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Lenpio MpOBEIEHHOTO HCCIIEIOBaHUs OblIa pa3paboTKa MAaTEeMATHYECKONH MOJIENHU MYJIbCUPYIOLIEro Teve-
HUSI KPOBH 10 YYacTKY aOpTbl, BKIIFOUAIOIEMY BOCXO/SIIMNA OTAEN, AyTy aOPThl C €€ OTBETBICHUSIMHU U BEpX-
HIOIO 4acTh HUCXOAALIEro otaena. [I0CKoIbKY P MPOXOKACHUH MyJIbCOBOI BOJHBI JedopMmanini 3Toi Hanbo-
Jiee TBEPAOI YacTh aopThl MaJIbl, TO NPU NOCTPOSHUN MEXAHUYECKOW MOJIEIH €€ CTEHKH CUUTAINCH abCOIIOTHO
TBEpABIMU. B cTarhe NPUBOAMTCS ONKMCaHWE BHYTPEHHEH CTPYKTYPHI KPOBH M psijia BHYTPUCTPYKTYPHBIX 3¢h-
(hexTOB. DTOT aHAIM3 MTOKA3BIBAET, YTO KPOBb, KOTOPAs 110 CYILIECTBY SIBJISETCS CYCIEH3UEH, MOXKHO paccMaTpu-
BaTh TOJILKO KaK HEHBIOTOHOBCKYIO KUAKOCTb. Kpome TOro, KpoBb MOXKHO CUMTATh )KUAKOCTHIO TOJIBKO B KPO-
BEHOCHBIX COCYJlaX, JMaMeTp KOTOPBIX HAMHOTO OOJIbIIIE XapaKTEPHOTO pa3Mepa KIETOK KPOBH U MX arperaTHBIX
o0pa3oBanuii. B kauecTBe HEHbIOTOHOBCKOW JKMAKOCTH ObLIa BHIOpAHA BSI3Kasl IKHKOCTh CO CTEHNCHHBIM 3aKO-
HOM CBSI3M HAIPSDKEHHUSI CO CKOPOCThIO AehopMaliu. DTOT 3aKOH MO3BOJISIET OMKUCHIBATH MOBEJCHUE HE TOJILKO
JKHJIKOCTEH, HO U cycrieH3uid. [Ipu MOCTaHOBKE IPAHUYHOIO YCIOBHS HAa BXOJE B A0PTY, OTPAXKAIOIIETO ITyJIbCH-
PYIOIIMiT XapaKTep TeYeHUs] KPOBH, ObLIO PEIICHO HE OrPaHUYMBATHCS 33JaHUEM COBOKYITHOTO MOTOKA KPOBH,
KOTOPBIN HE JIaeT MPEJCTABICHHS O MPOCTPAHCTBEHHOM PACHpPEICICHUN CKOPOCTH TI0 MONEPEYHOMY CEUSHHIO.
B cBsi3u ¢ 3THM OBUIO MPEATIOKEHO MOAEIUPOBATH OTHOAOIIYI0 TTOBEPXHOCTh ATOr0 MPOCTPAHCTBEHHOT'O pac-
Npe/ieNieHUs 4acThio Iapabosionsia BpalleHHs: ¢ (PUKCHPOBAHHBIM PaJMyCOM OCHOBaHMS M BBICOTOM, KOTOpas
MCHACTCA BO BPEMCEHU OT HYJIA 10 MAaKCUMAJIbHOT'O 3HAYCHUSA CKOPOCTH. I[J'ISI rpaHUYHOr0 YCJIOBUS Ha CTCHKE
cocyJa MpeJiaraeTcsi UCIOIb30BaTh YCIOBHE IONIYNPOCKAIB3bIBAHUSA. DTO CBS3aHO C TE€M, YTO KJIETKH KpPOBH,
B CHJIy CBOMX 3JIEKTPOXMMHYECKUX CBOMCTB, HE IPHIIMIIAIOT K BHYTPEHHEMY CJIOI0 cocya. Ha BHEIIHMX KOHIaX
aopTHl M €€ OTBETBJICHHMH 33/1aBajlach BEJIMYMHA AaBieHUs. J[JIs BHIOJHEHHs BBIYMCIEHHH Oblila MOCTpOEHa
reoMeTpuyiecKast MoJIellb pacCMaTpUBaEMO YacTH aOpPThI C OTBETBIICHUSIMH, Ha KOTOPYIO Oblila HAHECEHA TeTpa-
J/anbHasl ceTka ¢ o0uM YrcioM 3aeMeHToB 9810. BrruuciieHus mpou3BOAMINCH METOJJOM KOHEUHBIX JIEMEH-
ToB ¢ marom o BpemeHu 0.01 ¢ ¢ ucmonp3oBannem nakera ABAQUS. B pesynbrare OBUIO MOTydeHO pacrpe-
JICJICHHE CKOPOCTEH U JaBJICHUS Ha KaXKIOM Ilare rmo BpeMeHH. B 00iacTsx BETBJICHHS COCY/IOB ObLIO OOHApy-
JKEHO BPEMEHHOE HajM4yue BUXpeil u 00patHbix TeueHnuit. Onu 3apoxaanuch yepes 0.47 ¢ OT Hadana ImyJbCOBOro
uKiIa ¥ ucyesanu ciycts 0.14 c.

