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Abstract

In this paper, we propose a two-dimensional nonlinear “multiring” model for blood flow in axisymmetric elastic
arteries. It is designed to overcome the numerical difficulties of three-dimensional fluid-structure interaction
simulations of blood flow without using the over-simplifications necessary to obtain one-dimensional models of
blood flow. This multiring model is derived by integrating over concentric rings of fluid the simplified long-wave
Navier-Stokes equations coupled to an elastic model of the arterial wall. The resulting system of balance laws
provides a unified framework in which both the motion of the fluid and the displacement of the wall are dealt with
simultaneously. The mathematical structure of the multiring model allows us to use a finite volume method that
guarantees the conservation of mass and the positivity of the numerical solution and can deal with nonlinear
flows and large deformations of the arterial wall. We show that the finite volume numerical solution of the
multiring model provides at a reasonable computational cost an asymptotically valid description of blood flow
velocity profiles and other averaged quantities (wall shear stress, flow rate, ...) in large elastic and quasi-rigid
arteries. In particular, we validate the multiring model against well-known solutions such as the Womersley or
the Poiseuille solutions as well as against steady boundary layer solutions in quasi-rigid constricted and expanded
tubes.
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1. Introduction

The numerical simulation of blood flow in large elastic arteries requires the resolution of a complex fluid-
structure interaction (FSI) problem. Indeed, the motion of blood is governed by the three-dimensional (3D)
Navier-Stokes equations for an incompressible homogeneous Newtonian fluid [48] and the deformation of the
arterial wall is described by a nonlinear elastic constitutive law [32]. Several numerical methods have been
proposed to solve this nonlinear 3D FSI problem [33], 23], [60, 25| 61, 40]. Due to their modelling complexity and
high computational cost, they have only been used to accurately compute blood flow in small regions of interest
such as in arterial pathologies or small portions of the systemic network [59, [63, [52]. However, an accurate
local analysis is not sufficient to obtain physiological results. Indeed, the observed waveforms in large arteries
are the result of the reflection, damping and diffusion throughout the systemic network of the waves emanating
from the heart [I, 47]. Realistic waveforms can only be computed by performing a global simulation taking
into account a large portion of the arterial network. Unfortunately, such large network 3D FSI simulations are
too computationally expensive. Reduced-order models have therefore been proposed to compute physiological
waveforms at a lower modeling and computational cost [34] [44] 49 2| [3]. The aim of this paper is to propose
a novel two-dimensional (2D) reduced-order model that accurately computes linear and nonlinear blood flow
features in rigid and axisymmetric elastic arteries at a reasonable computational cost with minimal modeling
parameters and could prove to be an alternative to 3D FSI simulations in simple arterial configurations.

Reduced-order models for blood flow rely on a simplified system of equations for the motion of blood and a
single equation for the deformation of the arterial wall. Assuming that the flow is axisymmetric and noticing
that the characteristic length scale in the axial direction is much larger then the one in the radial direction,
the Navier-Stokes equations can be simplified in the long-wave asymptotic limit. The resulting system of
equations is often referred to as the reduced Navier-Stokes Prandtl (RNS-P) system of equations. It describes
the conservation of mass and axial momentum of blood in an axisymmetric artery in which the pressure is
hydrostatic (function of z at ¢ only):

1

;% [ru,] + %1;”” =0 (1a)
Ouy oug Ouy 10p v 0 | Oug
ot "o Ty T o0 ror {T or ]
p(x;t). (1c)

The axial and radial boundary conditions for system are provided in the next section. Similarly, using
simplifying assumptions, different hydrostatic pressure laws p(x,t) can be found linking the motion of the fluid
and the displacement of the wall. Depending on the problem addressed, they can describe for example the
behavior of flexible viscoelastic rubber tubes in hydraulic systems, the propagation of a water hammer (Allevi’s
equations) or the deformation of an elastic artery. The later is used in this study and its exact form is given in
the following section.

These RNS-P equations are a rich dynamical system able to describe many asymptotic flow regimes in
rigid tubes [68, B8], [37]. They were numerically solved in [7, [16] in a rigid axisymmetric tube using a variety
of numerical methods. However, similar numerical difficulties to those encountered in 3D FSI problems arise
when solving the RNS-P equations in an elastic tube.

One-dimensional (1D) models were therefore introduced as simple and efficient methods to obtain averaged
quantities in elastic arteries [22] [38] 28] [43] 65]. They are obtained by averaging over the cross-sectional area
of the artery the mass and momentum equations. Unfortunately, they depend on coefficients which
themselves depend on the shape of the velocity profile, lost in the averaging process. These coefficients are
therefore estimated a priori, which often results in unrealistic viscous dissipation and pressure losses.

One-and-a-half-dimensional (3/2D) models were then proposed as intermediates between 1D models and
the complete resolution of the RNS-P equations . In [14, 13], the authors used an asymptotic analysis of
the RNS-P equations and homogenization theory to propose a 3/2D model for blood flow in an elastic
artery. This model allows to compute, without any a priori coefficient estimation, the zero-th and first order
components of the wall displacement and the axial and radial velocities. In [9], an approximate velocity profile
function was obtained depending on the instantaneous pressure gradient and the thickness of the boundary
layer. This function was then used in a 1D model to compute the velocity profile-dependent coefficients. In
[36], a Von Karmén-Polhlausen integral method closed using the Womersley velocity profiles was studied. This
integral method accurately computes linear solutions such as the Womersley solution [68] but is limited by the
chosen linear closure relation. More recently, in [27], the authors proposed an analytic model for blood flow in
an elastic artery based on a generalized Darcy’s model and the linear Womersley theory. Despite their added
modeling precision, 3/2D models still only provide approximate solutions of the RNS-P equations .

(1b)
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Several authors have therefore proposed numerical methods to directly solve the RNS-P equations in
elastic arteries. A noteworthy attempt was presented in [39] but the problem was simplified by introducing
an explicit dependence with experimental data. In [36], the author derived a boundary layer method which
gives good results in the linear regime but behaves poorly in the nonlinear regime. To our knowledge, the
most advanced numerical method was proposed in [I5]. There, a semi-implicit efficient numerical method was
introduced based on an Eulerian-Lagragian method to treat the advection term and a nested Newton algorithm
to iteratively compute the pressure matching the desired wall displacement. The main drawback of this approach
is that it can not deal with arbitrary large wall deformation and requires that the flow stays mildly nonlinear.

In this work, we propose a novel 2D model to solve without any approximations the RNS-P equations
in elastic arteries for arbitrary large arterial wall deformations. By decomposing the fluid domain in concentric
rings, we derive what we refer to as the "multiring model with mass exchange". This model is inspired from the
multilayer model with mass exchange presented in [6] in the context of shallow water equations. This multiring
system of balance laws provides a unified framework in which both the motion of the fluid and the displacement
of the wall are dealt with simultaneously. Its mathematical structure allows us to use a finite volume numerical
method that guarantees the conservation of mass and the positivity of the numerical solution and can deal with
nonlinear flows and large deformations of the arterial wall. We will show that the multiring model can compute
all relevant flow features in elastic arteries.

In the first section, we present the derivation of the multiring model. Next, we discuss its mathematical
properties and details of the numerical method. In the last sections, we propose a series a examples where we
compare the solution of the multiring model to reference solutions in elastic and quasi-rigid arteries.

2. A multiring discretization of the RNS-P equations

We describe a multiring model with mass exchange for blood flow based on the axisymmetric RNS-P equa-
tions coupled to an elastic wall model. As stated in the introduction, this multiring model is the analog of
the multilayer model with mass exchange for shallow water flows [6].

2.1. Radial decomposition of the fluid domain

In the framework of the axisymmetric RNS-P equations , the arteries are modeled as axisymmetric
cylinders of radius R, cross-sectional area A = mR? and length L. Therefore, we can divide the fluid region
delimited by the arterial wall into N, concentric axisymmetric rings of width h,, with a = 1,..., N,.. This
decomposition of the fluid domain is illustrated in figure[Il To simplify the notations, we refer to the fluid ring
of width h,, as the ring a. Each ring « is delimited by an upper and lower interface, respectively defined by the
radii R, 1 and R, 1, with:

hoa =R, 1 R, 1 (2)

a—3

The interface position R, 1 and the radius of the artery R can now respectively be written as:

2

T

Rop1 = hj, R=) h; (3)
j=1 1

<.
I

We also define the cross-sectional area of the ring «, noted A,, the average flow rate in the ring «, noted Q,,
and the mean velocity in the ring «, noted us:

27 Ra+%
A, = / / rdrd0
0 R, 1
2
27 RaJr%
Qo = / / Ugrdrdd (4)
o JR, 1
2
L
(e} Aa .

Finally, we note [, , the proportion of the total radius R occupied by the ring a:

N’!"
ha =l,oR with Z o =1, (5)

a=1
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Figure 1: Representation of the decomposition in several concentric rings of the fluid domain contained in an
azisymmetric cylindrical artery. For clarity, only one-fourth of the artery of length L is represented.
The springs in the arterial wall represent its elastic behavior. The variable Q4 is the flow rate in
the ring oo and A, is the area delimited by the radii RCF% and Ra+%

and [, the proportion of the total cross-sectional area A occupied by the ring «:

2 2

a—1
Z lr,j . (6)
Jj=1

Without loss of generality, we prescribe the radial decomposition of the artery in concentric rings and set
the proportion I, o in each ring a. This proportion is therefore a given constant number which can differ from
one ring to another:

Ay =1,A with [, =

[
! MQ
—

o~

<

Vt>0, Vexel0,L], lo=cst with a=1,..N,. (7)
As a consequence, we have:
Vt>0, Vexel0,L], lo=cst with a=1,.. N, (8)

Assumption @ indicates that the interfaces Ra,; and R, atl of the ring a are not impermeable interfaces
but rather interfaces of a radial mesh, and therefore mass exchanges exist between neighboring rings. This
radial mesh automatically adapts itself to the movement of the arterial wall and can sustain arbitrary large wall

deformation as long as R > 0.

