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Investigation of blood flow rheology
using second-grade viscoelastic model (Phan-Thien–Tanner)

within carotid artery
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Purpose: Hemodynamic factors, such as Wall Shear Stress (WSS), play a substantial role in arterial diseases. In the larger arteries,
such as the carotid artery, interaction between the vessel wall and blood flow affects the distribution of hemodynamic factors. The fluid
is considered to be non-Newtonian, whose flow is governed by the equation of a second-grade viscoelastic fluid and the effects of vis-
coelastic on blood flow in carotid artery is investigated. Methods: Pulsatile flow studies were carried out in a 3D model of carotid artery.
The governing equations were solved using finite volume C++ based on open source code, OpenFOAM. To describe blood flow, conser-
vation of mass and momentum, a constitutive relation of simplified Phan-Thien–Tanner (sPTT), and appropriate relations were used to
explain shear thinning behavior. Results: The first recirculation was observed at t = 0.2 s, in deceleration phase. In the acceleration phase
from t = 0.3 s to t = 0.5 s, vortex and recirculation sizes in bulb regions in both ECA and ICA gradually increased. As is observed in the
line graphs based on extracted data from ICA, at t = 0.2 s, τyy is the maximum amount of wall shear stress and τxy the minimum one. The
maximum shear stress occurred in the inner side of the main branch (inner side of ICA and ECA) because the velocity of blood flow in
the inner side of the bulb region was maximum due to the created recirculation zone in the opposite side in this area. Conclusions: The
rheology of blood flow and shear stress in various important parts (the area that are in higher rates of WSS such as bifurcation region and
the regions after bulb areas in both branches, Line1–4 in Fig. 7) were also analyzed. The investigation of velocity stream line, velocity
profile and shear stress in various sections of carotid artery showed that the maximum shear stress occurred in acceleration phase and in
the bifurcation region between ECA and ICA which is due to velocity gradients and changes in thinning behavior of blood and increasing
strain rate in Newtonian stress part.
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1. Introduction

Blood flow (or hemodynamics) problems have re-
ceived considerable attention due to their importance
in physio-pathology. Blood circulation has various
functions in human body, e.g. transporting nutrients
and oxygen, removing metabolic products and carbon
dioxide, etc. Several authors investigated blood flow
problems in various geometrical aspects with different
biological fluids [8], [17], [26]–[28]. Sinha and Misra
[24] investigated blood flow under externally applied
magnetic field. Sud et al. [25] analyzed the effect of
a moving magnetic field on blood. Reddy et al. [23]

contributed to a mathematical model on couple stress
fluid flow through stenosis annular region and found
that impedance would increase with rises in height
and length of stenosis. Hayat et al. [9] studied the
effects of Hall on peristaltic motion of couple stress
fluid in an inclined asymmetric channel with heat and
mass transfer. Adesanya and Makinde [1] investigated
the influence of couple stress fluid flow on steady thin
flow down heated inclined plate and found that the
effect of couple stress parameter would be to cut down
flow velocity and temperature distribution. Prakash et
al. [21] reported that the size of stenosis would de-
crease volumetric flow rate and increase wall shear
stress as well as impedance. Makinde [16] obtained
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asymptotic approximations of oscillatory flow through
a tube of varying cross sections with permeable iso-
thermal wall and analyzed that fluid absorption at the
wall would decrease the magnitude of wall shear
stress, pressure drop and wall heat transfer rate, but
the influence of oscillation of the fluid could still be
significant at a high rate of fluid absorption at the
wall. Prakash and Makinde [22] observed that imped-
ance would reduce due to magnetic field effect when
patients experienced thermal radiation therapy. Non-
Newtonian models have been employed with increas-
ing frequency in flow simulations of various vascular
components, such as aorta [11], [15], [19], cerebral [2],
[4] and coronary arteries [14], [18]. In all these studies,
generalized Newtonian expressions were adopted to
better capture the complex behavior of the fluid under
steady state conditions. In [12], the effect of non-uniform
magnetic field on wall shear stress and streamline in
a 2D bifurcation considering blood as a Newtonian
fluid was studied. The results showed a significant
effect on wall shear and stream line in magnetic af-
fected areas. Also in [13], the magnetic nano-particles
and blood flow behavior in carotid artery in drug de-
livery application were investigated. In this study, the
blood flow is considered pulsatile and the changes in
blood and nano-particles behavior in various time in
ECA and ICA have been studied.