KiroueBbie ciaoBa: MaTeMaTHYECKOE MOACINPOBAHUEC, TCUCHUC KPOBU, Ayra aopThl, pacOpeacCICHUC
CKOPOCTH U HAIIPS?KCHUS
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The purpose of research was to develop a mathematical model for pulsating blood flow in the part of aorta
with their branches. Since the deformation of this most solid part of the aorta is small during the passage of the
pulse wave, the blood vessels were considered as non-deformable curved cylinders. The article describes the
internal structure of blood and some internal structural effects. This analysis shows that the blood, which is es-
sentially a suspension, can only be regarded as a non-Newtonian fluid. In addition, the blood can be considered
as a liquid only in the blood vessels, diameter of which is much higher than the characteristic size of blood cells
and their aggregate formations. As a non-Newtonian fluid the viscous liquid with the power law of the relation-
ship of stress with shift velocity was chosen. This law can describe the behaviour not only of liquids but also
dispersions. When setting the boundary conditions at the entrance into aorta, reflecting the pulsating nature of
the flow of blood, it was decided not to restrict the assignment of the total blood flow, which makes no assump-
tions about the spatial velocity distribution in a cross section. In this regard, it was proposed to model the surface
envelope of this spatial distribution by a part of a paraboloid of rotation with a fixed base radius and height,
which varies in time from zero to maximum speed value. The special attention was paid to the interaction of
blood with the walls of the vessels. Having regard to the nature of this interaction, the so-called semi-slip condi-
tion was formulated as the boundary condition. At the outer ends of the aorta and its branches the amounts of
pressure were given. To perform calculations the tetrahedral computer network for geometric model of the aorta
with branches has been built. The total number of meshes is 9810. The calculations were performed with use of
the software package ABACUS, which has also powerful tools for creating geometry of the model and visualiza-
tion of calculations. The result is a distribution of velocities and pressure at each time step. In areas of branching
vessels was discovered temporary presence of eddies and reverse currents. They were born via 0.47 s from the
beginning of the pulse cycle and disappeared after 0.14 s.
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1. Introduction

It should be noted that to date a large number of works devoted to mathematical modelling of
blood flow in the arteries is published. Typically the authors identify one or two characteristic features
of this complex problem and do not take into account others. Many authors consider the vessel walls
as non-deformable. In particular, when solving the problem numerical simulation of blood flow in an
artery with two successive bends [Hoogstraten, Kootstra, Hillen, Krijger, Wensing, 1996] the blood
vessels are considered as non-deformable. The same assumption formulated also when investigating
the influence of out-in-plane geometry on pulsative flow within a distal end-to-side anastomosis [Pa-
paharilaou, Doorly, Sherwin, 2002].