We will use this decomposition of the fluid domain in concentric rings to introduce a finite volume discretiza-
tion of the axisymmetric RNS-P equations in the radial direction.

2.2. System of equations for one layer

Inspired by finite volume methods, we integrate the axisymmetric RNS-P equations over the cross-
sectional area the ring a:

" or

Y[ ) ror dr df 9
o Jr . Ouy Ouy Ouy 19p v O [ 8ux] rdrdg. )

ot ""ar T er T pox rar | or
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Using the Leibniz integration rule, we obtain an integral form of the axisymmetric RNS-P mass and momentum
equations (resp. eq. and (1b))) in the ring a:

Iha  0Qu
5 + 896 = GaJr; — Ga,% (10a)
3Qa Qa A Ip
(03 S o Sy (o'} ].Ob
o (w o S+ (10b)
The term G, +1 represents the radial mass exchanges at the interface R, 41 and is defined as:
0 0
Ga-‘,—% :§ |:7TR2 :| +ula+%% |:7TR§+%:| —27TR(X+%UT.7Q+%. (11)

The source term Sy, characterizes the momentum associated to the radial mass exchanges in the ring o and
writes:

a3

SM’Q: za+§G xaféG 1, (12)

where wu, . 1= U (m,Ra +1 ,t) is the axial velocity in R, 1 The source term S, , describes the viscous

dissipation in the ring « and writes:

S,o =21V {rﬁux]
’ or | g

~ {raalf]R i (13)

-2

Finally, the nonlinear advection correction coefficient v, writes:

Ay [Batd
Vo = @/ "2 oy u?dr. (14)
a JR

—1
2

It is important to note that up to this point, the integration process is exact and no approximation has been
made in this finite volume radial discretization of the axisymmetric RNS-P equations . We will now derive
the system of equations governing the motion of blood in the entire artery.

2.3. System of equations for the artery

To obtain the system of equations governing blood flow in the entire artery, we must combine the N, system
of equations describing the conservation of mass and axial momentum in each ring «. The unknowns of
the global system are therefore the cross-sectional area A, and the flow rate @, of each ring «.

However, an important consequence of assumption is that the local cross-sectional area A, can be
deduced from the cross-sectional area A using the prescribed proportion [,. The unknowns of the system are
then reduced to the cross-sectional area A and the flow rate @, of each ring . Similarly, by adding the NV,. mass
conservation equations 7 we obtain a single mass conservation equation depending on the cross-sectional
area A and the flow rate @, of each ring o

N,
S Q| =Gy, s -Gy (15)
j=1

Performing the same operation but adding only up to the ring «, we obtain the following expression for the
mass exchange term G, 1

a 90 N, 9
Gat1 — GN+IZI +G Z lj :Z[a%_zjz[ipu, (16)
= p=1

Jj=a+1 =

Finally, by combining the previous remarks, we obtain a simplified global system of equations describing
the conservation of mass in the artery and the conservation of axial momentum in each ring a. We refer to
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this system as the multiring system of equations, which depends on the variables [A4, Q1, ..., Qq, ..., @ N, , p] and
writes:

9A 9 |
at T or Z:l Qi) =Cny — Gy (172)
3Qa Q2 Adp B

9 (ql)al I + s 5 i Sma+ Sva, for a=1,.., N, (17b)

We will now provide a closure relation linking the pressure p with the cross-sectional area A and describing
the elastic behavior of the arterial wall.

2.4. Pressure law

We assume that the artery is an incompressible, isotropic and homogeneous thin-walled elastic cylinder
and that each section of the wall moves independently of the others. Under these hypotheses, the transmural
hydrostatic pressure can be expressed as (see [55], 28] [43] 65] for details):

pla,t) —po = K (2) (VAG,8) - VA @) (18)

The variables Ay and K respectively represent the cross-sectional area at rest (when there is no flow) and the
arterial wall rigidity. Both can vary with the axial position . The variable pg is the pressure applied on the
exterior of the arterial wall and is assumed constant in the following.

2.5. Radial boundary conditions

To complete the description of the system of equations 7 we provide boundary conditions at center of
the artery, in r = R1 = 0, and at the arterial wall, in r = RN +1 =R

In the center of the artery, in r = R1 the velocity must verify the following axisymmetric boundary
conditions: 5
U

8x|R1 =0 and u,|R1 =0. (19)

At the arterial wall, in r = Ry 1 the following classical kinematic boundary condition is verified stating
that the arterial wall is a material interface:

0

g7 [7Rh] ~ ey [ ] =0 )

2Ry, 41U N, L

Since we have assumed that each section of the wall moves independently of the others, which is a consequence
of the fact that the axial stress at the wall is negligible compared to the radial stress, the following no-slip
boundary conditions is also verified at the arterial wall, in r = Ry 1

Uy N, 41 = 0. (21)

As a result the expressions of mass exchange terms G 1 and G, 41 can be simplified using the boundary

conditions (| and .

G%ZO, GNTJF%:O. (22)

Equations indicate that there is no mass exchange at the arterial wall due to its impermeability and that
there is no mass exchange in the center of the artery due to the axisymmetry of the flow.

2.6. Multiring system of equations

Injecting the pressure law and the boundary conditions in the multiring system of equations (17)),
we obtain the final closed-form of the multiring system of equations describing the conservation of mass and
axial momentum in an elastic impermeable axisymmetric artery:

0A OFy
E + 781: =0 (233)
0Qq aFQa _ _

5t + 5 SMma+ Sva + 1S, for a=1,..,N,, (23b)



A 2D multiring model for blood flow - Arthur R. Ghigo et al. S/W

where:
N,
Fa=> Q; (24a)
j=1
Q2 K s
Fo, = —2% +1l,—Az, 24b
Qu =Y A T lag, A7 (24b)
and:

A0 2 oK
Sr=" (o (KVAy) - VAT~ ). 25

= (&T 0 3 Oz (25)
The source term St is the geometrical and mechanical source term and is non-zero when the cross-sectional
area at rest Ag or the arterial wall rigidity K vary with the axial position z. The mass exchange source term
S, is defined by expression and the viscous source term by expression . The expression for the
mass exchange term G, 1 in each ring « can be simplified using the boundary conditions :

Gaty = i [65% —1 i {%%H (26)

In the remainder of the study, we assume that the advection correction coeflicient ¥, = 1 in each ring a.
Doing so, we suppose that the velocity profile is a piece-wise constant function of the variable r. This classical
finite volume hypothesis is the only one used in the derivation of the multiring system of equations and is
reasonable if we use a sufficiently large number of rings N,..