The aim of the present study was to analyze peri-
staltic blood flow in carotid artery considering the influ-
ence of viscoelasticity on rheological characteristics of
human blood in the hope to provide a good understand-
ing of blood flow in carotidal blood vessels. The result-
ing differential equation was solved numerically using
C++ based on finite volume software, OpenFOAM. The
impact of all physical parameters was plotted and dis-
cussed. Blood flow was considered non-Newtonian,
pulsatile, and incompressible. A simplified Phan-
-Thien–Tanner (sPTT) viscoelastic model was applied
to investigate blood behavior.

Governing equations

This section deals with to viscoelastic incompressible
laminar flow in carotid artery with rigid wall. As blood is
assumed to behave as an incompressible fluid and in
a large vessel, it can be considered an isotropic contin-
uum medium. Mass and momentum equations used were
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where U is the velocity vector, and  and p are the
stress and pressure, respectively. The simplified Phan-

Thien–Tanner (sPTT) model was used as constitutive
equation, in which total stress was separated into
Newtonian and polymeric stress in the form of Eq. (3),
where s is the stress caused by Newtonian solvent and
p is the polymeric stress contribution to the total
stress.

ps   . (3)

In Newtonian solution, the relationship between
stress and strain rate is in the form of Eq. (4). In this
equation, s is the viscosity related to Newtonian so-
lution and   is the shear rate tensor. The shear rate
tensor could be presented as Eq. (5).

 ss  , (4)
Tuu )( . (5)

Extra elastic contribution corresponding to polymeric
part P was obtained by solving an appropriate consti-
tutive differential equation. In sPTT, in which  = 0,
polymeric stress can be obtained from the equation
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In this model, τp includes four modes (N = 4);
three coefficients in each mode, i.e., relaxation time
(λpk), viscosity contribution to zero shear viscosity
(ηpk), and extensibility coefficient () or the mobility
factor ().

2. Geometry
and boundary conditions

The geometry studied in this research was carotid
artery, consisting of two main branches, i.e., internal
carotid artery (ICA), and external carotid artery (ECA)
as well as one inlet called common carotid artery (CCA).
Two branches were added to this geometry at ICA and
ECA. All sizes of the geometry considered are shown
in Fig. 1.

The fully developed pulsatile flow at the inlet re-
garded as a profile is shown by equation (7).
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where Uin is considered as a pulsatile flow which is
shown in Fig. 2. Since blood density was considered
1050 kg/m3, the magnitude of average Reynolds num-
ber at the inlet was in a laminar regime. At the outlets
(outlet1–outlet4), the pressure outlet boundary condi-
tion has been used.

Fluid flow was selected non-Newtonian and simu-
lated using viscoelastic sPTT model as mentioned in
the previous section. All physical parameters and co-
efficients applied in this simulation are presented in
Table 1.

In this simulation, PISO algorithm was used for
velocity-pressure coupling. Second order upwind
scheme was used for the discretization of both con-
vective and Laplacian terms in momentum Gauss
linear schemes applied. Three dimensional and in-
compressible Navier–Stokes equations were solved

by finite-volume open source software OpenFOAM.
Velocity convergence criteria were less than 10−6;
also less than 10−6 for the whole four modes in shear
stress equation. All data were extracted after the
fourth pulse when the results were permanent and
stable simultaneously in various pulses.

