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SUMMARY

Numerical methods based on geometrical multiscale models of blood flows solve for averaged flow statistics
on a network of vessels while providing more detailed information about fluid dynamics in a specific region
of interest. In such an approach, a 3D model based on the Navier—Stokes equations posed in a domain with
rigid walls is often used to describe blood flow dynamics in the refined region. While ignoring elasticity
effects in 3D models is plausible in certain applications and saves computational time significantly, coupling
such models with 1D flow models may result in non-physiological phenomena in the computed solutions.
Thus, the immediate coupling conditions based on continuity of normal stresses, flow rate, pressure, or a
combination of thereof do not account for the inconsistency between elasticity effects in the 1D model and
the non-compliance of the 3D model. In this paper, we introduce and study an auxiliary absorbing 0D model,
which is placed at the interface between 1D and 3D models. A virtual device mimics the effect of the 3D
model compliance and hence reduces pressure wave reflection and instabilities caused by the inconsistency.
The absorbing model is developed from basic mechanical principles. As a result, parameters of the 0D model
can be designed based on hemodynamic data. We analyze the stability of the geometrical multiscale model
and perform several numerical experiments to assess its computational efficiency. Copyright © 2016 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

Geometrical multiscale modeling became nowadays a standard approach in computational hemo-
dynamics [1-6]. Multiscale models describe blood flow in a region of interest in necessary details,
while providing information about averaged flow statistics in other parts of the vascular system by
employing simplified 1D flow models. The multiscale approach is particularly useful to describe
complex vascular networks such as the circle of Willis [7, 8]. Because the vascular compliance is
the driving mechanism of pressure wave propagation, 1D vessels are typically treated as elastic. The
well-known 1D Euler equations are used to simulate the flow and pulse propagation in a vascular
network. The 3D hemodynamics is described by the Navier—Stokes equations of viscous incom-
pressible fluid. This full system of dynamic and conservation equations is often solved numerically
in domains with rigid walls, because this considerably reduces the computational complexity of the
problem. The major challenges of such multiscale approach are physiologically correct coupling of
basic 1D and 3D models as well as the development of stable and efficient numerical algorithms.
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A standard approach for coupling 1D and 3D fluid flow models is based on enforcing the con-
tinuity of the following quantities at the interface between 1D and 3D domains: normal stress,
flow rate, total stress, pressure, vessel cross-section area, or a combination of these quantities (e.g.,
[1, 4, 5,9, 10]). Applied to 1D-compliant—3D-rigid models, we call such an approach a hard cou-
pling, because it does not account for the inconsistency between elastic effects in the 1D model and
the non-compliance of the 3D model. The hard coupling is prone to non-physiological backward
pulse-waves generated at the interface [7]. A soft coupling introduces an auxiliary absorbing model
at the interface between 1D and 3D blood flow domains. The auxiliary model compensates for miss-
ing compliance in 3D and intends to eliminate the spurious phenomena. Thus, in [7], a OD electric
circuit model was suggested. Placed in-between blood flow models, it was found to reduce the spu-
rious oscillations significantly and to preserve the waveform of the cardiovascular signal reasonably
well over the coupling region. The success of that multiscale approach, however, requires a careful
tuning of the 0D model parameters, which is done in numerical experiments.

In this report, we introduce a 0D mechanical model. The model can be interpreted as placing a
(virtual) spherical balloon at the junction of two flow models. The balloon has a volume, and its
wall is elastic and has a mass. This virtual device is intended to simulate the effect of missing elastic
walls in the 3D model. We deduce governing equations and coupling conditions from transparent
mechanical principles. This gives several advantages; in particular, the auxiliary model parameters
can be derived from physiological data.

The material in the paper is organized as follows. In Section 2, we first review the 3D and 1D
flow models and several coupling conditions well known from the literature. After the introduction
of a 0D mechanical model in the same section, we explain how it is used for 1D-3D coupling. The
cumulative energy balance of the system is studied. Further, the choice of parameters for the model
is discussed. The discretization and algebraic solvers are introduced in Section 3. A second-order
time-stepping algorithm with independent time steps in 3D and 1D-0D domains is used to integrate
the system in time. To discretize the problem, we use a conforming inf-sup stable finite element
method for the incompressible Navier—Stoke equations and a monotone finite difference scheme
for 1D equations. This results in a sequence of systems of non-linear algebraic equations to be
solved. We use a fixed-point method and iterate between subdomains and the coupling conditions.
Finally, in Section 4, we experiment with the new multiscale model and compare soft and hard
coupling conditions.

