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Abstract

Coronary heart disease (CHD) is a fatal condition caused by atherosclerosis or plague on the arterial walls resulting in its breakage.
Curing this disease effectively can be conducted through bypass graft surgery, which helps to restore the blood flow. However, some
patients have required repeated surgery because of frec*uent failures of an implanted bypass graft. In this study, the stenosed coronary

artery bypass graft including an analysis of the blood

low phenomena and wall shear stress, based on a three-dimensional computer

model, was anaé)ézed and deveIoBed to approach a realistic situation, inlet pulse and non-Newtonian behavior. The effects of the anasto-

motic angles (45°, 60° and 90°),

lood characteristics (Newtonian and non-Newtonian) and inlet situations (with and WithouHJuIse) were
D problem

taken into consideration. The results demonstrated that the anastomosis of 45° was the most appropriate for resolving the C

and could act as a guide for medical treatment as well.

Keywords: Bypass graft; 3D computer model; Anastomotic angle; Non-Newtonian; Pulse; Blood flow; Simulation

1. Introduction

Coronary artery disease (CAD) is the most common type of
heart disease, which happens when the arteries that supply
blood to the cardiac muscle become hardened and narrowed.
This is due to the accumulation of cholesterol and other mate-
rial; namely plague, building up on the inner walls of the cor-
onary arteries. Therefore, the trend of CAD patients and rates
of mortality are still increasing. This trend also includes the
rising rates of patients who have had repetitive surgery be-
cause of the failure of the treatment. Thus, it is interesting to
study CAD treatment by using modern technology; such as, a
computer simulation in order to pre-plan before the operation
and reduce the repetitive rate of surgery.

Numerous researchers have also investigated the problems
of CAD. Lee et al. [1] studied the characteristics of the blood
flow; such as, plaque formation, shear stress on the arterial
wall and the index of stress oscillation in coronary arteries.
The results from a model of an abnormal and normal blood
vessel were compared. Owida et al. [2] on the other hand,
investigated a numerical model of various coronary artery
bypass grafts and updated the trend in the myocardial revascu-
larization field. Alishahi et al. [3] studied the pulsatile flow
and arterial wall behavior of a stenosed aorta and iliac arteries.
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The blood taken was non-Newtonian and the arterial wall was
assumed to be rigid and flexible. Vimmr and Jonésova [4]
analyzed the blood flow in a three-dimensional bypass of oc-
cluded coronary and femoral arteries. The blood flow was also
both Newtonian and non-Newtonian in this case. The distribu-
tion of the velocity and wall shear stress on the surface at a
joint between the plaque and the artery were investigated by
Muraca et al. [5]. The relationship between the bifurcated
angle and fluid properties was illustrated as well. Sankar et al.
[6] studied the effects of the pulsatile blood flow through a
stenosed artery with non-Newtonian behavior. The variations
of the flow volume with the various parameters of the fluid
were analyzed. The bypass grafts with 70% of an occluded
area in the artery with different anastomotic angles of 45°, 60°
and 75°, were presented by Ko et al. [7]. The blood flow was
considered to be Newtonian fluid in this study. The recircula-
tion structure, secondary flow motion, mass flow rate and wall
shear stress on the arterial wall were also analyzed. Further-
more, Hong et al. [8] presented a computer simulation of the
pulsatile flow and macromolecular transport in a complex
blood vessel. The axial velocity, secondary flow; such as,
distribution of the LDL concentration was obtained. The ste-
nosis effects were investigated by Politis et al. [9]. The analy-
sis of a coronary artery with different grafting distances were
shown in this study. The stenosis volume of 25%, 50% and
75%, respectively, as well as without stenosis were modeled
with various inflow rate ratios. The velocity and wall shear
stress distribution were illustrated. Poltem [10] presented the

*


http://www.editorialmanager.com/mest/download.aspx?id=140709&guid=327f1702-baf2-44fb-beea-58ef77d34e14&scheme=1
http://www.editorialmanager.com/mest/download.aspx?id=140709&guid=327f1702-baf2-44fb-beea-58ef77d34e14&scheme=1