Other works neglect the non-Newtonian properties of blood. In this regard, one can cite as exam-
ple the well known monograph “Biomechanics circulation” [Fung, 1997]. The similar assumption was
made in the numerical simulation and experimental validation of blood flow in arteries with struc-
tured-tree outflow conditions [Olufsen, Peskin, Kim, Pedersen, Alinadim, Larsen, 2000]. In addition to
this the blood flow in the large systemic arteries was modelled using one-dimensional equations.

In the same time many authors emphasize the necessity of considering non-Newtonian properties
of blood. First of all you need to mention the monograph of Siginer, Kee and Chhabra devoted to ad-
vances in the flow and reology of non-Newtonian fluids [Siginer, De Kee, Chhabra, 1999]. The influ-
ence of the non-Newtonian properties of blood on the flow in large arteries was investigated by Gi-
jsen, Allanic and De Vosse [Gijsen, Allanic, De Vosse, 1999] but only for the vessels of simple ge-
ometry. The more complex geometry was used in the numerical investigation of the non-Newtonian
blood flow in a bifurcation model [Chen, Lu, 2004]. You can also mention the investigation of effects
of the non-Newtonian blood viscosity on flows in a diseased arterial vessel [Cho, Kensey, 1991] and
investigation of non-Newtonian blood flow in human right coronary arteries [Johnson, Johnson, Cor-
ney, Kilpatrick, 2004] but both these investigations considered only stead flows.

Regarding modelling of blood flow in the aortic arc the situation is similar. The whole number of au-
thors considers the blood as Newtonian liquid. In particular, the Newtonian model was used in the study
of the influences of nonplanarity and bifurcation on the inflow and outflow dynamics in aortic arch [Liu,
Fukasaku, Iwase, Mutsunaga, He, Yokoi, Himeno, 2003], in the three-dimensional numerical simulation
of blood flow in the aortic arch with cardiopulmonary bypass [Tokuda, Song, Ueda, Usui, Akita, Yone-
yama, Maruyama, 2008], where the vessel walls were considered to be rigid, and in the recently published
blood flow analysis of the aortic arch using computational fluid dynamics [Numata, Itatani, Kanda, Doi,
Yamazaki, Morimoto, Manabe, Ikemoto Yaku, 2016]. By the way, in this study the blood flow was con-
sidered to be stationary in the branches and the distribution of velocities and stresses was obtained only in
the peak of systole. On the other hand it is necessary to point out the investigation of non-Newtonian
characteristics of pulsatile human blood flows in vessels and in the aortic arch [Sultanov, Guster, Engel-
brekt, Blankenbecler, 2008]. The authors of this investigation found significant disagreements between
their results obtained with realistic non-Newtonian treatment of human blood and widely used a simple
Newtonian approximation. A significant increase of the strain rate and, as a result, wall sear stress distri-
bution, was found in the region of the aortic arch. The authors with good reason considered this result as
theoretical evidence that supports existing clinical observations and those models not using non-
Newtonian treatment underestimate the risk of disruption to the human vascular system.

In contrast to previous studies, it was decided to carry out mathematical modelling of blood flow
in the aortic arch and its branches, which would include more characteristic features of the blood flow
through the vessels than the above models. First, the model should reproduce the complex spatial ge-
ometry of blood vessels and their branches. Second, the developed model should take into account the
complex blood rheology and internal structure of blood flow. Third, the model should describe the pul-
sating change of the velocity profile at the input cross-section of aorta. Finally, the developed model in
the formulation of boundary conditions needs to take into account the interaction with the vessel walls
not only the liquid component of blood, but also blood cells.

For this purpose above all it is necessary to perform the analysis of the structure and properties of
blood and vessels.
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2. Structure and properties of blood and blood vessels

The blood has a very complicated internal structure consisting of liquid plasma, composed
of 93% water and 3% particles (electrolytes organic molecules and numerous proteins) and the set of
blood cells (structural elements): red blood cells (erythrocytes), white blood cells (leucocytes) and
platelets (thrombocytes), which make up 46 percent of the total blood volume. Erythrocytes are bicon-
cave discs with a mean diameter of 6 to 8 um and compose 99% by blood cell volume. In this regard,
the percentage of erythrocyte volume to the whole blood volume, called hematocrit, is an important
characteristic, influencing the blood apparent viscosity and hemorheology of the overall [Baskurt,
Meiselman, 2003].