2. THE 1D-3D COUPLED MODEL
This section reviews 3D, 1D, and 0D fluid models and describes the coupling of the models.

2.1. The 3D model

We treat blood as a viscous incompressible Newtonian fluid. Assume that the fluid occupies a
bounded domain Q C R3. We distinguish between the ‘open’ part of boundary and the no-slip—
no-penetration part (rigid walls), I'g. The open boundary is conventionally divided into the inflow
T, and the outflow I'y parts. The open boundary conditions are defined by setting the normal stress
tensor equal to given vector functions ¢ and y. These open boundary conditions are studied in [11].
Thus, the 3D model consists of the classical Navier—Stokes equations in pressure—velocity variables
with suitable boundary conditions:

p (5 + @ V)u) —vau+p =0
divu =0 inQ,
u=0 onTy, (D
V%—Pn=¢ on [y,
v% —pn =y only.

Here, n is the outward normal vector to d$2, u is the vector field of fluid velocity, p is the pressure,
v, and p are given fluid viscosity and density constant coefficients. The system is also supplemented
with initial condition u = ug (divug = 0) fort = 0 in Q.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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We remark that the notion of ‘inflow” and ‘outflow’ boundary is used here and further in the text
conventionally, because the inequalities u-n < 0 or u-n > 0 are not necessarily pointwise satisfied
on [, or Iy, respectively.

2.2. The 1D model

A 1D model of blood flow in a vessel is analogous to the model of viscous incompressible fluid flow
through a long elastic tube. It is derived from the 3D Navier—Stokes equations and mass continuity
equation assuming the small ratio of the diameter and the length of the tube (e.g., [12—14]). Denote
by x the coordinate along the centerline of the tube. Let w(¢, x) be the normal cross-section of the
tube at x. Denote by S(¢, x) the area of w(¢, x) and by u(¢, x) the axial velocity. We introduce the
mean axial velocity # and pressure averaged over cross section w(z, x):

i(t,x) = u(t,x)ds, p(t,x) =

p(t,x)ds.
S(l,x) w(t,x) S(Z,X) w(t,x)

We consider the model given by the following system of equations for unknowns S, u, p:

A(Si) ;
8+ P = o(t,x,S.1)
_d(u*/2+ p/p _ for x € [0, b]. )
33_1;+—( R ) =y (t.x, S, 1) [0.2]
45 = Pext‘i‘PC(%f(S)

Here, pex is the external pressure, ¢ (¢, x, S, #) is a function modeling the source or the sink of the
fluid. Further, we assume ¢ = 0 and pey = 0, so from now p has the meaning of the difference
between the fluid pressure and the external pressure. The term ¥/ (7, x, S, %) accounts for external
forces, such as gravity or friction. Following [15], we set { = —16viin(S)(Sd?)~1, § = S718.
Here, v is the viscosity coefficient, d is the pipe diameter, S is the reference area (in the hemody-
namic applications S is the cross-section area corresponding to zero transmural pressure), and r](S )
is a strictly positive function (see [9] for the particular choice of 7). The last equation in (2) relates
the pressure to the cross section area. The function f is defined by the elasticity model of the pipe
walls, cg is the propagation speed of small disturbances in the vessel’s wall material. It accounts for
unstressed vessels elasticity in the 1D model. We use the model from [15]:

ay exp(S‘—l)—l, S>1,
OE N ) @

Other algebraic defining relations linking the mean pressure and the cross-section area are known
from the literature (e.g., [14]). They are equally well suited for the purpose of this paper and require
a minor modification of the analysis. More sophisticated 1D models posed on vessels networks can
be found, for example, in [8, 16].

Initial conditions for (2) are set to be %|;—9 = ug, S|r=0 = So. System (2) is hyperbolic and can
be integrated along its characteristics. Two boundary conditions, one at x = 0 and one at x = b,
are enough to close the system.

2.3. The 1D-3D model: hard coupling

Assume the 1D flow model is coupled to a part of open boundary I' C dQ23p of the 3D flow model
(see the illustration in Figure 1).
The continuity of the normal stress on I" is one condition commonly imposed at the interface:

ou -
_V—
on P
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r
Qip Qb

x=a x=b

Figure 1. A simple multiscale 1D-3D model. Coupling conditions are prescribed for I" and x = b.

where n is an outward normal vector for £2;p. Condition (4) is natural for a weak formulation of
the Navier—Stokes equations written in convection or conservation forms. When prescribed on the
inflow and outflow boundaries, the boundary condition (4) corresponds to so-called pressure drop
problem [11].