0000 G. Bell et al./Journal of Mechanical Science and Technology 00 2010, 0000~0000

-
nistiy /

: l

S0%-area occluded

Inlet No-slip condition
u(0,t) = uy, u=v=w=0

Outlet
u(l,t) =ug,

(b)

~+—Inlet velocity (m/s)

Velocity (m)

o 01 02 03 04 0s 06 07 os 0s
Time (5)

©
Fig. 1. (a) Physical model of the problem, (b) the boundary condition and
(c) inlet flow situation profile for the pulsatile cases.

distribution of the blood flow through the coronary arteries
with an unsymmetrical stenosis volume of 25%, 50% and
65%, respectively. The flow distribution, pressure field and
wall deformation in the cardiac cycle were carried out. Sa-
kanarayanan et al. [11] demonstrated the graft flow dynamics
and wall shear stress distribution at the anastomotic area of the
aorta-left and right coronary bypass graft model, which was
based on real-life situations. Two different cardiac cycles, at
the onset of the ejection and during the mid-diastole, were
used for both models. Suh et al. [12] investigated the blood
flow behavior in carotid bifurcation and identified the coro-
nary artery related to the hemodynamics; e.g., velocity, pres-
sure and wall shear stress, which played an important role in
the mechanism of the plague’s location and formation. Min
Kim, H. and W. Kim [13] developed a model of a bypass ge-
ometric parameter in a coronary artery; i.e., anastomotic an-
gles, curvature radius and length to predict the blood flow
phenomenon. A planar and non-planar model were compared.
Other researchers have studied the effects of the various artery
bypass graft models on the blood flow phenomena [14-16], as
well as some researchers investigated the effect of the non-
Newtonian fluid flow on different conditions and models [17-
20]. In addition, the pattern of the stenosis artery and mechan-
ical properties; such as, wall shear stress were investigated as
well [21-25].

The research studies mentioned above have analyzed only

some effects of the blood flow phenomena in a blood vessel
model; such as, the anastomotic angle. Simultaneously, there
are a few works that have systematically studied the various
effects of the parameters. Therefore, this research investigated
the blood phenomena in a three-dimensional model of the
coronary artery with a bypass graft by analyzing the effects of
the parameters as follows:

o The effects of the bypass graft.

o The effects of bypass grafts’ angle (45°, 60° and 90°).

o The effect of blood flow properties (Newtonian and non-

Newtonian).

o The effect of cardiac pulse.

The results of the velocity contour and shear stress on the
arterial wall were also demonstrated. The Naviar-Stokes equa-
tion was used to analyze this problem by applying the finite
volume method (FVM).

Therefore, the objective of this study was to propose more
realistic conditions of the coronary artery bypass model to
achieve an optimum bypassed degree for coronary artery dis-
ease treatment. The analysis of the blood flow phenomenon
and related parameter effects would prove beneficial in the
pre-planning procedures of treatment. Furthermore, this study
could act as a database for research in the future. As such, the
purpose of the study was to reduce the repetition rate as well
as risk for repetitive practical operations. In this study, bypass
artery models of 45°, 60° and 90° in situations with a pulse and
no pulse were systematically investigated.

2. Problem definition and procedure

2.1 Physical model and boundary condition

@

Velocity at a stenosed blood vessel (m/s)

4.965
100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,000

No. of mesh

(b)
Fig. 2. (a) Structured grid used in this computation and (b) the grid inde-
pendent test in the case of a coronary artery bypass graft with a 45°-
anastomotic angle and no pulse situation.
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Fig. 1(a) shows the three-dimensional computer model with
the specified dimensions and geometry for the simulation.
This model was modified from Ko et al. [7]. The diameter of
the host and bypass arteries were 2 and 1 mm, respectively.
The main artery was modeled to be a length of 30 mm and
partially constricted (50%-area). The anastomotic angle of the
host artery and bypass graft was denoted by ©.

The assumptions of this work are indicated as follows: the
blood flow was assumed to have a laminar flow and incom-
pressible fluid with a density (p) of 1060 k/m3. Dynamic vis-
cosity (n) of 0.0035 Pa.s was used for a Newtonian blood
flow. The blood’s viscosity was taken directly from the study
of Vimmr and Jonasova [4] in case there was a non-
Newtonian blood flow (Carreau-Yasuda model).