Besides erythrocytes are able to deform and can form aggregates in the form three-dimensional
“coin columns”. In this regard, blood can be considered as a liquid only in large blood vessels where the
characteristic sizes of the structural elements of blood and their aggregates are small compared to the
diameter of the vessel cross-section. Otherwise the blood should be considered as a two-phase medium.

However, for rigid particles a vast amount of published literature exists (see e. g. [Roco, 1993]),
but much less attention was paid to the study of suspensions of multiple, interacting and deformable
particles such as blood [Bessonov, Sequeira, Simakov, Vassilevski, Volpert, 2016]. Leukocytes have
a roughly form and are much larger than erythrocytes, their diameter ranges from 6 to 17 um, but the
total volume concentration leukocytes together with thrombocytes is only 1%. As to thrombocytes,
it necessary to take in mind, that they play an important role in the blood clotting mechanism. In this
regard, it is necessary to note, that moving along the vessel the blood cells migrate through the cross
section. The erythrocytes, being the heavier particles, migrate towards the vessel axis and more light
thrombocytes migrate towards the blood wall and their interaction with the endothelial cells should be
taken into account when formulating the boundary conditions for blood flow. With regard to the proc-
esses of gelation and the formation of blood clots, they are more characteristic for slow flows
[Ataullakhanov, Volkova, Guriia, Sarbash, 1995; Guria, Herrero, Zlobina, 2009].

This short analysis of the blood properties strengthens the necessity to consider it only as non-
Newtonian liquid in order to take into account, at least partially, the influence of the complicated in-
ternal structure and rheology on the character of bloodstream.

With regard to blood vessels, they also have a very complicated three-layer structure and their
properties are different for different parts. As to arteries, they carry out conductive and damping func-
tions. The conducting function is responsible for the transport of blood and the damping function leads
to a smoothing of the pressure pulses, so that at some distance from the aorta a blood flow becomes
stationary. The main function of the aorta is transportation and its walls are sufficiently solid and rigid
to withstand the impact of the pulse wave. In connection with this the blood vessels this part of aorta
can be considered as deformable. Other arteries have both functions and are in varying degrees of de-
formable. In this case it is necessary to solve the very complicated problem of hydroelasticity (see, for
example, [Ratkina, Tregubov, 2010]).

3. Mechanical models of the aortic arc and blood flow

The part of aorta including the ascending aorta, aortic arch with its branches (except the right
common carotid artery) and upper part of the descending aorta were chosen for modelling.

As it is pointed above this part of aorta is sufficiently strong and it has undergone only minor de-
formation, which does not affect the blood flow. Taking this into account we considered the vessel
walls as non-deformable. The space structure of the model was constructed by means of circular cyl-
inders with curved axes and smooth connections between them (fig. 1). This operation was performed
by means of the computation system ABAQUS, which is described below.

It is necessary to point out that the complicated spatial geometry of blood vessels and the pres-
ence of branching represent a substantial difficulty in modelling the blood flow. But on the other hand
they are the areas of significant interest of physicians.
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2

Fig. 1. The general view of the mechanical model of the aortic arc and its branches: 1 — truncus brachio-
cephalicus, 2 — arteria carotis communis sinistra, 3 — arteria subclavia sinistra

According to the analysis performed above the blood is considered as non-Newtonian fluid. In this
case the concept of the so called apparent viscosity, which depends on the shear rate, is usually used. In
the same time it is necessary to point out that there is the whole set of non-Newtonian liquids and each
of which has its own law, expressing the relation between the stress and shear rate. In particular, dila-
tant liquid is one of the non-Newtonian liquid specific kinds. We used the power law for relationship
between the stress and shear-strain rate. This law is able to describe the behaviour not only of liquid but
also suspension with high content of solid particles, which can change their configuration, connect and
disconnect to each other depending on a shear stress. These properties are most consistent with the
properties of blood. The expression for the apparent viscosity for the one-dimensional flow is given by

the formula g, = ky"™', where y is the shear-strain rate, k and n are the power law parameters that are

typically considered to be constant. In the same time it was noted [Walburn, Schneck, 1976] that these
constants depend on hematocrit, but its change is very small in the considered part of aorta.