The continuity of the flow rate is another standard condition at the interface:

/u-nds:—Szﬂx:b. &)
r

The pair of coupling conditions (4) and (5) ensures the mass conservation for the multiscale model.
At the same time, this choice is known to violate the energy balance of the system. Alternatively,
(5) can be combined with the continuity condition for the normal fotal stress [10]. Also the con-
tinuity of the fluid flux and the energy flux combination can be prescribed to deal with energy
inconsistency [9]:

p/u ‘nds + 2 / lu?(u- n)ds = — (ﬁSﬁ + BSiﬁ) leeb. 6)
2 2
I I

leading to the correct energy balance and hence to the fundamental energy estimate, at the expense
of global mass conservation.

The hard coupling of a 1D-elastic and the 3D-rigid models is sufficiently effective as a down-
stream coupling condition. However, it may produce reflected spurious pressure waves [14, 17],
especially if the interface is located upstream. The spurious oscillations may spoil the numerical
solution making it physiologically irrelevant. Therefore, one is prompted to look for more flexible
(soft) coupling conditions.

2.4. The 1D-0D-3D model: soft coupling

First, we deduce a suitable absorbing OD model. To this end, consider an elastic sphere 2gp of
volume V' = V(¢) filled with a fluid (blood). At any time instance ¢ € [0, T'], assume a homogeneous
pressure distribution in Qop. The variable pop = pop(¢) has the meaning of the difference between
fluid and external pressures for the sphere, and so pop can be non-positive. The reference volume
Vo for the sphere ‘at rest’ is prescribed for popp = 0. The kinematics of the sphere under the action
of fluid pressure is described by the following ODE

d?Vv dVv V-7
[ —— + Rg—
az TRt ¢

= Pop- @)

Here, the expansibility factor C and the resistance coefficient R characterize the elastic properties
of the sphere walls. The second-order term accounts for the inertia effects. The coefficient I is
positive, if one prescribes a non-zero mass to the elastic walls of the sphere; otherwise, one may
set I = 0. In [15], Eq. 7 was considered as a part of the dynamic heart model: each of the four
chambers was represented by an elastic sphere. Here, we use the hydraulic model as an auxiliary
one for the coupling of vessels networks.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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Qip Qop /P Q3p
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)
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Figure 2. The schematic coupling of Q1p, Qop, and 23p domains.

Similar to [7], we place the 0D model at the interface of 1D and 3D models. The virtual absorbing
device modeled by (7) is supposed to mimic the effect of the 3D model compliance and so to reduce
pressure wave reflection and instabilities caused by the inconsistency of elastic-rigid coupling.

Now, we couple the hydraulic model to 1D and 3D blood flow models. Because we treat the blood
as an incompressible fluid, the conservation of mass leads to the following equation for the rate of
volume change:

dv
e Oip — O3p, (8)

where Qp = Si is the fluid flux at x = b and Q3p = — [ u-nds is the fluid flux through I (from
Qop to 23p). Finally, we assume the Poiseuille law, which links the flow rate to the pressure drop:

P—pop = RipoppQip atx = b, 9)

pop — P = RopspQsp onT, (10)

where Ripgp and Rgp3p are the resistance coefficients. Thus, Eqs. 7-(10) form the complete set of
coupling and absorbing conditions. Figure 2 illustrates the new geometrical multiscale model.

Remark 2.1

For Ripop = Ropsp = I = Ry = 0 and C — 0, the relations (7)—(10) reduce to the hard 1D-
3D coupling based on the flow rate (5) and the continuity of pressure p = p. For the particular
case of I = Ry = 0, the model is formally equivalent (up to prescribing particular values to other
coefficient) to the electric circuit model with zero inductance from [7]. More important is that the
clear mechanical interpretation of the present multiscale model leads to the choice of parameters
based on physical properties of modeled fluids and materials. We also note from (7)—(10) that 1D
and 3D quantities do not depend on the prescribed value of Vj. Actually, the substitution V' —
V + 1} eliminates V} from the system and one can consider V' as the difference of initial and current
volumes of the sphere.