The profile of the inlet flow situations with a pulse situation
referred to the flow-rate waveform at the left coronary artery,
as mentioned by Sakanarayanan et al. [11] in which the heart-
beat was 0.9 seconds per time as indicated in Fig. 1(c).

The boundary conditions proposed for the three-
dimensional computer model as shown in Fig. 1(b) can be
written as:

« Inlet: blood is assumed to have a uniform velocity profile
and the input of the pulsatile case is taken as Fig. 1(c).

* Outlet: fully developed condition is assumed at the outlet

» Wall: non-slip conditions are assumed on the entire arteri-
al wall.

2.2 Governing equations

According to the three-dimensional computer model in Fig.
1(a), the Naviar-Stokes and the continuity equations govern-
ing the blood flow in a coronary artery with a bypass graft
were modeled in a three-dimensional form and written as fol-
lows:

Continuity equation:

Ep+§-(p\7)=0 @)

s /6—39' -0.77
/Y /_\
0117154

0,39
i 1.93 7 = SN =0.77
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Fig. 3. The comparison of the velocity contour on the symmetric
plane in the three-dimensional model )a( velocity contour of Ko et
al. 17[ and )b( velocity contour of the presented study.

Momentum equation:

60 oz or
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Where pis blood density, u,v,w is blood velocity in an x,
y, z direction, respectively,V is the velocity vector, t is
time, P is pressure, ¢ is shear stress, f is body force, o is
normal stress.

The wall shear stress for the Newtonian fluid, where the
viscosity is constant, is expressed as

ou; 6Uj
T =— _— 5
ij ,u|: auj au, )
When p is the dynamic viscosity.

For the Non-Newtonian blood flow, the viscosity of the flu-
id is shear-dependent and considered to be the molecular vis-
cosity 7(y) by using the Carreau-Yasuda model taken from
Vimmr and and Jonasova’s research [4]. The shear stress term
is described as:

n ey ] ©)

4

5.051 m/s

n(7) =1+ -

o B

Velocity
Contour

(b)

4.041 m/s

Fig. 4. Resultant velocity contour on the symmetric plane in the case
of Newtonian fluid and no pulse situation with the time of 0.4 sec-
onds

(a) without a bypass, )b( © = 45°, )c( © =60°, and )d( © = 90°.
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Where 7, is the zero shear viscosity, 7, is the infinite shear

viscosity, A is a characteristic relaxation time, n is a flow
index, 7 is shear rate and ais the positive parameter that
controls the transition to the lower Newtonian range.

2.3 Numerical procedure

In this study, the Naiver-Stokes equation and related
boundary conditions were numerically simulated based on the
finite volume method (FVM). All the computational proce-
dures were implanted using the commercial code ANSYS
(CFX) to represent the blood flow phenomena within the cor-
onary artery bypass graft. A mesh independent test for all
cases was conducted until the difference in the maximum
velocity at the stenosed artery was lower than 0.3% and the
algorithm of the ANSYS ICEM CFD was used to generate the
tetrahedral volume and prism layer mesh. The relative toler-
ance was specified at 1x107° to ensure that the solutions
were accurate.

Figs. 2(a) and 2(b) show the structured grid used in this
computation and the convergence grid test at 207,500 ele-
ments in the case of the coronary artery with 45° bypass graft,
respectively.

(a) \ o 21102072
\
(d)

172.653Pa

Fig. 5. Wall shear stress distribution in the case of Newtonian fluid
and no pulse situation with the time of 0.4 seconds
)a( without a bypass, )b( © = 45°, )c( © =60°, and )d( © = 90°.

Fig. 6. Resultant velocity contour on a symmetric plane in the case
of Newtonian fluid with the time of 0.4 seconds
)a( no pulsatile case and )b( pulsatile case.

This calculating program was operated on the computer
with Intel Xeon X5660 @2.80 GHz. CPUs and 48 GB ram.
The computational time of each case to accomplish the result
was less than 15 minutes.