Table 1. Simulation parameters quantities [7]

ρ (kg/m3) Fluid density 1050

Simplified Phan-Thien–Tanner(sPTT)-(α = 0)

Mode (i) ηpi( pa.s) λi(s) εi

1 0.05 7 0.2
2 0.001 0.4 0.5
3 0.001 0.04 0.5
4 0.0016 0.006 0.5

Fig. 1. Geometry of carotid artery investigated in this study

Fig. 2. Velocity at the inlet (CCA) [20]



A. RAMIAR et al.30

The flow domains were meshed with hexahedral
cells using Gambit software and the mesh generated
in two sections are shown in Fig. 3a. For mesh in-
dependence, the velocity profile in the cross section
of bulb region in ICA (specified in Fig. 1) at the
acceleration phase and t = 0.4 s has been investi-
gated. The results indicate the maximum differences
in velocity magnitude between the two maximum
grids are less than 3%. Therefore, the grid with
1 124 000 elements is used for the simulations, con-
sidering the compromise of computational time and
accuracy.

3. Results

3.1. Investigating blood flow streamlines
in carotid artery

As one of the most important areas in carotid ar-
tery is known to be the bulb region in ICA, to better
understand blood behavior in this region, velocity
contour and streamlines of a cross section in the mid-
dle of the region were investigated, Fig. 4. Velocity

Fig. 3a. Gird generated in two sections

Fig. 3b. Mesh independence for four grids number

Fig. 3. Mesh independence and grid generated on geometry
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t = 0.1 s t = 0.3 s

t = 0.5 s t = 0.7 s

Fig. 4. Streamlines in a cross section in the middle of the bulb region in ICA

Fig. 5. Velocity profile in ICA bulb region cross section at various times
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changes of blood flow behavior and vortex sizes at
various times are shown in this figure.

Velocity profiles at various times in a cross
section in ICA bulb region are shown in Fig. 5. As
t = 0.6 s, at the beginning of the profile, the effect of
recirculation as well as the changes in velocity and
mass flux in the cross section can be illustrated
through the profile.

3.2. Investigating the wall shear stress

Changes in the wall shear stress in carotid artery
at various times were investigated (Fig. 6). These
changes could be considered really important and
noticeable, especially in treating some diseases such
as aneurysm. This disease tends to appear most of

t = 0.1 s t = 0.2 s

t = 0.3 s t = 0.4 s

t = 0.5 s t = 0.6 s

t = 0.7 s t = 0.8 s

Fig. 6. Changes in the wall shear stress at various times
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the time by rising the wall shear to the critical
amount.

3.3. Investigating changes
in the wall shear stress

in important area

To better understand the wall shear behavior at vari-
ous times in pulsatile flow in carotid artery, four main
lines from most important areas of this artery were se-
lected and the changes in the wall shear stress in these
areas were investigated (Fig. 7). In the first place, bulb

regions in both ECA and ICA were investigated. Subse-
quently, the wall shear stress in Line 3 and Line 4 was
investigated.

3.4. Investigating
the shear-thinning effect

on blood shear stress in ICA and ECA

The characteristics of blood flow in carotid are
shown in Fig. 8 using the wall shear stress of the
whole modes at various times in a cross section of the
bulb region in ICA.

(a) Various parts considered to investigate shear stress

t = 0.2 s t = 0.4s

t = 0.6 s t = 0.8 s

(b) Data extracted from Line 1
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t = 0.2 s t = 0.4 s

t = 0.6 s t = 0.8 s

(c) Data extracted from Line 2

t = 0.2 s t = 0.4 s

t = 0.6 s t = 0.8 s

(d) Data extracted from Line 3 (C-C)
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t = 0.2 s t = 0.4 s

t = 0.6 s t = 0.8 s

(e) Data extracted from Line 4 (A-A)