Remark 2.2

In practice, one may be interested in embedding the 3D domain in a 1D network of blood vessels.
In such a situation, coupling between 3D and 1D domains happens on both upstream and down-
stream parts of the 3D domain. The downstream part of the 1D network may influence the upstream
coupling by generating additional resistance to the impulse propagation. The studies in [7] show
that it can be necessary to introduce the 0D model also on the downstream interface. In the present
paper, we concentrate on upstream coupling, but also experiment with a 1D-0D-3D-1D configura-
tion, where 1D represents a single vessel. We plan to study the embedding of the 3D domain in a
1D network in the future.

2.5. Energy balance
It is well known that the energy balance of the system depends on the interface conditions [1]. There

was a significant interest recently in the design of 1D-3D models coupling conditions such that the

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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whole system dissipates energy in the absence of external sources (e.g., [9, 10]). Below we study
how introducing of the OD auxiliary model alters the energy balance of the system.

For the sufficiently smooth solution of the Navier—Stokes system (1), the following energy balance
holds:

i€3D(Z)+v||Vu||2+/P (£|u|2n—¢).uds+/ (

7 5 B|u|2n — y) -uds = 0,

out 2
with kinetic energy &p (1) = ’5’||u||2. Here and in the rest of the paper, || - || denotes the L?(2)
norm. Because the 3D model is rigid the kinetic energy equals the total energy here.
The 1D model (2) leads to the following energy equality (we assume ¢ = 0):
b P -2\[°

d - /e
a<€1D(z)—p/0 Sy(t,x, S, @) adt = — Si (p+5u )‘0 (11)

with the energy functional

o [P b S
51D(I)=5/0 Sﬁzdx—i—/o /g f(s)dsdx.

For f(S) given in (3), the second term in the definition of & p(¢) corresponds to the free energy
of the elastic walls and is always positive, making &;p(¢) positive for all # > 0. The choice of
¥ (t, x,S,u) ensures that the second term on the left-hand side of (11) is positive as well.

For the potential and kinetic energy of the linear harmonic oscillator described by Eq. 7, we have

(V = V)2 I favy?
T Ekinop(t) = = 2 )

gpot,OD ([) = 5

Using (7)—(8), we compute for the rate of change of the total energy of the elastic sphere:

i50D(f) =

— a7 R it ardar
dt dt C dt di?z ~ dt 0 dt di?

vV -Vo _dVdV _dv 42V av 4V d2v
poo =173 dt

dv dv

= W (pOD — ROW) = (QID — Q3D)pOD — RO(QID _ QSD)Z-

From (9)-(10), we compute pop = %( P+ p+ Ropsp Osp— Ropip @ 1p)- Substituting these equalities
into the previous expression, we get after straightforward calculations

d 1 1
EEOD(I) =7 (Ropsp + Ropip + 4Ro) (Q1p — Q3p)? — 1 (Ropip — Ropap) (0% — O03)

I _
+t3 (P + p)(Qip — Q3p)-
To see more explicitly how the coupling conditions enter the energy balance, let us assume no
inflow or outflow through the open end of 1D model and the open boundary of the 3D model. For

further cancelations, set the resistance coefficients equal: Ry = 2Ropip = 2Rgp3p- Using the
definition of fluxes, we get

d
77 &) +E1p(1) + Eop (1))
b
— ulVul® 4 p [ (xS0t~ §(Rusa + 4Ro)(Qip — Qi)
0

ad 1
—/F (§|u|2n—v£ +pn) -uds — Qip (15 + gﬁz) + E(ﬁ + p) (Qip — O3p)
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b
o 1
= —v||Vu|? + P/ Sy (e, x, S, u)udt — Z(Rtotal + 4Ro)(Q1p — Q3p)?
0
P2 P, 1
- §|u| (n-u)ds — QIDEM -3 (p—p)(Qip + Osp).
r

From (9)~(10), we get p — p = Rop3pQ3p + RopipQ1p = 3 Riow(Q3p + Q1p). Substituting into
the previous expression, we obtain the following balance for the cumulative energy of the system:

d
7 (&Ep(t)+Eip(t) + Eop(t))
b 1
= —v||Vu|? + :0/ Sy(t,x, S, u)udt — Z(Rtotal + 4Ro)(Q1p — Q3p)? (12)
0

1 _
— ~Riw(Qip + O3p)* — / £|u|2(n ‘u)ds — QngUz
4 r2 2

Energy balance for the hard coupling follows from (12) if one sets Ry = Ro = 0. We note that the
multiscale coupling introduces additional dissipation both through positive Ry and positive Rig,-

2.6. The choice of parameters

Assume that the OD model is introduced to mimic the compliance of a vessel segment of the ref-
erence length /; and the elasticity properties of the vessel can be approximated by the constitutive
Eq. 3. Following [18], the choice of resistance coefficients Ripop and Ropsp can be done based on
the characteristic impedance of the 1D model