3. Results and discussion

The effect of the anastomotic angles, inlet flow situations
(pulse and no pulse) on the blood flow and wall shear stress
distributions in the stenosed coronary artery bypass graft mod-
el were investigated. The blood flow phenomenon that oc-
curred in the coronary artery was focused on and analyzed as
per the following discussion. Navier-Stokes and continuity
equations were used for all cases.

3.1 Verification of the model

For this study, the presented simulated results were validat-
ed against the numerical result which was directly taken from
Ko et al. [7]. The bypassed artery with an anastomotic angle
of 45° was selected in this validation case. The blood property
was assumed to be Newtonian fluid with a density of 1060
kg/m3 and viscosity of 0.0035 kg/m/s. The comparisons of the
velocity contour on the symmetric plane for both cases are
demonstrated in Fig. 3. It was found that the good agreement
of the velocity contour on the symmetric plane between Ko et
al. [7] and the presented solution was clearly shown. This
favorable comparison lends confidence in the accuracy of the
present numerical model; furthermore, it is important to note
that there were some errors in the simulation, which might
have been generated from the input of some properties and
differences of the numerical scheme.

3.2 The effect of the anastomotic angles

The effects of the anastomotic angles are illustrated in Fig.
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4. The resultant velocity contours on a symmetric plane with
the time of 0.4 seconds of the Newtonian blood flow with a no
pulse situation are shown. The highest velocity in any case
occurred at the center of the stenosis coronary artery that was
caused by changing the cross-sectional area into a constricted
blood vessel. In considering the effects of the anastomotic
angles, the simulated results showed that the velocity of the
bypassed coronary artery with a 45° angle was equal to 3.704
m/s, which was less when compared with 60° and 90° angles
that equaled to 3.816 m/s and 4.041 m/s, respectively. This
was because there was partial blood flowing into the bypass
graft. Moreover, the most convenient blood flow phenomena
played an important role at a 45° bypass, and the blood flow
from the bypass graft into the host artery showed a smaller
region of a low-velocity zone, which caused congested blood,
near the outer surface of the host artery than other cases as
well.

The result of the shear stress on the arterial wall affected by
the gradient of the velocity and viscosity of the fluid with dif-
ferent anastomotic angles are shown in Fig. 5. It was observed
that the remarkable point followed the velocity contour like in
Fig. 4. Low wall shear stress regions occurred on the connect-
ing point between the host artery and the bypass graft on both
the interior and exterior sides and along the floor of the host
artery. The lowest wall shear stress in the stenosed cross-
sectional area of the host artery was represented in a case of
the coronary artery bypass graft with a 45-anastomotic angle.

The velocity contour and streamlines on different cross-
sectional planes, A and B, in case of the non-Newtonian and
pulsatile blood flow situation, are depicted in Table 1. The
researchers chose the result at 0.4 seconds of the flow-rate
waveform, as the highest velocity of the inlet flow occurred at
this period.

Generally, the coronary artery with a bypass graft at any
anastomotic angle cases has a lower velocity at the narrowing
of the host artery (at position A) than without a bypass graft
case, which could reduce the risk of a vascular wall rupture.

At position A, the center of the stenosed host artery, the
high and low-velocity zones occurred near the top side and the
exterior edge, respectively. A pair of recirculation zones

—4—No pulse

~i-Pulse

g

Velocity (m/s)
g

0.00 0.10 0.20 030 0.40 050 0.60 0.70 0.80 090 100 110
Time (s)

Fig. 7. Comparison of the velocity with the elapses in time in the
case of the stenosed coronary artery with the bypassed 45°-
anastomotic angle and Newtonian fluid at the center of the host
artery between no pulse and pulse situations.

slightly inclined to the top side and the anastomotic angle
values were directly variable to the velocity but had an inverse
relationship with the recirculation zone.

At position B, the center of the bypass graft, the high and
low-velocity zones slightly tilted to the top side and formed
around the exterior edge, respectively, which was similar to
position A. The recirculation zone appeared in the central zone
of the bypass graft with an asymmetric intensity streamline
that was caused by the curve of the artery and nonlinear be-
havior of the fluid properties. The relationship of the anasto-
motic angle, the velocity, and the recirculation zone was the
same as that happened within position A.