Fig. 7. The wall shear stress in various sections

t = 0.4 s   t = 0.6 s t = 0.8 s

(a) First mode

t = 0.4 s   t = 0.6 s t = 0.8 s

(b) Second mode
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t = 0.4 s   t = 0.6 s t = 0.8 s

(c) Third mode

t = 0.4 s   t = 0.6 s t = 0.8 s

(d) Fourth mode

Fig. 8. Shear stress contour in ICA bulb cross section in all four modes

t = 0.2 s    t = 0.04 s t = 0.8 s

xx

t = 0.2 s    t = 0.04 s t = 0.8 s

yy
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t = 0.2 s t = 0.04 s t = 0.8 s

xz

t = 0.2 s t = 0.04 s t = 0.8 s

yz

Fig. 9. Blood flow stress contour in a vertical section of bulb region in ICA

t = 0.2 s t = 0.6 s t = 0.6 s

τxx

t = 0.2 s t = 0.6 s t = 0.8 s

τxz



A. RAMIAR et al.38

t = 0.2 s t = 0.6 s t = 0.8 s

τyy

t = 0.2 s t = 0.6 s t = 0.8 s

τyz

Fig. 10. Wall shear stress changes in whole modes in a cross section of ICA

t = 0.2 s t = 0.8 s

τxx

t = 0.2 s t = 0.8 s

τxz
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Figure 9 illustrates the internal stress of blood flow
of ICA bulb cross-section at three specified times. As
can be seen in Fig. 10, the behavior of xx is completely
the same as magnitude, and yy has more influence on the
shear stress near the wall. Therefore, it can be said
that in this area xx and yy have more effects on pre-
dicting shear stress behavior of blood.

In addition, xz and yz are symmetric in horizontal
line due to the rotation of fluid in this area. Since the
shear rate in arteries on the wall is considered impor-
tant, the changes in the wall shear stress in Line 1 in
ICA (Fig. 7) were investigated.

The results showed that in the xx of the first mode
and in other shear stresses of the fourth mode higher
measures of shear stress were predicted. At all times,
the wall shear stress increased because the pulsating
blood and oscillation of strain rate fluctuated.

Finding critical and high risk regions for various
diseases such as rapture risk and aneurysm or ath-
erosclerosis can be an important goal in this study.
Regions with lower shear stress are comfortable
areas for atherosclerosis, and by contrast, regions
with high shear rate can be in rapture dangerous or
aneurysm diseases. Therefore, a comparison between

the wall shear stress in the four lines considered was
done (Fig. 11). As one can see from Fig. 11, in Line 3
in bifurcation region and in Line4 after bulb area,
WSS experienced its maximum rate in comparison
with other regions and this result shows that these
two regions can be considered as high risk areas in
this artery.

4. Discussion

In this study, the behavior of blood flow in ca-
rotid artery and the wall shear changes were investi-
gated, with blood being considered as a viscoelastic
fluid. For this purpose, the second-grade viscoelastic
model (Phan-Thien–Tanner) and an open source
code (OpenFOAM) were applied for simulations. To
analyse the behavior of blood, especially in ICA and
ECA (Fig. 4), streamlines and velocity profile as well
as changes in the wall shear stresses in various regions
were investigated, and critical area for atherosclerosis
disease and also high risk region for probable rapture
or aneurysm were identified. The behavior of recircu-