2.7. Radial velocity u,

We compute the radial velocity u, using the incompressibility condition . By integrating equation
over the cross-sectional area of the ring «, we obtain:

Bord Ou,
run,,, =, = [ PG (27)

2

The axisymmetric boundary condition imposes that:

ur’% =0. (28)
We then iteratively compute the radial velocity w, ., 1 in each ring «a using equation , and then an approx-
imation of u, o as:

ur,afé + ur,aJr%

U = R (29)

2.8. Link to the one-dimensional blood flow equations

The multiring system of equations is a generalization of the classical 1D system of equations for blood
flow. Indeed, by adding the momentum conservation equations (23b)) of all the rings «, we obtain the following
global momentum conservation equation:

3Q o N, N,
E —+ % (;1 FQQ = ; [SJVI,a + Su,a + laST] ’ (30)
where:
N,
a=1

Using the boundary conditions , the equation simplifies to:

N,
00 o [[& @2
é9t+8xHZlaA

a=1

3

K
+ A2
3p

or

= 27ty {r 8%] + Sp. (32)
R

Nrt+3d
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Combining the mass conservation equation (23a)) with the equation 7 we obtain the following 1D system of
equations for blood flow, describing the conservation of mass and axial momentum in an elastic artery:

94  0Q

o T, =0 (33a)

0Q 0 [[<= @], K 5] O,

WwH_IM Bl s 1330
a= N7‘+%

.. . . N, 2 . )
The remaining unknowns are the nonlinear advection term ) ", IQ—Q and the viscous term 27v [r aéjf ] R

NT.+% ’
They depend of the shape of the axial velocity profile u, (x,r,t). As it can not be computed by 1D models, it
is classical to close system by prescribing an a priori shape of the velocity profile. As an example, if we
assume that the velocity profile is a Poiseuille profile, we have as in [51]:

N, 2

and 27y [rauw} = —87r1/9. (34)
Ir g

r A

Nr+%

Unfortunately, in the vast majority of flow configurations, the a prior: shape of the velocity profile is an

2
unknown function of time and position and the estimation of the coefficients Zflv;l IQ—‘;‘ and 27v [r 85‘7,’”

] Ry 41
will therefore be erroneous. We propose the multiring model to overcome those difficulties. Indeed, b;r
integrating over concentric rings of fluid the axisymmetric RNS-P equations (|I|) coupled to the elastic pressure
law , we have derived a quasi-analytic radial discretization of the RNS-P equations . The resulting
multiring system of equations can compute the velocity profile and therefore does not depend on unknown
coefficients like all 1D models. It is a system of balance laws, where the left hand side is written as a system
of conservation laws and the right hand side contains the mass, viscous and geometrical and mechanical source
terms. This mathematical structure guarantees the conservation of mass and axial momentum and is conductive
to a finite volume axial discretization.
Next, we study the mathematical properties of this system of balance laws.

3. Mathematical properties

We study the mathematical properties of both the single layer system of equations and the multiring
system of equations .

3.1. Single layer system of equations

We consider here the homogeneous form of the single layer system of equations :

9Ada  0Qu
ot "o 0 (352)
0Q. OFg.

. (35b)

This conservative system has been thoroughly studied by many authors and we only briefly recall its properties.
Additional details can be found in [28] [65].

The Jacobian matrix of system has two real eigenvalues \; , and Ag ,, respectively associated to two
right eigenvectors Rq,o and R3 q:

)\la:%_a )\2(1:%

1 1
’ A, ' A, to Ry = |:>\1,a:| » Roa = [)\Z,a] ’ (36)

where ¢ is the Moens-Korteweg celerity [41} [35] and corresponds to the celerity of a pulse wave:
c=4/—VA. (37)

The hyperbolicity of system is characterized by the Shapiro number S, o, introduced by Shapiro in [54]:

Shya = —. (38)
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The Shapiro number S}, , is the analog of the Froude number F,. for the shallow water equations or of the
Mach number M, for compressible flows. Depending on the value of S}, o, we distinguish two flow regimes in
the ring a: if Sj, o < 1, the flow is subcritical and if S}, o > 1 the flow is supercritical. In both cases, system
(39)) is strictly hyperbolic as A1 o # A2« and the right eigenvectors Ry o and Ry o are linearly independent.
In physiological conditions, blood flow is almost always subcritical [57], and therefore we will only consider the
case Sp,o < 1. The Riemann invariant vector Wy, associated with the system is:

Qa _ye
Ay
W, = WI“} = (39)
2, %z +4c

The vector Wy, is linked to the conservative variables through the following relations:

= (F) (M)

Wia+Waq
Qa:Aa%-

The relations (40) will be useful in the following to define the boundary conditions at the inlet and outlet of
the computational domain.

3.2. Two layers system of equations

We now focus on the more complicated inviscid two layers system of equations:

0A O0Fy4

0Q:  0Fg,
ot T ae T S (41)
0Q2  0Fg,
B T on = Su (1o

To simplify the analysis, we suppose that the geometrical and mechanical properties of the artery do not vary
(ST = 0). This system can be written in the following quasi-linear form:

0X 0X

M (X) 5> +H (X) 5 =0. (42)

The vector X and the matrices M and H are respectively defined as:

0 l 1-1

A 1 00 L
X=|Q| MX)=|-u 1 0|, H=|-% 2% -u 0 |, (43)
Q2 —u 0 1 CQ—A—g 0 2%—u

where | = l%, U= Uy 3, Q1 =1Q; and Q2 = (1 —1) Q. System is identical to the quasi-linear strictly
hyperbolic system obtained in [6] for the two layers shallow water model with mass exchange. Therefore, the
two layers system is also strictly hyperbolic.

3.3. Multiring system of equations

In [6], the authors have studied the hyperbolicity of the multilayer shallow water system with mass exchange.
They performed numerous numerical tests showing that for a given number of layers, the multilayer system is
hyperbolic when small shear flows are considered. In regions of high shear, some eigenvalues can become complex
and lead to the development of an Kelvin-Helmotz-like instability [4]. This behavior is expected as the RNS-P
equations are not a system of conservation laws. By analogy, this analysis is valid for the multiring system
of equation and we assume that in physiological conditions the multiring system is hyperbolic.
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4. Numerical methods

For simplicity, we rewrite system in the following vectorial form:
ou 0

W‘*‘%[F(U)]:SM(U)+SV(U)+ST(U)7 (44)
where:
A Fy
Q Fg,
v=|""|. Fuy=| 7. (45)
QNT FQN,«
and:
0 0 0
Sar Sui Iy
Su@)=| " s,y = | T srwy =8| L (46)
Sm, N, Su.N, In,

The structure of the multiring system of equation as a system of balance laws naturally leads us to propose
a finite volume numerical scheme to obtain an approximate solution of the multiring system of equations
. Doing so, we assure that the numerical scheme is robust, conservative and shock-capturing and that the
numerical solution is positive if the chosen numerical flux preserves the positivity of the solution.

4.1. Problem splitting

The first step towards obtaining a numerical approximation of the solution of the multiring system of
equations in the finite volume framework is to discretize both the temporal and spatial domains. We first
divide the time domain using a constant time step At and the discrete times are defined as:

t" =nAt, mneN. (47)

We note U™ = U (t").
We then introduce a mesh in the axial direction and divide the length L of the artery in a series of cells C}
defined as:
C; = [zi_%, x%} =[(i —1) Az, iAz], for i=1,..,N,, (48)

where Az is the cell size, supposed constant for simplicity, and L = N, Ax.
Finally, we discretize the multiring system of equations using a time splitting method:

Uu*-U" 0 —_— " "
—Ar + o [F(U™)] = 8Spm (U™)+ S (U™) (49a)
Un+1 —_U* nil

Both the convective and viscous systems of equations (resp. eq. (49a) and (49b))) will be solved numerically in
the following subsections.

4.2. Explicit convective numerical scheme

We first solve the convective system of equations (49al) using an explicit finite volume scheme, which includes
the mass exchange source term Sps and the geometrical and mechanical source term Sr.
Integrating the system of equations (49a)) over the cell C;, we obtain the explicit finite volume scheme:

g_ki

ur-ur 1
At Az [

Ty~ F| = Shea+ Sk (50)

where U[* is the space-average approximation of the vector U in the cell C; at the time t™:

1 1
T —— ™) dax. 1
U, A:c/ciU@c’t )dx (51)
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The vector F[_‘l_ 4 is the two-points numerical flux vector, and corresponds to the numerical approximation of
2

the flux vector F' at interface x;, 1 of the cell C; at time ¢":

Fa(Ur 00U )

Fou (UR 4 10 UR

z+ ,L’ 1,—|— R
Fry =F (URy Ul ) = ) . (52)
Faw, (Uz+ L’Uzn+2, )
The flux Fa ( i1 Uz'n+l R) can also be written as the sum of the contribution of each ring a:
29

]:A( i+3,0 z‘n+%,R> Z]:A ( ir1,0 Uk iR ) (53)

The choice of the vector function F defines the numerical flux and thus the finite volume scheme. As we use

only a first-order finite volume numerical scheme, the vectors U, W) and Ui"+ 1 g at the left and right of the
29
interface x;, 1 of the cell C; at time ¢ are defined as:
Us p=Ur, Ul p=Ulty (54)

The vectors SJ'\‘/I and Sni correspond respectively to the discretization of the mass exchange source term
S (UPY) and of the geometrlcal and mechanical source term St (U*) and will be specified in the following
subsections.

4.2.1. Kinetic flux

As shown previously, there is no analytic expression for the eigenvalues of the multiring system of equations
. We therefore choose to use a kinetic flux function, which does not require the computation of the eigen-
structure of the system . Other approaches are possible, see [24] [4]. A review of the kinetic method applied
to different systems of equations can be found in [I0] and more particularly to the 1D blood flow system in [3]
and to the multilayer shallow water system with mass exchange in [6]. In the following, we briefly present the
derivation of the expression of the kinetic vector function F for the multiring system of equations ((44)).