3.3 The effect of the inlet flow situations

The inlet flow situation affected the characteristics of the
blood flow as shown in Figs. 6(a) and (b).

Figs. 6(a) and (b) demonstrate the resultant velocity contour
with a flow time of 0.4 seconds in the case without a pulse and
with a pulse, respectively.

The figures show that the maximum velocity of blood at the
center of the stenosed coronary artery in the case of bypassed
and no pulse was 3.704 m/s while the artery with a pulse was
6.071 m/s at the same time. It was found that the blood veloci-
ty at the stenosis area with no pulse was slower and the stag-
nation of the blood flow in both the host artery and the bypass
graft was more than the pulse situation case due to the highest
systole, which was occurring at a time of 0.4 seconds. Fur-
thermore, the inlet pulse flow situation was similarly an actual
systolic than that of the bypassed coronary artery with a no
pulse situation as shown in Fig. 7.

0.01 !

8 Bypassas
Bypass&d

- o= -Bypasss0

Veloatyat a center of bloodvessel at 0.4 5[ m/s|

001
Length[m]

Fig. 8. The relationship between the velocity at a center line and the length
of the artery with different anastomotic angles in the case of a pulse input
situation at time of 0.4 seconds.
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Fig. 9. Comparison of wall shear stress at the stenosed area with
different fluid properties )in the case of a coronary artery bypass

graft with a 45°-anastomotic angle and pulse situation(.

3.4 The relationship between the velocity and length for
three anastomotic angles

Fig. 8 illustrates the relationship between the velocity at the
center line and the length of the host artery with three different
anastomotic angles, 45°, 60° and 90° at a time of 0.4 seconds
in the case of Newtonian blood flow and pulse input situation.
It can be considered remarkable that all testing cases had the
highest velocity at the length of 0.01m. This was because this
length was the narrowest cross-section area. Furthermore, the
result of the 45° bypassed angle had the least velocity at 0.01m
of length and reached the smoothest flowing more than other
angles due to the convenient blood flow within the artery.

3.5 The effect of fluid properties

The comparison of the wall shear stress at the stenosed area

in the host artery with different fluid properties, Newtonian
and non-Newtonian fluid, are displayed in Fig. 9. The results
of both fluid properties were flowing in the same direction but
were slightly different in magnitude, which conformed to
Vimmr and Jonasova’s research [4]. Therefore, we can con-
sider the blood flow properties within the coronary artery to be
Newtonian fluid for convenience and utilized less time for the
calculation.

4, Conclusions

This research studied the flow behaviors in a three-
dimensional computer model of a stenosed coronary artery
bypass graft with varying anastomotic angles, inlet flow situa-
tions (pulse and no pulse situation), and fluid properties in the
case of Newtonian and non-Newtonian blood. The effects of
these different parameters on the velocity and wall shear stress
during the blood flow in the coronary artery bypass graft were
systematically investigated.

The main results can be summarized as follows:

The anastomotic angle that connected the host artery and by-
pass graft was 45°, 60° and 90°, respectively. The result showed
that the velocity at the stenosed coronary artery bypass graft of
60° and 90° was more than the 45° bypassed artery.

The fluid properties, Newtonian and non-Newtonian fluid,
showed a similar result; therefore, the blood flow properties were
considered as Newtonian fluid for convenience according to
Vimmr and Jonasova [4]. The inlet flow velocity situations, no
pulse and pulse situation, and the inlet pulse flow situations
showed an appropriate result more than others because of the
similarity to a realistic systolic.