PCo
Ripop + Ropsp = K (13)

Performing experiments, we found that the distribution of the resistance between Rjpgp and Roypsp
does not influence the results in any significant way. The total resistance appears to be important.
Now we discuss how to choose another important parameter: the virtual elastic sphere expansi-

bility factor C. First, from Eq. 7 for I = Ry = 0, we get

l _ Apop

cC AV
Because the 0D model should account for the missing vessel compliance, the change in the volume
of the sphere can be assumed equal to the change of (averaged) cross-section times the reference
length of the rigid domain, AV = A(l/S). For the change of OD pressure, we assume the same
constitutive Eq. 3 to be valid. Hence, we get

L Alpeg £(S) _ p_053f(5).

cC  AUS) S
One computes
f(S) [ S Vexp (S§—1 — 1), for S > S
98 S71, forS <5.
Assuming small deformations, it holds
IS <4
— ~ 5.
aS
Thus, for the case of small deformations, we arrive at the expression for the expansibility factor
IS
c=" (14)
pbCy
Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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In numerical experiments, we observed that coefficient C and the value of total resistance
Ripop + Ropsp are important for a suitable performance of the coupled system. We experimented
with several values of Ry > 0, but did not see a notable difference in results, at least with coefficients
Ripop, Ropsp and C chosen based on the aforementioned formulae. Numerical results presented in
Section 4 were computed with Ry = 0. We are considering zero inertia (I = 0) of the 0D model
walls. This parameter choice makes the coupling conditions formally equivalent to those from [7].
It is the choice of other parameters (and numerical method) that differs from the present approach.
It is possible that applied to different hemodynamic problems, other than that studied in Section 4,
one would benefit from another (non-zero) choice of Ry and /. We shall look for and study such
problems elsewhere.

3. DISCRETIZATION AND ALGEBRAIC SOLVER

In this section, we explain our time-stepping algorithm and an iterative domain decomposition
method.

For the hyperbolic equations in 1D domain, the time step is constrained by the Courant condition,
and in our application, Aty p turns out to be close to 107>, Using the same time step for computing
the 3D model is prohibitory expensive. Hence, we use different At;p and Atzp for 1D and 3D
parts of multiscale model, respectively. Typically, it holds Atjp < Atzp. We note that using an
unconditionally stable implicit scheme is possible for 1D equations. However, this leads to large
coupled systems in the case of 1D graph of vessels. Thus, we consider it important to couple 3D
solver with 1D explicit method.

We associate the nth time step in 1D with the Nth time step in 3D if it holds (n — 1)At;p <
NAtzp < nAtyp. Assume that the numerical solution is known for 7, = kAt3p,k = 1,...,N in
Q3p and Qop, and for ty = kAt;p, k = 1,...,n in Qp. We compute numerical solutions of the
coupled model at Ty 4+1 in 23p and Qop and for 1y, k = n 4+ 1,...,n + m in Qip (m is such that
(n+m—1)Atip < (N + 1)Atzp < (n + m)At1p). This is done with the help of the iterative
domain decomposition algorithm below.

3.1. Iterative domain-decomposition method

Index i will refer to inner iterations. The inner tolerance is ¢ > 0, the maximum number of iterations
is denoted by Nier, and y € (0,1] , @ € (0, 1] are the relaxation parameters. We shall use the
notation pi € R for the ith iterate to the value prescribed on T" as a boundary condition for the 3D
problem.

We initialize Q9,(Tn+1) = Qin(Twn), VO (Tn+1) = V(Tn), Qlp(Tn+1) = Qsp(Ty) and

iterate fori = 0,1,2,..., while |p§f51(TN+1) - pgD(TN+1)| >eand i < Nigr:

Step 1. Using (8), calculate the fluid flux at the downstream end of the interval €2p:

. . : av'
0! (T41) = (1 =) Qip(T4n) + 0 [Q;Dmvm (%) (TNH)] .