According to kinetic theory, the vector function F is defined as:

F (UL, Ur)=F"(Ur)+F (Ur), (55)
where F1 (U) and F~ (U) are:
Y Fi (U) S Fa, (U)
F(U) = fgl.(U) , FU)= fél.(U) : (56)
7§, () Fou (U)

LJ% Egﬂ - /5205 E] M, (A€ —ug)de .
{igz Egﬂ - /§<0£ E] Mo (A€ — uq) €.

The function M, is the kinetic Maxwellian, or so-called Gibbs equilibrium, and represents a distribution function
of the microscopic particle velocity £ € R in the ring a:

Mo (A€~ ua) = "y (5 “) , (58)

where:

E= | VA (59)
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We choose the function x as:

1 .
(=] Tl=vs (60)

0 else.

Injecting the expressions of the functions x and M, in the definition of the fluxes , we obtain after some
computation the expressions for the fluxes ]—'ja (U) and .7-"(:5& (U) in each ring o

- ) o\
[f; (U)} LA |5 ((§e) — ()
+ - ~ 3 3
Fo. O 282 |5 ((6a)" - (€ha)°) | o
i _ 2 — N2\
|:]:Za (U):| _ la A % (f ,Oz) B (gm,a)
= - ~ _\3 _ 33 ’
‘FQQ (U) 2\/76 _% (5 7(1) - (Em,o/) ]
with:
;a = max (O, Uy + \/gé) , ;rl,a = max (O, Ug — \/gé)
(62)
&, = min (07 o + \/55) . &, =min (0, gy — \/55) .
4.2.2. Mass exchange source term
We define the discrete mass exchange source term Sy ; as:
_ 0 -
nyey
2 207
ua+%,z Ot+%,l uafé,iGafg,z
I —uy _1GN 1 l

Following [6] and by analogy with expression , we compute G L in each ring « as:

n 1 - n n n n
Ga+%,i = Az Z { []:Aj (Ui-}—%,L’ z'—i—%,R) — Fa, (Ui—%,L7Ui—%,R>:| -
j=1 (64)

lj []:A (Uf+%,L7 irfi—%,R) —Fa (UZL—%,L’UZL—%RH}'

We define v, ; . in an upwind manner:
;

+}

(O it G 1 <0
1= . ’ (65)
oty Uppp g if GZJF%J > 0.

This choice is motivated by the analysis of expression for the mass exchange term G, 1 Indeed, G, 1> 0

if the cross-sectional area WRi 41 increases with time or if the interface velocity u, o1 < 0. In both cases, from
L :

the perspective of the interface R, 1 the flow is coming from the upper ring a 4+ 1 and the upwind velocity is

therefore uy o41-

4.2.3. Hydrostatic reconstruction of the source term St

The considered kinetic flux function does not take into account the geometrical and mechanical source term
ST, which results from axial variations of the cross-sectional area at rest Ay or the arterial rigidity K. This
source term must be treated using a well-balanced method to prevent spurious oscillations of the numerical
solution close to steady states [50, [8, 30, [31].

To that effect, we use the well-balanced hydrostatic reconstruction technique (HR for short) introduced in
[5] for shallow water equations. This technique was then applied to blood flow equations in [19] [I8] and to
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the multilayer shallow water system with mass exchange in [6]. Through a reconstruction of the conservative
variables, HR allows to obtain a simple and efficient well-balanced numerical scheme given any finite volume
numerical flux. We briefly recall the derivation of HR applied to the multiring system of equations (44)).

We define the discrete geometrical and mechanical source term S7. ; as:

0
l
S%,i = S’?",z : ’ (66)
In,
where S7.; is
St =gpae (Ko | m,} vy [ ALy
(67)

K7 (4, R] + K, [A?é’RF].

The reconstructed variables A and KZT"Jr , are defined such that the steady states at rest are
2

*M
i+3,L° “Ti+i,R
preserved as well as the positivity of the cross-sectional area A:

2
H*TL
A*rb _ i+ 3.L
H— 2, K*

1+2

* 2
P Y (68)
z+2, K*

z+2
* j—
Ki—&-% = max (Ki+%,L,Ki+%7R),

with:

H;7, ) = max <0,Zj+é+ [KVZL%L

a {K\/AT)}H;,L)
Hz*+ g = max <0aZi*+;+ [K\/ZL_F%R— {Km]i+17R> (69)
Ziyy = min ([K L+%,L’ [K\/A»O} i+§vR> .

Finally, we obtain a well-balanced numerical scheme by replacing each occurrence of the conservative vectors
U’ ,,  and U" in the vector function F by the reconstructed conservative vectors U*7*, , and U]

i+3,L i+1,R i+i,L i+1,R’
defined as:
*M, *1
A1+ ,L A1+2,R
U*", QLH'EvL U, QLH'EvR 70
7'+27 ’ "/+27 : ( )
n n
Npjitg,L Nrjit3,R

4.2.4. CFL condition

The stability of the convective numerical scheme is ensured if at each time ¢,,, the time step At verifies the
following CFL (Courant, Friedrichs and Lewy) [I7] condition:

N, NT AT
At < min min LAiA . (71)
=S A (e ) + A (G, -6 )

This CFL condition ensures that the kinetic scheme preserves the positivity of the cross-sectional area A (for
a detailed proof see [6]). Note that its more restrictive than the classical CFL condition used in 1D models as
the flow can now exit the ring through both its axial and radial interfaces.
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4.3. Implicit viscous numerical scheme

We now solve the viscous system of equations (49b)) using an implicit numerical scheme. The implicit form
of the scheme is chosen for stability reasons.

Integrating the system of equations (49b]) over the cell C;, we obtain the following implicit viscous numerical
scheme:

1
UZH_ — Ui* _ Sn+1 79
oL =S, (72
where U} is the solution of the system of equations (50]) and S;L, ;-H is the discretization of the viscous source

term S, (Ui"'H) and writes:

0
Sl
+1 v,1,%
Slrflﬂ' - : : (73)
n—.i-l
v,Np,i
In each ring a of the cell C; at time "1, we define szlz as the discrete analog of S, o . To compute Sl'}zll,
we use a centered finite difference discretization of the term [r ag;] R
at+d
Ouy = Jra [u'Tl w1 for a=1,...,N,—1 74
e =Jra lupiis—uny ] for a=1,...,N, -1, (74)
R 1
2
where: s
R
Jro = 9 &i=1mI (75)
lr,a + lr,a+1

At the interfaces R1 and Ry 1, the previous discretization of [r 65“] is not possible and the boundary
rt3 T
conditions and must be taken into account. At the ring interface r 1 the axisymmetric boundary

condition imposes that:
Ouy
[ “ ] =0. (76)
R

T@r

2

ou
To express [7’ 8;] Ry 1

T2

using only the conservative vector U, we first perform the following asymptotic expan-

sion of u, (x,r,t) in the ring N,

Ug (2,7, 1) = Uy (x,RNH_%,t> + {T—RNT_’_é} %MNW% +0 ({RNH-; _rr) ) (77)

Neglecting the higher-order terms and using the no-slip boundary condition , we obtain the following
expression:

Ouy

e (@, t) & [r = Ry ] S5y - (78)

We then integrate the previous expression over the cross-sectional area of the ring N, and we obtain:

ou ?th
[r aﬂ = Jrw—ndt (79)
Ry, 43 g
with:

Jry = (80)

o | MV L R AV L

It is important to note that the discretization of [r 8(;}' ] R,

) imposes the no-slip boundary condition

r+3
at the wall, which is the natural boundary condition for viscous flows.

Finally, noticing that the first component of the source term S, is zero, we obtain the following trivial
solution of the system of equations (49b)) for the first component of U;" 1,

AL =AY for i=1,..,N,. (81)
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We can therefore rewrite the implicit viscous scheme in the following matrix form:

+1
Qvf,z‘ Qik,i

[I+AtM; ] Q;i,t-l ~ o | (82)
vl o,
where I is the identity matrix and M ; is the following tridiagonal matrix:
Bl 0 . 0 1
Vi = Zw 0 —JZL;;:I J""“’zf‘]""“ i 0 : (83)
i o . 0 —JlNNij Tt - ]

We then invert the system of equations using the Thomas algorithm [62], well-suited for solving tridiagonal
matrix systems.
Next, we provide algorithms to impose classical inlet and outlet boundary conditions for blood flow.

5. Boundary conditions

As we compute subcritical solutions of system , boundary conditions are required at both ends of the
computational domain, in the inlet and outlet ghost cells of the artery, respectively noted Cj, and Cyy:. In
both cells Cy, and Cy,y¢, the corresponding conservative vectors U;}, and U}, must be prescribed in order to
update the numerical solution from time ¢" to time t"*! in each cell C; of the computational domain. We
propose here algorithms to impose boundary conditions in the inlet and outlet ghost cells of the artery. As the
implementation of inlet and outlet boundary conditions is very similar, we describe only the derivation of the

inlet boundary conditions.