t = 0.2 s t = 0.8 s

τyy

t = 0.2 s t = 0.8 s

τyz

Fig. 11. Comparison of the wall shear stress in various sections of carotid artery
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lation, as predicted, indicated that the size of recircu-
lation in bulb regions in both ICA and ECA increased
in the acceleration phase and then got smaller in size
during deceleration phase, and consequently, changes
in the size of the secondary flow experienced a similar
behavior in both phases (Fig. 4 and Fig. 5). Botnar et al.
[3] and Jozwik and Obidowski [10] in their studies
also found similar behavior in ECA and ICA in ve-
locity profile and recirculation and secondary flow in
carotid artery. This behavior was also observed in our
previous research, in which the blood was solved for
both Newtonian and Carreau models [23]. A more
detailed look at Fig. 6 shows that maximum shear
stress occurs in the middle of two branches (between
ECA and ICA), and the regions after the bulb area in
both ECA and ICA due to increases in velocity gradi-
ent and velocity magnitude in these regions. It can
also be seen that minimum shear stress is in the recir-
culation zone due to the fact that in this area the colli-
sion between blood flow and vessel wall reduces. The
study of the wall shear stress in various specified lines
(Fig. 7) suggested that for the line graphs based on
data extracted from ICA, at t = 0.2 s, τyy is the maxi-
mum amount of the wall shear stress and τxy the mini-
mum one. The maximum shear stress occurred on the
inner side of the main branch (inner side of ICA and
ECA) because the velocity of blood flow on the inner
side of the bulb region was maximum due to the recir-
culation zone created on the opposite side of this area,
whereas the minimum was seen on the outer side of the
bulb region. A similar behavior of all shear stress was
also seen in the smaller bulb region in ECA (Line 2).
Comparing the line graphs of both bulb regions, it can
be observed that the most noticeable difference be-
tween them is at τxy and τxx, τyy, τxy showing more ef-
fects on the magnitude of shear stress in these regions.
The graph related to Line3 shows that the behaviors of
all shear stress tend to be symmetric to the bifurcation
area, in which all shear stress, especially τxy, soared.
This could be due to the maximum velocity gradient
and its effect on the shear thinning property of blood
flow in this area. In the next line (Line4), changes in
the wall shear stress from inlet to outlet 4 were con-
sidered. The result represented by a graph reveals that
the wall shear stress along the line at various times
tends to fluctuate. In addition, the maximum wall
shear in this line (Line 4) can be seen in the area just
after the bulb region which can be due to increases
in velocity gradient in this region. In the area between
the bulb region and sub-branch, τxx, plateaued, but
after that sub-branches in ECA (L = 0.048) slashed.
A look at the previous experimental results from other
articles such as Wilde et al. [29] and Cibisa et al. [6]

confirm similar regions for the maximum wall shear
stress (bifurcation area and after bulb region). Similar
to the previously considered lines, the influences of τxx,
τyy, τxy are more noticeable than the other shear stress.
A more detailed look at the contours in this figure
shows that in all four modes and at all times, maxi-
mum wall shear stress is in the area with high velocity
due to the fact that maximum strain rate of blood flow
is in this zone, whereas the minimum is in recircula-
tion zone. In actual fact, vortex core and recirculation
in this zone influenced thinning behavior of blood
flow which crossed around this zone, while the poly-
meric part of blood (τp in equation (3)) and strain rate
of blood affected Newtonian solvent part (τs in equa-
tion (3)). Comparing all the modes, it was seen that
maximum shear rate occurred in the fourth mode near
artery wall, but the maximum average of shear rate
occurred in the first mode because most fractions of
the blood represented a high amount of shear rate.
Another important key point in medical investigation
of shear stress in arteries is finding injury-prone areas,
especially the danger of rapture, which can occur due
to high pressure or high shear rates. Therefore, a com-
parison between the wall shear stress in the four lines
considered was done, Fig. 12. Maximum shear rate
was seen in Line3 at bifurcation region and in Line 4
after the bulb region. This could be due to maximum
velocity and shear rate in these regions. Although in
line graphs which plot τxz and τyz the measures of the
wall shear stress in both Line1 and Line 2 are higher
than two other lines, the measures are not significant
in comparison with the measures relayed to two other
regions in τxx and τyy. The results showed that the areas
after bulb regions in ECA and ICA, and the bifurca-
tion region between ICA and ECA were areas prone
to some arterial diseases, e.g., aneurysm or rapture
dangers because of the high shear rate in these areas.