In this study, the case of the coronary artery bypass graft with

Table 1. The resultant velocity contour and streamline pattern within the crosssectional planes at position A and B in the case of pulsatile and non-Newtonian blood

flow at 04 seconds.
%
A
At position A At position B Range

No bypass N/A
Velocity
Contour 1

Bypass 45°

Bypass 60°

Bypass 90°
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a 45°-anastomotic angle was found to be the best proper model
for implementing in a coronary heart disease (CHD) problem
because the velocity at the stenosis and wall shear stress on the
arterial wall was less than other angles. Moreover, the case of the
considered blood flow model, as a non-Newtonian fluid and used
pulse input situation, was the closest to a reality situation as well.
The results presented here can be used as guidance for medi-
cal treatment and help to predict the outcome of the treatment.
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Nomenclature

a : The positive parameter of Carreau-Yasuda model
fi : Body force [N/m?]

n : Flow index of Carreau-Yasuda model
P : Pressure [Pa]

t : Time [s]

u,v,w : Velocity in x, y, z direction

v : Effective work

70 : Zero shear viscosity [Pa-s]

oo : Infinite shear viscosity [Pa-s]

v : Shear rate [1/s]

A : Characteristic relaxation time [s]

U : Dynamic viscosity [Pa-s]

p : Density [kg/m?]

o : Normal stress [N/m®]

T : Shear stress [N/m?]

o : Anastomotic angles of bypass graft
References

[1] W. Lee, H.S. Ryou, S. Kim, JW. Nam, W.S. Lee and
S.W. Cho, Study of hemodynamic parameters to
predict coronary artery disease using assumed healthy
arterial models, Journal of Mechanical Science and
Technology. 29 (3) (2015) 1319-1325.

[2] A.A. Owida, H. Do and Y.S. Morsi, Numerical
analysis of coronary artery bypass grafts: An over view,
Computer Methods and Programs in Biomedicine. 108
(2) (2012) 689-705.

[3] M. Alishahi, M.M. Alishahi and H. Emdad, Numerical
simulation of blood flow in a flexible stenosed
abdominal real aorta, Scientia Iranica. 18 (6) (2011)
1297-1305.

[4] J. Vimmr and A. JonaSova, Non-Newtonian effects of
blood flow in complete coronary and femoral bypasses,
Mathematics and Computers in Simulation. 80 (6)
(2010) 1324-1336.

[5] V.G. E. Muraca, and G. Fragomeni, Mathematical
Model of Blood Flow in Carotid Bifurcation the
COMSOL Conference, Milan. (2009)

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

D.S. Sankar and U. Lee, Mathematical modeling of
pulsatile flow of non-Newtonian fluid in stenosed
arteries, Communications in Nonlinear Science and
Numerical Simulation. 14 (7) (2009) 2971-2981.
K.T. T.H. Ko, H.C. Yeh, Numerical investigation on
flow fields in partially stenosed artery with complete
bypass graft: An in vitro study, International
Communications in Heat and Mass Transfer. 34 (6)
(2008) 713-727.

J. Hong, L. Wei, C. Fu and W. Tan, Blood flow and
macromolecular transport in complex blood vessels,
Clinical Biomechanics. 23, Supplement 1 (2008)
$125-S129.

A.K. Politis, G.P. Stavropoulos, M.N. Christolis,
P.G. Panagopoulos, N.S. Vlachos and N.C.
Markatos, Numerical modelling of simulated blood
flow in idealized composite arterial coronary grafts:
Transient flow, Journal of Biomechanics. 41 (1)
(2008) 25-39.

D. Poltem, B. Wiwatanapataphee, Y.H. Wu and Y.
Lenbury, A numerical study of non-Newtonian
blood flow in stenosed coronary artery bypass with
grafts, ANZIAM Journal; Vol 47 (2005).  (2006).
M. Sankaranarayanan, L.P. Chua, D.N. Ghista and
Y.S. Tan, Computational model of blood flow in the
aorto-coronary bypass graft, BioMedical
Engineering OnLine. 4 (2005) 14-14.

S. Sang-Ho, R. Hyung-Woon, K. Dong-Joo, K.
Hyuck-Moon and K.L. Byoung, Significance of
hemodynamic effects on the generation of
atherosclerosis, Journal of Mechanical Science and
Technology. 19 (3) (2005) 836.

H. Min Kim and W. Kim, Coronary artery
numerical flow analysis for determination of bypass
graft geometric parameters, Journal of Mechanical
Science and Technology. 19 (3) (2005) 905-912.