In order to set the pulsing blood flow in the input cross-section of aorta the new mode was pro-
posed for modelling of the velocity distribution in this cross-section by a paraboloid of revolution
(fig. 2). The height of this paraboloid is variable from 0 to the maximal value and back so that the total
blood flow, passing through this cross-section, would be equal to the blood flow ejected into the aorta
from the left ventricle (fig. 3).

Since removing from the heart the blood flow ceases to be pulsating the following ordinary way
may be used. The boundary conditions are set away from considered part of aorta and their branches,
where the blood velocity and pressure are constant and equal to the average velocity V.. and average
PIesSure Payer.

The particular attention has been given to the interaction between the blood and vessel wall. In
the hydrodynamics of viscous liquids the no-slip boundary condition is usual adopted. However, this
condition can not be applied for the blood as a hole but only for the blood plasma.

What actually happens is that the blood cells don't attach to the wall and slide along this wall or
are repelled from it owing to their electro-chemical properties. This situation is sometimes is called as
full-slip condition. In order to average boundary conditions for the plasma and blood sells the so called
semi-slip condition can be used. In this case longitudinal velocity is reduced to preset value vo. It is
common practice to express the degree of this semi-slipping by means of the parameter b, which is as
the distance between the vessel boundary line and the point c. In its turn ¢ is the intersection point of
the tangent to the envelop curve and the vertical axis (fig. 4). The parameter b can vary from zero to
infinity for different liquids. That is why the semi-slip condition was used as the boundary condition at
the vessel wall in distinction to all papers cited above.
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Fig. 2. The geometrical model of the velocity distribution V" at the input cross-section of aortic arc, which is

placed on the coordinate plane (X, Y). The height of paraboloid changes from 0 to the maximal value and back
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Fig. 3. The typical blood flow ejected from the left ventricle into aorta, which is usually measured during
a medical examination of the patient

Fig. 4. The velocity profile and its envelope line near the vessel wall (thick black line) in the case of semi-slip
condition; vy is the flow velocity along the wall, b is the distance between the vessel wall and point ¢, which is
the intersection point of the tangent to the envelop curve and the vertical axis.
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4. Mathematical description

Thus the proposed mathematical model needs to describe the motion of non-Newtonian fluid
with a power law dependence of the stress tensor from the tensor of strain velocity tensor in the rigid
curved vessels with pulsating boundary condition at the inlet, constant pressure at the outlet and semi-
slip condition on the vessel wall.

In the three-dimension case the tensor representation of power law has the following form:

=
T =2k|1,| 2D, Q)
where T is the viscous stress tensor, D is the strain velocity tensor and /; is its second principal invari-
ant of D. Having the expression of this power law the motion equation for the blood flow can be writ-

ten as follows:

dv
= V- (=pl+T), (2)
t

where V is the velocity vector, p is the fluid density, p is the pressure and I is the identity tensor.
The equation of continuity has the form

divv|,_,=0. 3)

Thus after substitution of the expression (1) in the equation (2) we will have one vector equation
and one scalar equation to determine four unknown variables: the pressure p and three projections of
velocity V.

In addition to these equations it is necessary to formulate the initial and boundary conditions. In
order to start a calculating procedure it was adopted that at the initial time instant the blood is at rest
under constant pressure po. That is

Vt:0:O and p =0~ Po- “4)

Having these initial conditions the calculations continue until the process becomes strictly peri-
odic. This condition may be in particular realized just after the start up of the heart during the medical
operation.

