in blood flow and
pressure occurs in the circulatory system.

This study proposes a blood flow velocity
model using a partial differential equation with
Navier-Stokes, as a partial differential equation and
nonlinear continuity. This method was carried out to
explain dynamic fluid blood flow in the heart blood
circulation system to obtain velocity and its factors.
This simulation uses the parameters of pressure,
resistance, and radius geometry through
Poisseuille's law. This law describes the

conservation of mass and momentum equations
which are solved numerically and analytically.

Theoretical Considerations and Methods:

Blood fluids have a very high correlation
between resistance and volume. Due to the increase
in hydrostatic pressure with respect to volume,
blood fluids tend to have greater resistance.
Moreover, from a hemodynamic perspective,
changes in blood fluid volume can be considered
incompressible. When v(x,t) = (v4,v,,v3), this
represents the velocity of the vector function with
respect to position x = (x4,x,,x3) and time t.
Furthermore, the time-free incompressibility
condition and simplification of the continuity
equation can be expressed as®:

av v av
—+24+=2=0 1

0x, 0x,  0x3

The characteristics of the overall blood flow
field can affect the hydrostatic pressure p under
local conditions at all points of the incompressible
fluid. Meanwhile, in contrast to compressible flow,
where the condition of blood flow can be defined as
a function of the local fluid density for each point.
According to Newtonian fluid dynamics, the non-
isotropic stress component has a large and
proportional influence on the local velocity
gradient. Therefore, the incompressible Newtonian
fluid for the stress tensor component can be given
by the following Eq. 2 %%

dv; = Ov
8;i + ( —+ ’) .2
p l_] ALI' axj
where §;; represents the Kronecker delta, which is

defined as 1 when i = j and O when i # j.

The blood fluid flow equation is the approach
used to solve the phenomenon of motion, where Eq.
2 is combined with the following equation of
motion?:

60,]

Z}l

where da;;/dx; is the partial derivative of g;; for x;
then the incompressible Navier-Stokes equation is
obtained?:

av; __6_p
( +21 1v16x)_ 6xl-+

(2] 1‘”1) +F 4
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In general, Eqg. 4 is solved by the unknown
variables p and v to predict the fluid motion under
certain conditions. In solid boundary conditions, the
no-slip condition is applied, where the velocity of
the fluid adjacent to the solid surface should match
that of the surface.

The approach to the phenomenon of blood
fluid flow can be used with the Navier-Stokes
Equation as a differential form of Newton's second
law concerning the movement of a fluid. This
Equation states the change in momentum of fluid
particles that depends on the internal and the
external pressure viscous force??. The general
Navier-Stokes Equation of an incompressible fluid
flow is described as?:

pZ—LtL+p(u Nu=V-[-pl +uVu+
(Vw)H] +F .5

when the blood flow is incompressible and laminar,
the Navier-Stokes Eq. 5 is described as®:

plu+w-MNu)=-Vp+7- (,u(Vu +
vul))+F .6

where V -u = 0 with boundary conditions for wall
(u) and (p) as follows?:

u=uy=0 T
p = polu(Vu + (Vuw)")]n = 0 .8

Before performing the simulation of Eq. 6,
the arterial blood flow in a two-dimensional (2D)
pipe is modeled, by taking a small amount of fluid
(blood) (2D plane). The parameters used to obtain a
model of blood flow in blood vessels consist of an
artery diameter of 2.6 mm and an artery length of
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10 cm, while the properties of the blood used
consist of a density of 1060 kg/m? and a viscosity of
4 x 10 Pa.s.

The modeling of blood fluid flow in the
blood circulation starts from the heart into the
arteries and is distributed into the fine vessels
(microcirculation) and returns to the veins and
reaches the heart. Meanwhile, the Navier-Stokes
Equation of continuity and momentum Equations
for an incompressible fluid, independent of time are
as follows?®:
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where U, V, and W are the velocity of the blood
fluid in the direction x, y, and z-axis. P is pressure,
p is the density of the fluid and u is viscosity.