5.1. Imposed flow rate @)

We wish to impose the flow rate ()¢ , at the interface between the first cell C and the inlet ghost cell Cyy,

of each ring «, namely:
Fa, U, UM =Qr, for a=1,..,N,. (84)

e,

Following the methodology proposed in [11] and taking advantage of the fact that the kinetic flux function F4,_
can be split in two, equation can be expressed as:

Fi UR)+Fy (UM)=QF, for a=1,.,N,. (85)

e,a

To ensure the stability of the scheme, the condition in each ring « is imposed in an upwind manner.
Consequently, we define the quantity:

NT
a=Y Qr,—F, (UM, (86)
a=1

and distinguish two cases:

e If o < 0, the dominant part of the information is coming from inside the computational domain. As we
are performing an upwind evaluation of the inlet boundary condition, we impose:
FiUL) =0

87
Fo. UR) =0 for a=1,..N,. (87)
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e If a > 0, the dominant part of the information is coming from outside the computational domain. In this
case, we impose:
Fi UL)=Ql,—Fy (UM for a=1,..N,

e,a

Wi (UZ,) = Wi (UF).

W1 (U) is the 1D analog of the Riemann invariant Wi ,, (U) in the ring o and characterizes the global
outgoing characteristic. It writes:

(83)

N
Wy = % e (89)
Similarly, we write Wa (U) as:
Ny

U;> is obtained by solving either system or system . This can be done using a classic Newton’s method
in a limited number of iterations.
5.2. Imposed cross-sectional area A
We wish to impose the cross-sectional area A? in the inlet ghost cell Cj,. Therefore, we set:
AL = A7, (91)

To completely determine the inlet vector of conservative variables U*, we estimate the outgoing Riemann

wmn’
invariant W1 o (U}},) in the ring o as:
Wl,a (U,Z,:l) = Wl,a (Uin) for a= 1, ceey NT., (92)
and using equations and ([40), we compute Wa o (U7%,) and then @}, o In each ring a:

Wa o (Uh) = Wi (UR) + 8¢k,
Wi.o (UR) + Wa o (UR) (93)
5 .

znn,oc = lOtAznn
5.3. Imposed reflection coefficient R,

We wish to impose the reflection coefficient R; in the inlet ghost cell C;,. The inlet reflection coefficient R
is defined as:

Ws (UL) — Wa (UD,) = =R, [W1 (UR) — W1 (US,)], (94)

and characterizes the proportion of the outgoing information reflected back into the computational domain.
When we wish to remove any reflection of the outgoing information, we set R; = 0. We first estimate the
outgoing Riemann invariant Wi (U,) as:

Wi (Uiy,) = Wh (UT), (95)

and using equation , we compute Wy (U},) and then A7 :

r <ép> <w2 (UE) W, <Uz:l>>4, (96)

Finally, we use the algorithm presented in the previous subsection to completely determine the inlet vector of
conservative variables U2, .

In the following sections, we perform a series of numerical tests to validate the multiring model , the
numerical scheme and the boundary conditions previously described.
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6. Linear examples in an elastic artery

6.1. The Womersley solution

In [68], Womersley proposed an analytic harmonic solution of the linearized Navier-Stokes equations which
is also a solution of the linearized RNS-P equations . The Womersley solution is an important test case for
numerical methods simulating blood flow in elastic arteries as it includes pulsatile effects, elastic deformation
of the arterial wall and viscous dissipation. In [36] [I5] 2], the authors used the Womersley solution in a rigid
axisymmetric tube to validate their numerical method. In this section, we compute the Womersley solution in
an elastic artery as a first validation case of the multiring model .

6.1.1. Linear harmonic solution

We briefly detail the derivation of the Womersley solution starting from the linear RNS-P system of equations:
10 Ouy
;5 [’FUT] + o =0 (97&)
Oy, 10p v O | Oug
ot pOx ror | Or
Following [68], we search for a harmonic solution of the axial velocity u,(z,r,t), the pressure p (z,¢) and the
radius R (z,t):

(97b)

Uy (2,7, t) = Uy (T)ei(“t_k’”)

p(x,t) = po + pe' =) (98)
R (z,t) = Rg (z) + Re'@t=k2)
with R < 1. For simplicity we choose py = 0. Injecting the expressions in the linear momentum equation

(97H), we obtain:

0%, 100, a? w

- — iy = ——, 99
a2 " ror RET ,ucp (99)

where « is the Womersley number and c is the wave celerity, respectively defined as:

[w w
= = = —. 1
a=R 1/ and ¢ k (100)

The Womersley number « represents the relative importance of pulsatile effects with respect to viscous effects
and is the relevant dimensionless number in this example. Combining both the homogeneous solution of equation
, computed using the Bessel function Jy, and the particular solution of equation 7 we obtain the general
solution of equation , using the no-slip boundary condition at the wall :

A JO (Z%Oél)
i, =L 1- ——"2 . (101)
pe Jo (Z'E a)
Using expression ((101)), we compute the flow rate @ and the wall shear stress (WSS) 7, as:
. R 2m R ﬁ
Q = Qelwt=kz) (= / / tiprdrdd = TR?2 = (1 — Fig (), (102)
0o Jo pc
and: P 9
o = Fpel@t=R) s —M%IT:R - i%%}qo (@), (103)

where Fg is defined as:

Fip (o) = (104)

Finally, after integrating the mass equation (97al) over the cross-sectional area of the artery, we obtain the
following linearized expression for the wave celerity c:

D Ro
c— P

&2 [1 = Fio (a)]. (105)
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The inlet boundary condition imposes the value of either p or ]:2, which are linked through the elastic pressure
law :
= 7K. (106)

Next, we compare the numerical solution of the multiring system of equations to the linear harmonic
Womersley solution presented previously.

bd>"’5>

6.1.2. Numerical results

We consider a straight artery initially at rest:

Az, t=0)=A
(z ) = Ao (107)
Quo(z,t=0)=0 for a=1,...,N,.
We impose at the inlet a sinusoidal oscillation of the pressure:
t .
p(z=0,t) = psin |:27TT:| , p=+7TKR, (108)

and at the outlet a zero reflection coefficient R; to remove any backward traveling waves. The values of the
geometrical and mechanical parameters describing the artery as well as those describing the inlet and outlet
boundary conditions are presented in table [1|and are given in "cgs". The final time ¢, is large enough to reach
a periodic regime. The geometrical and mechanical parameters mimic physiological conditions and the value of
R is small enough such that the linear approximation required to obtain the Womersley solution is valid.

L |R| K p| R |R|T.| t a
200 1 [10" 12 £f 1077 ] 0 [05]127.  {5,20}

Table 1: FElastic Womersley example. Geometrical and mechanical parameters describing the artery and the
inlet and outlet boundary conditions, given in "cgs".

For the sake of illustration, we consider only two different Womersley numbers, = 5 and « = 20, chosen
to respectively represent flow conditions in arterioles and large arteries. At small Womersley numbers (o = 5),
the viscous effect dominates, whereas at large Womersley numbers (o = 20) the unsteady advection effect is
dominant.

In figure [2, we plot the velocity profiles obtained in z = 25 at ¢ € {0.2, 0.4, 0.5, 0.7} T, + 117, for « = 5
(fig. [2|1eft) and o = 20 (fig. 2| right). We use N, = 1600 cells and N, = 128 rings. We observe that in both
cases (a« = 5 and o = 20) the Womersley and the multiring solutions are in good accord for each recorded time.
Small discrepancies between both solutions appear near the maximums of the velocity due to the numerical
dissipation of the kinetic scheme.

In figure [3] we represent the spatial evolution of the flow rate @, the pressure p and the wall shear stress
(WSS) 7, obtained at time ¢ = 0.37, + 117, for a = 5 (fig. |3|left) and «a = 20 (fig. [3| right). Once again, we
use N, = 1600 cells and N,. = 128 rings. For a = 20, the Womersley and the multiring solutions overlap except
at the local maximums and minimums of @, p and 7,,, which are slightly dissipated by the numerical viscosity
of the scheme. For o = 5, both solutions match almost perfectly as the viscous dissipation is much larger than
the numerical dissipation.