5. Conclusion

The rheology of pulsatile blood flow in carotid ar-
tery and shear stress in blood and artery wall were in-
vestigated using sPTT viscoelastic model. The whole
simulation was done with a finite volume C++ based
on open source code, OpenFOAM. It was observed
that τxx and τyy could have the highest influence on the
magnitude of shear stress in the bulb region. The in-
vestigation of velocity stream line, velocity profile
and shear stress in various sections of carotid artery
showed that the maximum shear stress was in the
bifurcation region between ECA and ICA and also
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after bulb regions in ECA and ICA due to velocity
gradients and changes in thinning behavior of blood
and increasing strain rate in Newtonian stress part.

References

[1] ADESANYA S.O., MAKINDE O.D., Irreversibility analysis in
a couple stress film flows along an inclined heated plate with
adiabatic free surface, Physica A, 432, 2015, 222–9.

[2] BERNABEU M.O., NASH R.W., GROEN D., CARVER H.B.,
HETHERINGTON J., KRUGER T., COVENEY P.V., Impact of
blood rheology on wall shear stress in a model of the middle
cerebral artery, Interface Focus, 2013, 3, 20120094.

[3] BOTNAR R.H., RAPPITSCH G., SCHEIDEGGER M.B., LIEPSCH D.,
PERKTOLD K., BOESIGER P., Hemo-dynamics in the carotid
artery bifurcation: a comparison between numerical simulations
and in vitro MRI measurements, Journal of Biomechanics, 2000,
33, 137–144.

[4] CAMPO-DEANO L., OLIVEIRA M.S.N., PINHO F.T., A review of
computational hemodynam-ics in middle cerebral aneurysms
and rheological models for blood flow, Appl. Mech. Rev.,
2015, 67, 1–16.

[5] CHAICHANA T., ZHONGHUA S., JEWKES J., Computational
fluid dynamics analysis of the effect of plaques in the left coro-
nary artery, Comput. Math. Methods Med., 2012, 504367.

[6] CIBIS M., POTTERS W.V., SELWANESS M., GIJSEN F.J.,
FRANCO O.H., ARIAS L. ANDRES M., DE BRUIJNE M.,
HOFMAN A., VAN DER LUGT A., NEDERVEEN A.J., WENTZEL J.J.,
Relation between wall shear stress and cardiol artery wall
thickening MRI versus CFD, Journal of Biomechanics, 2016,
49, 5, 735–741.

[7] CAMPO-DEANO C., DULLENS R.P.A., AARTS D.G.A.L.,
PINHO F.T., OLIVEIRA M.S.N., Viscoelasticity of blood and
viscoelastic blood analogues for use in polydymethylsiloxone
in vitro models of the circulatory system, Biomicrofluidics,
2013, 7, 034102.

[8] FIELDMAN J.S., PHONG D.H., AUBIN Y.S., VINET L., Rheology,
Biology and Mechanics of Blood Flows, Part II: Mechanics
and Medical Aspects, Springer, 2007, 115–123.

[9] HAYAT T., IQBAL M., YASMIN H., ALSAADI F., Hall effects on
peristaltic flow of couple stress fluid in an inclined asymmet-
ric channel, Int. J. Biomath., 2014, 7, 1–34.

[10] JOZWIK K., OBIDOWSKI D., Numerical simulations of the blood
flow through vertebral arteries, Journal of Biomechanics,
2009, 43, 85–177.

[11] KARIMI S., DABAGH M., VASANA P., DADVAR M., DABIR B.,
JALALI P., Effect of rheological models on the hemodynamics
within human aorta: CFD study on CT image-based geometry,
Journal of Non-Newtonian Fluid Mechanics, 2014, 207, 42–52.

[12] LARIMI M.M., RAMIAR A., RANJBAR A.A., Numerical simu-
lation of magnetic nano-particles targeting in a bifurcation
vessel, J. Magn. Magn. Mater, 2014, 362, 58–71.