The blood flow model is simplified in the
form of a 2-dimensional flow consisting of the
heart, arteries, microvessels, and veins. In the finite
element of this model, a network of elements is
built as shown in Fig. 1. The variation of arteries is
from inlet to outlet with triangular mesh elements.
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Figure 1. The blood flow media model is a triangular element tissue.
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Generally, the flow of mechanical waves
driven by the heart is quite complicated when the
blood flow moves through the vessels. This can be
simplified and described in a uniform cylindrical
tube flow by prioritizing the pressure gradient, and
the angular frequency w. To solve exponential and

complex wave functions, the following
mathematical Equation is used?*:
e'@t = cos(wt) + i sin(wt) .13

with a given pressure gradient can be expressed?>:

d_P Y _ iwt
=P cos(wt) = Re[p e ] .14
where Re is a complex number.

Eq. 4 is solved by Bessel function and blood
flow velocity is given by?:

v(r,t) = Re[v'e't] .15
p_pra? s Jo(ai®/?r/a)
v = i INCED) ..16

Equation 16 is calculated on the variation of
radius, pressure, and flow velocity. The flow
velocity has a pressure function that varies with the
position and the moving medium. However, the
equation is limited to rigid and inelastic vessels,
blood types that are isotropic and homogeneous to
prevent the appearance of imaginary factors in the
solution.

Results and Discussion:

The blood flow model simulation is shown in
Fig. 2 and explains the pattern and pressure contour.
This simulation uses the velocity relative to that of
the blood leaving the heart, and the speed of blood
flow through the arteries increases to 1.22 cm/s
from the speed of blood leaving the heart. When
blood is distributed through the fine wvessels
(microcirculation) the wvelocity decreases to 0.5
cm/s. Furthermore, the decrease in velocity will be
even greater when it involves more fine vessels.
This is because the pressure decreases with
increasing the number of channels followed by the
distance of the vessels from the source of the blood
returning through the veins?.

In the human body, the viscosity of blood
fluids can vary due to food and the number of fluids
or drinks consumed?®. The measure can be seen
from the value of the coefficient, which increases
with increasing viscosity. Therefore, it is necessary
to perform simulations by varying the viscosity
coefficient as shown in Fig. 3.
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Figure 2. Blood flow of heart simulation.
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Figure 3. Blood flow velocity as a function of
position.

The variation of the coefficient of blood
viscosity is 1.5 x 103 Pa.s, 1.75 x 10 Pa.s, and 2 x
102 Pa.s and was simulated by this model. The
graph in Fig. 3 shows the velocity of blood flow in a
cross-section of the arteries. Furthermore, the flow
velocity is zero in the walls of arteries, due to the
viscosity of blood, and it is maximum in the
middle?®. The flow velocity is maximum in the
middle of the arterial wall, and it is reduced in
thicker blood fluid. For viscosity 1.5 x 10 Pa.s, the
maximum blood velocity is 1.22 cm/s from the
velocity of blood out of the heart. For the viscosity
of 1.75 x 102 Pa.s and 2 x 107 Pa.s, the maximum
velocity is 1.15 cm/s and 1.08 cm/s respectively
from the velocity of blood out of the heart. The
highest laminar velocity at the center of the
cylindrical vessels is 0.5 and it is smaller at the
edge. Furthermore, the ratio of this velocity is quite
low relative to the pressure of the heart which
pumps the blood throughout the body. Numerically,
this has been proven through calculations with the
velocity function approach to pressure using the
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Bessel function as in Eg. 16. However,
experimental comparisons were still conducted to
obtain comparisons and validity of numerical
experiments and analytical calculations.
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Figure 4. The movement of blood flow velocity in
vessels with the same pressure gradient
conditions and variations in the value of a: (a)
19.1, (b) 19.6, (c) 20.1, (d) 22.1, and (e) 23.1.

Fig. 4 shows the solution of Eq. 16 with the
blood flow velocity at some point in the position of
the vessel’s width, with half cycles of oscillation for
some of the angular frequency of the fundamental
component (a) values. The graph line (c) shows
aortic vessels with a diameter of 2.7 cm, heart rate
of 60 bpm, blood viscosity of 3 cP, and blood
densityof 1.06 g/cm®, where a(2mn/u)Y/?. This
analytical calculation is slightly higher than the
numerical one on the same parameters. Meanwhile,

the angular frequency of the fundamental
component is3:
1
a=135(2n550) =201 .17
0.03

when a = 20.1, the description of blood flow
velocity does not approach a parabolic function and
other variations of a with time have a pressure
gradient that is not in phase. Therefore, quasi-steady
is almost found, which means that the
incompressible fluid provides steady flow which is
approximately equal in value to the constant
pressure gradient at maximum state®. In addition,
the shear wall pressure is proportional to the slope
of the blood flow velocity near the wall and tothe
variation of the phase of the pressure gradient. This
allows more fluid flux to flow along with the point
towards the vessel’s wall.