Next, we perform a convergence analysis in both the number of cells N, and the number of rings N,. In
figure [l we plot the Lo spatial error between the Womersley and the multiring solutions as a function of
the dimensionless number of cells N, = AN, /L, where \ is the wavelength of the pressure pulse, and of the
dimensionless number of rings N, = N, /a for a = 5 (fig. 4] left) and o = 20 (fig. [4] right). We focus only
on the flow rate @ and the WSS 7, taken at time ¢t = 0.37. 4+ 117,.. For both a = 5 and o = 20, we observe
that increasing N, or N, is not equivalent. For low values of N, increasing N, does not decrease the error
significantly, whereas increasing N, does. On the contrary, for high values of N,, increasing N, significantly
decreases the error, whereas increasing N, does not. This behavior is expected as wave propagation in the axial
direction is the dominant physical mechanism of the Womersley solution and can only be captured if a sufficient
number of cells N, is used. Only once a sufficient number of cells N, is used can we increase the number of
rings N, to compute in detail the velocity profile. However, the behavior of the WSS 7, for a = 20 is different
from the behavior of the other quantities. Indeed, the effect of increasing the number of rings N, for low values
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Figure 2: Elastic Womersley example. Comparison between the velocity profiles obtained with the analytic
Womersley solution (—) and with the multiring model using N, = 1600 cells and N, = 128 rings in
x =25 at timest € {0.2(A), 0.4(0), 0.5(0), 0.7(>)} T. + 11T, for a« =5 (left) and o = 20 (right).

We observe that the multiring solution agrees well with the analytic Womersley solution.

of N, is more significant than for the other quantities. This is due to the fact that for o = 20, the boundary
layer is thin, therefore increasing N, immediately allows to better capture the viscous behavior of the flow and
therefore the WSS 7,,. As a rule of thumbs, we observe that N, = 500 and N, = 2 is the minimum mesh and
ring refinements to obtain an accurate description of the Womersley solution.

To conclude this analysis, we study three additional flow configurations where we increase the nonlinearity
of the elastic Womersley solution by changing the amplitude of the wall perturbation R. We choose R €
{10 3,102,107, 3 x 1071 } In ﬁgure we plot snapshots of the spatial evolution of the axial velocity profile
u, in the artery at time t = 0.37, + 117, obtained for a = 20 and using N, = 1600 cells and N, = 128 rings.
The values of the other geometrical and mechanical parameters describing the artery are identical to those of
table [} We observe that the multiring model is able to compute with identical computational costs linear
and nonlinear flow behaviors with small and large deformations of the arterial wall.

6.2. The steady linear elastic Poiseuille solution

In [29], the author proposed a steady analytic solution of the linear RNS-P equations in an elastic
artery. As the Poiseuille solution, it describes the steady balance between the pressure gradient and the viscous
2Q

radial dissipation term:
12
TRE(D) | [mxﬂ ]

p(x) = po+ K7 [R(x) — Ry

sy A0rQ r’
R(z) = [R (x=0) W%Kx
K

Q=01 |
In [I5, 21], the authors used this solution to validate their numerical code solving the axisymmetric RNS-P
equations . We reproduce here this solution using the multiring model .

We consider a straight artery initially at rest (eq. (107))). We impose the pressure gradient by setting at the
inlet and outlet constant pressures consistent with the analytic solution (109)):

{P(m_o)_PoJrﬁKRoR
plz=L)=po— VKRR

For simplicity we set pg = 0. The values of the geometrical and mechanical parameters describing the artery
as Well as those describing the inlet and outlet boundary conditions are presented in table [2] [2] and are given in

"cgs". The final time ¢y is large enough to reach a steady flow regime and the value of R is small enough such
that the linear approximation required to obtain the elastic Poiseuille solution is valid.

u(xz,r) =

(109)

R°(z=0)—R’(z=1)].

(110)
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LR | K — plp R |t
0] 1 % 1)1 107" |20

Table 2: Steady linear elastic Poiseuille example.  Geometrical and mechanical parameters describing the
artery and the inlet and outlet boundary conditions, given in "cgs”.

In figure @ we plot the spatial evolution of the steady radius R (fig. |§| left) and the steady axial velocity
profiles taken in x € {0, 0.2, 0.4, 0.6, 0.8, 0.99} L (fig. |§| right). We use N, = 800 cells and N,. = 64 rings. We
observe that for each recorded point the steady multiring numerical solution is in agreement with the steady
analytic solution.

As this analytic solution is smooth enough, we perform a convergence analysis to determine the order of accu-
racy of the scheme. We consider the following mesh refinements [N,,, N,.] € {[100, 8], [200, 16], [400, 32], [800, 64]}
and focus only on the radius R for simplicity. In table[3] we compute the Ly, Ly and Lo, spatial errors between
the analytic solution and the steady numerical solution for the radius R. We observe that the numerical
solution converges at order 1, which is the expected order of convergence.

Ne [Ne | Li(B) | Onymy| L2(R) | Opym | Leo(R) | Onm
100 | 8 || 1.29x 1073 - 7.35 x 1074 - 5.36 x 107* -
200 | 16 || 5.93x 107% | -0.56 |3.37x107*| -0.56 |2.46x107*| -0.56
400 | 32 || 2.25 x107* | -0.70 |1.27x107*| -0.70 ]9.33x 1075 | -0.70
800 | 64 || 4.54 x 1075 | -1.15 |249x107°| -1.18 |2.05x107°| -1.09

Table 3: Steady linear elastic Poiseuille example. L1, Lo and Lo, spatial errors between the steady ana-
lytic solution and the steady multiring numerical solution for the radius R obtain using
[N.,N,] € {[100,8],[200, 16],[400, 32], [800,64]} cells and rings. We observe that the numerical
solution converges at order 1, which is the expected order of convergence.

In the two previous examples, we have shown that the multiring model is able to accurately capture
steady and unsteady linear blood flow in a straight artery. We are therefore confident that the multiring model
(23) can compute all relevant linear flow features encountered in large straight axisymmetric elastic arteries.
However, the RNS-P system of equations is a rich dynamical system and is not limited to describing linear
harmonic and steady solutions in elastic arteries. In the following sections, we will continue to validate the
multiring model, the numerical scheme and the boundary conditions using nonlinear steady examples in rigid
arteries with varying geometrical and mechanical properties.

7. Nonlinear examples in a rigid artery

7.1. Nonlinear transition from a flat to a Poiseuille velocity profile

In [37], the authors studied the behavior of the RNS-P system of equations when computing steady flows
in a rigid axisymmetric cylinder. They showed that it is able to describe the steady spatial transition from the
Blasius [53] to the Poiseuille flow regime, starting from a flat velocity profile at the inlet and evolving towards a
fully developed Poiseuille velocity profile at the outlet. We reproduce here this phenomenon using the multiring
model . The relevant dimensionless number in this example is the Reynolds number R, g, defined as:

R, = —He=oflie=o, (111)
v
and used to determine the relevant length and time scales in order to observe the steady spatial transition from
the Blasius to the Poiseuille flow regime. Details on the determination of theses scales can be found in [37].

We consider a straight artery initially at rest (eq. ) We impose at the inlet a steady velocity profile.
We can not impose a flat velocity profile as it is not compatible with the no-slip boundary condition at the wall
(21]). Therefore we impose at the inlet a Von Karman-Pohlhausen velocity profile [46], describing a fourth-order
approximation of the axial velocity profile in the viscous boundary layer:

Uy (33 = 0, T, t) = Ul’n ¢P0hlhausen (T) ) (112)
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where: 5 A
1—1]1-— 1 1+ =

: [ W]A[+[+6]ZJ __ itp<1

G Pohthausen () = 30 [30-3[6+ ] dpr+ |4+ 5] 0] (113)

1
if n > 1,
L[30-3[6+2]opL+ [4+2]08,]

with A = 12 and n = {1 — m} /dpr. The parameter dpy, is the estimated width of the boundary layer,

that we choose here equal to dpr, = I, n,. + lr,n,—1. We impose at the outlet a zero reflection coefficient R,
to remove any backward traveling waves. The values of the geometrical and mechanical parameters describing
the artery as well as those describing the inlet and outlet boundary conditions are presented in table ] and are
given in "cgs". The final time ¢y is large enough to reach a steady flow regime. The geometrical and mechanical
parameters mimic physiological conditions at the root of the aorta, where R. r ~ 100.

L | Ro | K P 15 Uin | Re | Lty Re r
0.25 RepRpo—o | 1 | 107 1 ‘ p%‘;“ 100 | 0 o5 eRT= 00

Table 4: Steady rigid Poiseuille example. Geometrical and mechanical parameters describing the artery and
the inlet and outlet boundary conditions, all given in "cgs”.

As the multiring model is intrinsically elastic, it is not possible to exactly simulate the flow of blood in
a rigid cylinder. Nevertheless, by artificially increasing the arterial wall rigidity K (here K = 107), we penalize
the wall’s displacement and place ourselves in a quasi-rigid wall configuration.

To assess the quality of the multiring numerical results, we compare them to those of the steady numerical
code presented in [37]. This steady code was used to solve the steady RNS-P system of equations in a rigid
tube and compared well with the results of an integral interactive boundary layer (IBL) code. In the following
examples, all results of the steady code used as reference solutions are obtained using N, = 50000 cells in the
axial direction and NN, = 1000 cells in the radial direction.