[13] LARIMI M.M., RAMIAR A., RANJBAR A.A., Magnetic nano-
particles and blood flow behavior in non-Newtonian pul-

sating flow within the carotid artery in drug delivery appli-
cation, Journal of Engineering in Medicine, 2016, DOI:
10.1177/0954411916656663.

[14] LASSALINE J.V., MOON B.C., A computational fluid dynamics
simulation study of coronary blood flow affected by graft
placement, Inter. Cardiovasc. Thorac. Surg., 2014, 1–5.

[15] LIU X., FAN Y., DENG X., ZHAN F., Effect of non-Newtonian
and pulsatile blood flow on mass transport in the human
aorta, J. Biomech., 2011, 44, 1123–1131.

[16] MAKINDE O.D., Asymptotic approximations for oscillatory
flow in a tube of varying cross section with permeable iso-
thermal wall, Rom. J. Phys., 2007, 52(1–2), 59–72.

[17] MEKHEIMER K.S., Peristaltic flow of a couple stress fluid in
an annulus: application of an endoscope, Physica A, 2008,
387, 2403–2415.

[18] MISRA J.C., PANDEY S.K., Peristaltic transport of blood in
small vessels: study of a mathematical model, Comput. Math.
Appl., 2002, 43, 1183–1193.

[19] MORBIDUCCI U., PONZINI R., GALLO D., BIGNARDI C., RIZZO G.,
Inflow boundary conditions for image-based computational
hemodynamics: impact of idealized versus measured velocity
profiles in the human aorta, J. Biomech., 2013, 46, 102–109.

[20] BURATTI P., Analysis of Doppler blood flow velocity in ca-
rotid arteries for the detection of atherosclerotic plaques,
PhD Thesis Politecnico di Milano, 2011.

[21] PRAKASH O., MAKINDE O.D., SINGH S.P., JAIN N., KUMAR D.,
Effects of stenoses on non-Newtonian flow of blood in
blood vessels, Int. J. Biomath., 2015, 8(1), 1550010, DOI:
10.1142/S1793524515500102.

[22] PRAKASH J., MAKINDE O.D., Radiative heat transfer to blood
flow through a stenotic artery in the presence of magnetic
field, Lat. Am. Appl. Res., 2011, 41(3), 273–7.

[23] REDDY J.V.R., SRIKANTH D., MURTHY S.K., Mathematical
modelling of couple stresses on fluid flow in constricted ta-
pered artery in presence of slip velocity-effects of catheter,
Appl. Math. Mech., 2014, 35, 947–58.

[24] SINHA A., MISRA J.C., MHD flow of blood through a dually
stenosed artery: effects of viscosity variation, variable
hematocrit and velocity slip, Can. J. Chem. Eng., 2014, 92,
23–31.

[25] SUD A.K., SEKHON G.S., MISHRA R.K., Pumping action
on blood by a magnetic field, Bull. Math. Biol., 1977, 39,
385–390.

[26] SRIVASTAVA L.M., SRIVASTAVA V.P., Peristaltic transport of
blood: Casson model II, J. Biomech., 1984, 17, 821–829.

[27] TORTORA G.J., DERRICKSON B., The Cardiovascular System:
Blood Vessels and Hemodynamics, [in:] G.J. Tortora, B. Derick-
son (eds.), Principles of Anatomy and Physiology, 13th ed.,
John Wiley & Sons, 2012, p. 8216.

[28] TORTORA G.J., DERRICKSON B., The Cardiovascular System:
Blood Vessels and Hemodynamics, Laminar Flow Analysis,
John Wiley & Sons, 2012.

[29] WILDE D.D., TRACHET B., MEYER G.D., SEGERS P., The influ-
ence of anesthesia and fluid–structure interaction on simu-
lated shear stress patterns in the carotid bifurcation of mice,
Journal of Biomechanics, 2016, 49, 13, 2741–2747.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