As the a decreases in the graph lines (a) and
(b), the velocity performance changes in the tube
and the flow velocity varies greatly in amplitude

and phase near the wall. Faster flow towards the
center of the cylinder. This speed is higher because
the value of blood viscosity increases. Furthermore,
the velocity variation in the central region and the
shear stress is increasingly dependent on the
pressure gradient. When the value of « is large, the
interior velocity of the blood flow exceeds the fluid
pressure gradient by an angle w/2. On the other
hand, the shear wall pressure exceeds the fluid
pressure gradient by w/4. Therefore, the interior
velocity of blood flow and the shear wall pressure
isin the same phase at a small pressure gradient.
Negative velocity values in line graphs (d) and (e)
indicate that the pressure gradient is being pulled or
sucked back by the heart, and is not the same as
when velocity is positive. This indicates that the
pumping of blood by the heart is greater than the
suction or withdrawal.

The pressure exerted by the heart on the aorta
is more or less periodic, but the complexity with
time variations of the pressure is much more
dominant than the simple sinusoidal function.
Therefore, based on Fourier analysis, the mean of
the fixed components can represent pressure waves,
fundamental frequencies for sinusoidal waves, and
higher frequencies for harmonic waves®. Thus
incompressible blood flow in a uniform or similar
tube can be estimated by placing it on a Poiseuille
flow gradient image for fixed components by
isolated component analysis.

a -

> -
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O |
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= /4 \ |
§ 0.0- ! f )
g g

, B b o
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

Arterial radius (mm)
Figure 5.The movement of the velocity of blood
flow in the vessels with a value of « = 20.1
constant and pressure variations: (a) 120/80
mmHg, (b) 110/70 mmHg, (c) 100/70 mmHg, (d)
100/60 mmHg, (e) 90/60 mmHg, (f) 85/60 mmHg,
(9) 80/60 mmHg, and (h) 80/50 mmHg.

The predominance of inertial effects and
pressure gradients tend to drive blood flow velocity.
Also, the velocity description is almost similar to
the tube diameter, with a narrow layer on the wall.
Higher harmonic components of similar waveforms
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with higher results will show the same treatment®,
The two spatial and temporal flow variations are
very different for predicting Poiseuille flow and
also differ from descriptions of the same velocity,
without any radial velocity variation.

When the pressure gradient decreases, the
flow velocity is proportional and can either be
positive or negative. The negative gradient
condition indicates the flow velocity is lower than
the positive at the same pressure value. This can be
seen in Fig. 5.

When the a value is doubled (a = 40), the
viscosity becomes denser and the pressure of blood
flow near the tube wall becomes similar but remains
0 at the wall. Therefore, high viscosity results in a
pressure gradient that is almost similar in the middle
towards the edge of the tube as depicted in Fig. 6.
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Figure 6.The movement of blood velocity in the

vessels with a constant a = 40 value and pressure

variations: (a) 120/80 mmHg, (b) 110/70 mmHg,

(c) 100/70 mmHg, (d) 100/60 mmHg, (e) 90/60

mmHg, (f) 85/60 mmHg, and (g) 80/60 mmHg.

The trend of the flow will be quasi-steady
and even reach an « value of less than 5 when the
arteries are considered small with a = 5. The flow
close to the heart increases the vessel’s velocity and
decreases the viscosity. Likewise, there is a reduced
negative velocity gradient in the modulus than the
positive®. The effect of pulse wave flow on velocity
images in arteries varies widely in the arterial
system according to vessel’s diameter.

Conclusion:

The results of the numerical analysis show
that high blood pressure from the heart circulates
blood throughout the heart's blood vessels. The
greater the pressure applied, the higher the speed of
blood flow. However, the return blood pressure is
lower at the same parameters in the cardiac
vasculature due to the greater pulling effect than

pushing by the pumping of the heart. The high flow
velocity of 1.22 cm/s occurs in the center of the
vessel which tends to be laminar and is influenced
by a low viscosity factor of 1.5 x 102 Pa.s.
Furthermore, the flow will approach the same
extreme magnitude towards the vessel wall with
almost the same velocity and radius gradient when
the viscosity is high.
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