At the input section of the considerable vessel part the pulsating change of the spatial velocity
distribution may be set in the cylindrical coordinates 7, ¢, v as a paraboloid of revolution in the follow-
ing way:

v(r, t)

were v is the longitudinal blood velocity, ry is the vessel radius at the input, v, (¢) is the maximum

2
input == vmax (Z)(r_z + lj > (5)

o

speed value (apex of the paraboloid) in each time moment.
At the far output sections of aorta and its branches the boundary conditions may be written as
v=const=V__ and p =const. (6)

aver

The semi-slip condition at the wall is set as follows:

— _ avr
vf wall ZVO - an

where v_ is the tangent of velocity, n is the normal to the inner surface of vessel and b is the coeffi-

; (7

wall

cient described above.
Thus, it is necessary to solve the closed system of differential equations (2)—(3) taking into ac-
count the relations (1) with the initial conditions (4) and boundary conditions (5)—(7).
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5. Calculations and results

The software package ABAQUS was used for calculations. This choice was due to the fact that
ABAQUS has powerful tools for creating model geometry, calculations and their visualization. In the
first step the geometry of model was created by the junction of curved cylinders using the joint
smoothing procedure. After this the computational grid with tetrahedral elements was applied (Fig. 5).

Fig. 5. The calculation grid of the blood-filled aortic arc model

The total number of the elements is equal 9810. The calculations were performed by use the Fi-
nite Element Method with time step 0.01 s. It was also chosen the following values of constants:
k=0.016, n=1.63, p,=7000 PA.

As a result of calculation the distribution of blood velocity and pressure in the considerable aorta
part were obtained at each time moment during the pulse period. As examples the blood velocity dis-
tribution in the aorta at the time ¢ = 0.3 s are presented in fig. 6. This time point corresponds to the
maximum flow ejected into aorta. It is necessary to point out that the maximum of blood velocity is
shifted to the wall with a smaller radius of curvature.

We should also pay a particular attention to the appearance of the vortices and reverse blood
flows in the inputs of branching area, which are shown in fig. 7. These vortexes and reverse flows are
generated approximately at # = 0.47 s and are disappeared at # = 0.61 s. This is an expected phenome-
non, however, only the mathematical model allows obtaining the velocity value in any point of the
vortex within the discreteness of the computational mesh and at any time to within the given discrete
time. The blood pressure distribution at the time moment ¢ = 0.3 s are presented in fig. 8. The maxi-
mum pressure is equal 7179 P4, the minimum is equal 6652 PA.

6. Conclusion

First of all it should be noted that the proposed model combines the complex spatial geometry
of blood vessels, the non-Newtonian blood properties, the pulsating distribution of blood velocity at
the input cross-section of aorta and the unconventional semi-slip boundary condition at the vessel
wall. This model has allowed establishing the characteristic features of blood flow in the upper part of
aorta including the aortic arc, as well as obtaining the numerical characteristics of these features. The
use of semi-slip boundary condition allowed us to establish the presence of a near wall flow, which in
turn will give the opportunity to investigate the process of thrombus formation in this layer. In connec-
tion with this the obtained velocity profiles differ from the velocity profiles obtained in the no-slip
condition.
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Fig. 6. The calculated blood velocity distribution at # = 0.3 5. The colour version of the figure is accessible in the
electronic version of the paper on the journal website
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Fig. 7. The existence of the vortexes and reverse flows obtained as result of the blood flow calculation during the
time interval from 0.47 s to 0.67 s. The manually plotted bold arrows indicate the main direction of blood flow
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Fig. 8. The calculated pressure distribution at # = 0.3 5. The colour version of the figure is accessible in the elec-
tronic version of the paper on the journal website
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In conclusion it is necessary to say that despite the fact that the forms of vessel mechanical mod-
els are somewhat idealized, the proposed method makes it possible to deviate from this idealization
and to approximate the shape of the vessel to his real form for a particular patient, including patho-
logical cases.

Finally, the proposed method makes it possible to simulate vascular changes of the shape as a re-
sult of surgery. This allows the surgeons to predict the consequences of surgical intervention.
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