A. Qiao, Y. Liu, S. Li and H. Zhao, Numerical
Simulation of Physiological Blood Flow in 2-way
Coronary Artery Bypass Grafts, Journal of
Biological Physics. 31 (2) (2005) 161-82.

J.P. Ku, M.T. Draney, F.R. Arko, W.A. Lee, F.P.
Chan, N.J. Pelc, C.K. Zarins and C.A. Taylor, In
Vivo Validation of Numerical Prediction of Blood
Flow in Arterial Bypass Grafts, Annals of
Biomedical Engineering. 30 (6) (2002) 743-752.

M. Bonert, J.G. Myers, S. Fremes, J. Williams and
C.R. Ethier, A Numerical Study of Blood Flow in
Coronary Artery Bypass Graft Side-to-Side
Anastomoses, Annals of Biomedical Engineering. 30
(5) (2002) 599-611.

M. Abouzeid, Homotopy perturbation method to
MHD non-Newtonian nanofluid flow through a
porous medium in eccentric annuli with peristalsis,
2015.



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

G. Bell et al./Journal of Mechanical Science and Technology 23 2009, 1261~1269 1263

N.T. Eldabe and M.Y. Abou-zeid,
Magnetohydrodynamic Peristaltic Flow with Heat
and Mass Transfer of Micropolar Biviscosity Fluid
Through a Porous Medium Between Two Co-Axial
Tubes, Arabian Journal for Science and
Engineering. 39 (6) (2014) 5045-5062.

N.T. Eldabe and M.Y. Abou-zeid, Homotopy
perturbation method for MHD pulsatile non-
Newtonian nanofluid flow with heat transfer
through a non-Darcy porous medium, Journal of the
Egyptian Mathematical Society. 25 (4) (2017) 375-
381.

M. Abou-Zeid, Effects of thermal-diffusion and
viscous dissipation on peristaltic flow of micropolar
non-Newtonian nanofluid: Application of homotopy
perturbation method, Results in Physics. 6 (2016)
481-495.

K.S. Mekheimer and M.A.E. Kot, The micropolar
fluid model for blood flow through a tapered artery
with a stenosis, Acta Mechanica Sinica. 24 (6)
(2008) 637-644.

R. Ben-Mansour, Badr, H.M., Shaik, A. Qaiyum, &
Maalej, N., Modeling of pulsatile blood flown in an
axisymmetric tube with a moving indentation,
Arabian Journal for Science and Engineering. 33
(2B) (2008) 529-550.

L. Yao and D.-z. Li, Pressure and pressure gradient
in an axisymmetric rigid vessel with stenosis,
Applied Mathematics and Mechanics. 27 (3) (2006)
347-351.

J.G. Myers, J.A. Moore, M. Ojha, K.W. Johnston
and C.R. Ethier, Factors Influencing Blood Flow
Patterns in the Human Right Coronary Artery,
Annals of Biomedical Engineering. 29 (2) (2001)
109-120.

D. Tang, C. Yang, S. Kobayashi, J. Zheng and R.P.
Vito, Effect of Stenosis Asymmetry on Blood Flow
and Artery Compression: A Three-Dimensional
Fluid-Structure Interaction Model, Annals of
Biomedical Engineering. 31 (10) (2003) 1182-1193.

S. Koksungnoen is currently pursuing her
Master Degree in the Department of Me-
chanical Engineering of Thammasat Uni-
versity, Thailand. Her research field is
about a numerical investigation of fluid
flow, heat and mass transfer in a blood
vessel.

P. Rattanadecho earned his Ph.D. in
Mechanical Engineering from Nagaoka
University of Technology, Japan. He is
currently a professor at the Department of
Mechanical Engineering of Thammasat
University, Thailand. He is particularly

M. interested in interdisciplinary research and
modern computational techniques, research on heat and mass
transferring in electromagnetic waves, and biomechanics.

P. Wongchadakul received Ph.D. in
Medical Engineering from Thammasat
University, Thailand. Presently, she is a
lecturer at HRH Princess Chulabhom
College of Medical Science, Thailand.
Her research interests are a computerized
simulation on heat and mass transferring
from amedicinal laser in biological tissue.