In ﬁgure we plot the steady spatial evolution of the centerline velocity u,_, (fig. left) and of the pressure
p (fig. [7]right). We use N, € {800, 1600, 3200} cells and N, = 32 rings. We observe that as we increase the
number of cells N,, the steady multiring numerical solution converges towards the steady numerical solution
and is able to describe the spatial transition from a flat velocity profile to a Poiseuille velocity profile. The
number of cells N, required to match the steady solution is relatively high due to the numerical dissipation of
the kinetic scheme and since the transition from of flat to a Poiseuille velocity profile is a nonlinear phenomenon
occurring on a short length scale (between = 0 and z = 0.15R, rR|;—o)-

In ﬁgure we represent the steady velocity profiles taken in € {0.005, 0.01, 0.025, 0.05, 0.1, 0.2} Re rR|z—-
We use N, € {800, 3200} cells and N, = 32 rings. For each recorded position, the steady multiring numerical
velocity profiles converge towards the steady numerical velocity profiles as we increase the number of cells N,,.
These results are coherent with the results presented in figure [7]

7.2. Rigid wall stenosis and aneurysm

Stenoses and aneurysms are commonly encountered pathologies and correspond respectively to local con-
strictions and expansions of the radius at rest of the artery. The flow patterns in rigid stenoses and aneurysms
have been studied by many authors [66, 67, [45] 20} [70, 64]. In [37], the authors computed the numerical solution
of the steady RNS-P system of equations in an axisymmetric rigid artery presenting a stenosis. They used
the steady code presented in the previous section and were able to compute flow recirculations in case of severe
stenoses. We use here the multiring model to compute the steady flow in a rigid stenosis and in a rigid
aneurysm. As in the previous section, the relevant dimensionless number is the Reynolds number R, r (eq.
({11)).

We consider an artery initially at rest (eq. ) We impose at the inlet a steady Poiseuille velocity profile:

Uy (x = 0,7,t) = 2U;p, (114)

2
r
l——|,
R(z,1)
and at the outlet a zero reflection coefficient R; to remove any backward traveling waves. The values of the
geometrical and mechanical parameters describing the artery as well as those describing the inlet and outlet
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boundary conditions are presented in table |§| and are given in "cgs". The final time ¢; is large enough to reach
a steady flow regime. The geometrical and mechanical parameters mimic physiological conditions at the root
of the aorta, where R, r ~ 100. The stenosis and aneurysm considered here are described by the following
variation of the radius at rest Ry:

Ry ifx <xsora>axy

Ry (z) = A — 115
0 (@) Ro(l—f—f{l-l—cos(W—i—QﬁHﬂ) ifx, <z >y, (115)
f — 4s

We choose =5 = % and z¢ = % to satisfy the long-wave hypothesis. We set AR = —0.4 to define the stenosis
and AR = +0.4 to define the aneurysm. We artificially increase the arterial wall rigidity K (here K = 107) to
penalize the wall’s displacement and place ourselves in a quasi-rigid wall configuration.

L |Ro | K p| Un |R| Re.r
025 RenBamo | 1 [107 1] p7%72=2 100 0 [05™ 2= 100

Table 5: Steady rigid stenosis and aneurysm examples. Geometrical and mechanical parameters describing the
artery and the inlet and outlet boundary conditions, all given in "cgs'.

We compare the results of the multiring model to those of the steady numerical code presented in [37].
In [I6], this steady code was used to solve the steady RNS-P system of equations in a rigid stenosis and
compared well to the results of a finite element code for the incompressible Navier-Stokes equations. In the
following examples, all results of the steady code used as reference solutions are obtained using N, = 50000
cells in the axial direction and N, = 1000 cells in the radial direction.

7.2.1. Flow in a stenosis

We first compute the steady flow in a rigid stenosis (AR = —0.4). In figure |§|, we plot the steady spatial
evolution of the centerline velocity u,,_, (fig. |9 left) and of the wall shear stress (WSS) 7, (fig. |§| right). We
use N, € {800, 1600, 3200} cells and N,. = 32 rings. We observe that as we increase the number of cells N, the
steady multiring numerical solution for the centerline velocity u,,,_, converges towards the steady numerical
solution. On the contrary, the steady multiring numerical solution for the WSS 7, is already converged for
N, = 800. Indeed, the number of rings IV, used is sufficient to obtain an accurate description of the shape of
the velocity profile near the wall. We also note that the WSS 7, becomes negative after the stenosis, indicating
that the multiring model is able to capture flow recirculations. Finally, the steady WSS 7, is similar to the one
obtained in [42], 58] 56].

In ﬁgure we represent the steady velocity profiles taken in x € {0.05, 0.075, 0.1, 0.125, 0.15, 0.175} R pR|z—o-
We use N, = 3200 cells and N,. = 32 rings. For each recorded position, the steady multiring numerical velocity
profiles agree well with the steady numerical velocity profiles. We observe that after the stenosis, a small jet-like
region of high velocities forms in the center of the artery and a region of low and negative velocities is created
near the wall. These results are coherent with the results presented in figure [J] and with the velocities profiles
obtained in [42].

7.2.2. Flow in an aneurysm

We compute here the steady flow in a rigid aneurysm (AR = +0.4). In figure we plot the steady spatial
evolution of the centerline velocity u,,_, (fig. [L1]left) and of the wall shear stress (WSS) 7, (fig. [11|right). We
use N, € {800, 1600, 3200} cells and N, = 32 rings. For each quantity, the steady multiring numerical solution
converges towards the steady numerical solution. We also note that even though the aneurysm is not large
enough to create a flow recirculation, the WSS 7, is almost negative in the center of the aneurysm. Finally, the
steady WSS 7, is similar to the one obtained in [12] [26].

In ﬁgure we represent the steady velocity profiles taken in z € {0.05, 0.075, 0.1, 0.125, 0.15, 0.175} Re rRjz—o-
We use N, = 3200 cells and N,. = 32 rings. For each recorded position, the steady multiring numerical velocity
profiles agree well with the steady numerical velocity profiles.

The results presented previously indicate that for a high arterial wall rigidity, the multiring model is
able to compute the characteristic steady nonlinear flow features in a rigid artery. Indeed, we have shown that
it can describe the nonlinear steady transition from a flat to a Poiseuille velocity profile, the acceleration of
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the flow in a stenosis, the deceleration of the flow in a aneurysm as well as small flow recirculations after the

stenosis. It can also correctly compute the variation of the WSS and the pressure loss. We are therefore assured

that the multiring model correctly describes all relevant steady and unsteady, linear and nonlinear blood

flow features in quasi-rigid and elastic straight, constricted (stenosis) and expanded (aneurysm) arteries.
Next, we use the multiring model to compute unsteady blood flow in an elastic stenosis.

8. Unsteady flow in an elastic stenosis

In physiological conditions, the arteries are elastic and the flow of blood is pulsatile in nature. Hence we
compute here with the multiring model a periodic flow in an elastic artery. The Womersley number «

(eq. (100)), the Reynolds number (eq. Re g (L11)) and the Shapiro number Sj (eq. ) are the relevant
dimensionless numbers in this example. Here S}, is defined as:

; | —K
Sp = Ui , c=4/vVT—R. (116)
c 2p

We consider an artery initially at rest (eq. (107))). We impose at the inlet a periodic Pohlhausen velocity
profile (eq. (113)), mimicking the flow ejected by the heart in the aorta:

Uy (x = Oa r, t) = Uzn (z)Polhlausen (T) max <07 sin (27(;)) ) (117)

(&

where T, is the period of the flow. At the outlet we impose a zero reflection coefficient R; to remove any
backward traveling waves. The values of the geometrical and mechanical parameters describing the artery as
well as those describing the inlet and outlet boundary conditions are presented in table [ and are given in "cgs".
The final time 7 is large enough to reach a periodic flow regime. The geometrical and mechanical parameters
mimic physiological conditions at the root of the aorta, where R, g =~ 100, a ~ 15 and S, ~ 1072, As in the
previous section, the stenosis is described by the radius at rest Ry (eq. ) with z, = %, Ty = % and
AR = —0.4.

L |Ro| K o] n Uin|Re| T |ty Rer|al Sh
025 ReRjamo| 1107 1p™552=0 g.cl o[22 5|57, 100 [15]10°2

l/Otz

Table 6: Unsteady elastic stenosis example. Geometrical and mechanical parameters describing the artery and
the inlet and outlet boundary conditions, all given in "cgs”.