Manuscript

Click here to download Manuscript 3_JMST_Copyright
Transfer Form_v2.doc

JMST COPYRIGHT TRANSFER FORM for PUBLICATION 4) Springer

The Korean Society of Mechanical Engineers
#702 KSTC (New Bldg.), 635-4 Yeoksamdong, Gangnamgu, Seoul 06130, Korea
Tel: 82-70-4063-1600, Fax: 82-2-501-3649, E-mail: editorial@j-mst.org

In submitting this paper for consideration, the authors confirm that the article has not been submitted for simultaneous
consideration to another journal. If parts of the material, e.g., text, figures or tables, have already been published
elsewhere, permission for their reproduction must be obtained from the copyright owner and full acknowledgment made
in the manuscript. The manuscript shall be submitted free of copyright charges.

Formal written transfer of copyright on each article from the author(s) to the publisher is needed. This transfer enables
the publisher to provide the widest possible dissemination of the article through activities such as distribution of
reprints; authorization of reprints, translation, or photocopying by others; production of microfilm editions; and
authorization of indexing and abstracting services in print and data base formats. Without this transfer of copyright,
such activities by the publisher and the corresponding spread of information are limited.

Author agreement:

Title of article for which copyright is being transferred:

3D Numerical Model of Blood Flow in the Coronary Artery Bypass Graft during No Pulse and Pulse Situations: Effects
of an Anastomotic Angle and Characteristics of Fluid

Manuscript Number: MEST-D- 17-02257R1

authored by: Satiraporn Koksungnoen, Phadungsak Rattanadecho and Patcharaporn Wongchadakul
to be published in the Journal of Mechanical Science and Technology.

The copyright is hereby transferred to the Korean Society of Mechanical Engineers (KSME), effective if and when the
article is accepted for publication.

The author(s) reserve(s) the following:

1. All proprietary rights such as patent rights.

2. The right to use all or part of this article in future works of their own, such as lectures, press releases, reviews or
text books.

3. The rights of reproduction and limited distribution for own personal use or for company use for individual clients,
provided that source and copyright are indicated and copies per se are not offered for sale.

In case of republication of the whole article or parts thereof by a third party, written permission should be obtained from
the Korean Society of Mechanical Engineers, to be signed by at least one of the authors (who agrees to inform the
others, if any) or, in the case of a “work made for hire” by the employer.

This form must be completed and signed by the all authors or corresponding author on behalf of the others, and received
by the editorial office of the KSME, before the article is published. In the case of an article commissioned by another
person or organization, or written as part of duties as an employee, an authorized representative of the commissioning
organization or employer must sign instead of the author(s).

After submission of the Copyright Transfer Statement signed by the corresponding author, changes of authorship or in
the order of the authors listed will not be accepted by KSME.

Corresponding Author’s

éy;ﬂa{ ‘Sﬁl*”“ ({/

Signature: Title: Prof. Dr,

Print Name: Phadungsak Rattanadecho

Other Authors’ ( |
Signature(s): %m@ mpgr%v@«. PN 93ddn A
Print Name(s): _Satiraporn Koksungnoen Patcharaporn Wongchadakul

As the form is being signed by the corresponding author on behalf of the others, the following additional statement must
be signed by the author signing for the co-authors: “I represent and warrant that | am authorized to execute this transfer

of copyright on behalf of all the authors of the article named above.” <
é}ogg‘\ Sé\\).’f-\ é/
Date: 28/03/2018 Corresponding Author’s Signature:

Please send this form to the editorial office of the KSME by e-mail at editorial @j-mst.org or fax at 82-2-501-3649.



mailto:editorial@j-mst.org
mailto:editorial@j-mst.org
http://www.editorialmanager.com/mest/download.aspx?id=140710&guid=825273ca-be3c-4eef-8429-6c2dea145883&scheme=1
http://www.editorialmanager.com/mest/download.aspx?id=140710&guid=825273ca-be3c-4eef-8429-6c2dea145883&scheme=1