In figure we plot the temporal evolution of the pressure p (fig. top left), of the pressure gradient
O.p (fig. top right), of the flow rate @ (fig. bottom left) and of the WSS 7, (fig. bottom right) in
x € {0.025, 0.1, 0.175} Re RR|z—g- Weuse N, = 3200 cells and N,. = 32 rings. We observe that for each recorded
positions, a periodic flow regime is reached after 4 periods. During systole (nTC <t< %nT e, N E N)7 the pulse
wave propagates in the artery and the pressure p is higher upstream of the stenosis, in z = 0.025R. rR|,—o-
The pressure gradient O0,p is therefore negative and the flow rate @ as well as the WSS 7, are positive. On
the contrary, during diastole (3nT, <t < 2nT., n € N), the pulse wave exits the artery and the pressure p is
higher downstream of the stenosis, in x = 0.175R, rR|,—o. The pressure gradient 0,p is then positive and
the flow rate @ and the WSS 7, are negative. Moreover, the presence of the stenosis creates a reflection of
the incoming pulse wave, resulting in higher pressure values and a smaller flow rate Q upstream the stenosis,
in x = 0.025Re rR|;—o. Finally, the WSS is maximum in the stenosis, in * = 0.1R. rR|;—o, as the flow is
accelerated due to the constriction.

In figure we decompose the flow motion over one period (the fourth period) and focus on four differ-
ent instants of the cycle: the end of diastole (or the beginning of systole) at ¢t = 47, the peak of systole at
t = 0.25T, + 47T, the end of systole (or the beginning of diastole) at ¢t = 0.57, + 47, and the middle of diastole
at t = 0.75T. + 4T.. For each instant, we plot the velocity profiles in the artery (fig. left) and the spatial
evolution of the pressure p (fig. center) and the WSS 7, (fig. [14] right). At times t = 4T,, t = 0.5T, + 47T,
and t = 0.75T, 4 47T,, we observe that the shapes of the pressure p waveforms are almost identical. The same
can be said of the WSS 7,,. At these times, the pressure gradient 0,.p is positive, indicating that the pulse wave
has left the artery. This positive pressure gradient reverses the flow, but only near the wall, as indicated by
the negative WSS 7,,. The inertia of the flow in the core of the artery is too strong to observe a complete flow
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reversal in one period. At ¢t = 0.25T, + 4T, the pressure p and WSS 7, resemble the steady pressure and WSS
observed in figure [9] This indicates that a quasi-steady flow regime is reached at the peak of systole since the
period T, of the flow is larger than the characteristic time of propagation of the pulse wave.

The results presented in figures and are similar to those obtained in [69]. They indicate that the
multiring model is capable of describing the unsteady flow in a elastic stenosis and that it computes the
expected unsteady flow behaviors such as wave reflections and flow recirculations.

9. Conclusion

We have presented a two-dimensional (2D) nonlinear axisymmetric multiring model to compute blood flow
in elastic arteries. This model results from the integration of the RNS-P equations over concentric rings of
fluid in an elastic artery, providing a unified framework where both the motion of the fluid and the displacement
of the arterial wall are dealt with simultaneously. Its mathematical structure as a system of balance laws allowed
us to use a robust, conservative and positive finite volume numerical method to compute steady and unsteady
linear and nonlinear flows in quasi-rigid and elastic arteries. The multiring model and the numerical method
were validated on multiple physiological blood flow examples. For each of the considered test cases, the multiring
solution agreed very well with the reference solution for the velocity profiles, the wall shear stress (WSS) and
other averaged quantities such as the flow rate or the pressure, even when large arterial wall deformations were
considered. In the presence of pathologies such as stenoses or aneurysms, the multiring model captured the
expected flow behaviors, and in particular flow recirculation, downstream of the stenosis and in the aneurysm.
In comparison, classical one-dimensional (1D) models can only compute average quantities such as the flow
rate or the pressure and can not describe flow recirculations. This study shows that the multiring model can
serve as a superior alternative to 1D models to accurately compute blood flow in large elastic arteries at a
reduced computational cost and could also prove to be a reliable substitute to three-dimensional (3D) models
when simple arterial configurations are considered. This method can be extended to other pressure laws to
describe the flow in veins and viscoelastic tubes or the propagation of a water hammer (Allevi’s equation). In
future works, we plan to couple the 2D multiring model with a 1D model and to propose a non-Newtonian 2D
multiring model to take into account the effect of aggregation of red blood cells in regions of low shear rate.
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Figure 3: Elastic Womersley example. Comparison between the flow rate Q, the pressure p and the WSS 1,

obtained with the analytic Womersley solution (—) and with the multiring model (o) using N, = 1600
cells and N, = 128 rings, at time t = 0.3T, + 11T, for a =5 (left) and o = 20 (right). We observe
that the multiring solutions agree well with the analytic solutions.
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Figure 4: FElastic Womersley example. Phase diagram of the Lo spatial error between the Womersley and the

multiring solutions as a function of AN, /L and of N,/a for « = 5 (left) and o = 20 (right) at
time t = 0.3T, + 11T.. For low values of AN, /L, increasing N/« does not decrease the error
significantly, whereas increasing AN, /L does. On the contrary, for high values of AN, /L, increasing
N, /a significantly decreases the error, whereas increasing AN, /L does not.
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0.3T. + 117, obtained using N, = 1600 cells and N, = 128 rings for a = 20 and R €

{10_3, 1072, 107, 3 x 10_1}. We observe that the multiring model is able to compute linear and
nonlinear flow behaviors with small and large wall deformations.

Figure 5: Elastic Womersley example. Snapshots of the spatial evolution of the axial velocity u, at t =
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Figure 6: Steady linear elastic Poiseuille ezample. Comparison between the steady ra-

dius R (left) and the steady axial welocity profiles w, (right) taken in x €
{0(A),0.2(¢),0.4(0), 0.6(>),0.8(0),0.99(4+)} L obtained with the analytic Poiseuille so-
lution (—) and with the multiring model (marks) using N, = 800 cells and N, = 64 rings. We
observe a good agreement between the analytic and the multiring numerical solutions.
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Figure 7: Steady rigid Poiseuille example. Comparison between the steady centerline velocity uz,_, (left) and
the steady pressure p (right) obtained with the steady code [37] (—) and with the multiring model
using N, € {800(A), 1600 (o), 3200 (o)} cells and N, = 32 rings. On the left plot, the dashed
lines represent the value of the flat centerline velocity (us,_, = Uz ,_,) and the Poiseuille center-
line wvelocity (uw|r:o = 2uz‘m:0). On the right plot, the dashed line represents the pressure drop
—8z/ (Re,RR|:p:0) of a Poiseuille flow. For each quantity, the steady multiring numerical solu-

tion converges towards the steady numerical solution and we observe the transition from a flat to a
Poiseuille velocity profile.
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Figure 8: Steady rigid Poiseuille example. Comparison between the steady velocity profiles obtained with the
steady code [F7] (—) and with the multiring model using N, € {800 (left), 3200 (right)} cells and
N, = 32 rings, taken in x € {0.005(A), 0.01 (o), 0.025 (o), 0.05(>>), 0.1(0), 0.2(+)} Re,rRjz—0-
We observe that the steady multiring velocity profiles converge towards the steady velocity profiles
and accurately reproduce the transition from the Blasius to the Poiseuille flow regime.
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Figure 9: Steady rigid stenosis ezample. Comparison between the steady centerline velocity uy, _, (left) and
the steady WSS 7, (right) obtained with the steady code [37] (—) and with the multiring model
using N,, € {800 (A), 1600 (¢), 3200 (o)} cells and N, = 32 rings. On the left plot, the dashed line
represents the value of the Poiseuille centerline velocity (u, _, = 2“9%:0)' On the right plot, the
dashed line represents the value of the Poiseuille WSS (1, = 4uum|w=O/R|x=0). For each quantity,

the steady multiring numerical solution converges towards the steady numerical solution.
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Figure 10: Steady rigid stenosis example. Comparison between the steady velocity profiles obtained with the
steady code [ (—) and with the multiring model using N = 3200 cells and N, = 32 rings, taken
in x € {0.05(A), 0.075(¢), 0.1 (o), 0.125(>), 0.15(00), 0.175 (+)} Re,rRjz—0- We observe that
the multiring velocity profiles are in good accord with the steady velocity profiles.
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dashed line represents the value of the Poiseuille WSS (1, = dpug,_, /Rjz—0). For each quantity,
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the steady multiring velocity profiles are in good accord with the steady velocity profiles.
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Figure 13: Unsteady elastic stenosis example.
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{0.025(—), 0.1 (==), 0.175 (=)} Re,rR|z=0 obtained using N, = 3200 cells and N, = 32 rings.
We observe that after four cycles a periodic state is reached. We notice evidence of wave propagation

and reflection as well as flow recirculation.
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Figure 14: Unsteady elastic stenosis example. Snapshots of the spatial evolution of the axial velocity u, (left),
the pressure p (center) and the WSS 7, (right) at t € {0, 0.25, 0.5, 0.75} T, + 4T, obtained using
N, = 3200 cells and N, = 32 rings. We observe a backflow near the wall created by the positive
pressure gradient at t € {0, 0.5, 0.75} T. +4T.. However, the inertia in the core of the artery is too
strong to observe a complete flow reversal in one period. At the peak of systole t = 0.25T, + 4T,
the shapes of the pressure p and the WSS 7, resemble those obtained in figure[9, indicating that a
quasi-steady flow regime is reached.
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