Step 2. Integrate 1D problem (2) for ¢ € [Ty, Ty+1], with a given fluid flux or velocity as an
upstream condition at x = a and the downstream condition given by

Qip(t)' = h(Qin(Tn), Q5 (Tn+1),tk), k=n+1,...,n+m, atx =b,
where h(b(t1),b(t2),t3) interpolates values b(f1), b(f) at time t3. Hence we also obtain

PUTN 1) |x=p-
Step 3. Because we assume the inertia coefficient / equals zero, Equations (7), (8), and (9) lead to

VIt Ty 11) = Vo + C (p' (Tv+1)]x=p — (Ripop + Ro) Q15 (Tv+1) + Ro Qi (T +1)) -

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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Now the time derivative of V' can be approximated. In our implementation, we compute

dv\'t! VI (Ty11) — 4V(Ty) + V(Ty—
av (Tys1) = (Tn+1) (Tn) ( 1)_ (15)
dt 2Atp
Step 4. Substituting (8) and (9) in (10), we deduce for the pressure on I':
i+1 _ i i+l
Pip (In+1) = (A — ) psp(Tn+1) + (P (TN+1)|x=b
. dV i+1
—(Ripop + Ropap) Q13" (T +1) + Ropap (E) (TN+1)) .
Step 5. Solve the linearized 3D Navier—Stokes problem in Q3p foru¥ 1 ~ w(Ty 1) and pV*1 ~

P(Tn+1):

3uN 4oy 4oVl

241 + uY —uV ). vVt pAN L 4 v p N = pNHL

diva¥tl =0,

N+1 i
uV*p, =0, (‘VBHT + pH! n) I, = Pip  (Tv+1),
N+1
(=025 + pYHn) I, = ¥ (Ty10)m.
(16)

Step 6. Finally, calculate the 3D fluid flux:

Ty = /uN+1 - nds.
r

‘We note that instead of (10) we enforce in (16) the condition

ou
(pop — p — Rops3pQ3p)n = —v— onT,

on
which reduces to (10) only for vanishing viscosity. Although v > 0 in the model, we use the
aforementioned condition, which is somewhat more convenient for a variational formulation of the
3D problem, because it corresponds to the ‘do-nothing’ condition [11].

3.2. Spatial discretization

For the numerical integration of the 1D model equations, we use the grid-characteristic method [19].
The first order scheme applied to the characteristic form of (2) is conservative, monotone and con-
tains essential dissipative terms for handling non-smooth solutions ([15, 20]). For the 3D model,
one has to solve on every time step the linearized Navier—Stokes equations, also known as the
Oseen problem:

pu—vAu+ (w-V)u+Vp =f )
diva =0,  0§%D
’ (17)

ulFO = 0’ (Ug_:: - pn) |FinUFn\n = ¢

whereu = uV !, p = pN*1 £ = QAN (4u” —u* '), w = Qu* —u"}), B = 3(2A1)~!, and
the boundary value ¢ is defined from the OD model and outflow condition.

To discretize the Oseen problem (17), we consider a conforming finite element method. We
assume a regular subdivision of €2 into tetrahedra. Denote the finite element velocity and pressure
spaces by V, C H'(Q3p)? and Q;, C L?(Q3p), respectively. In numerical experiments, we use the

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
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Taylor-Hood P2-P1 elements. Let V,? be the subspace of V;, of all FE velocity functions vanishing
at 'y N Tp. The discrete problem reads: Find uy, € Vj, uylr,, = uﬁ], and p;, € Qy, satisfying
/ (Buy, - vy, + vVuy, : Vvy + (w- Vuy) - vy — ppdivyy, + gpdivay) dx
“ (18)
=/f-vhdx+/ ¢ -v,ds VvheV;?,qhth.
Q Tin Ul oue

The resulting discrete Oseen system is solved by a preconditioned BiCGstab method with rel-
ative tolerance in residual of 107®. For preconditioning, we use the two-parameter threshold
ILU factorization from [21]. This linear algebraic problem is solved on every iteration of the
domain-decomposition method.

4. NUMERICAL EXPERIMENTS

We start with verifying the formal accuracy of our discretization and the performance of algebraic
solvers. For this purpose, we first experiment with a known analytical solution. Further, we run
several tests with smooth and discontinuous waveforms posed on the inlet of the 1D model. These
tests were suggested in [7] for the purpose of assessing the quality of multiscale coupling conditions.
Finally, we study the performance of the geometrical multiscale model for the simulation of a blood
flow in a digitally reconstructed right coronary artery.

4.1. Experiment with analytical solution

The purpose of this experiment is to test the performance of the numerical solver for the 1D-0D-3D
model in terms of discretization accuracy and iterative methods convergence. Hence, in this experi-
ment, we do not compare the 1D-0D-3D model with the 1D-3D model. For this experiment, we take
Qip = {x € R3|x € (—1,1), y? + z? < 1}. The circular cross sections are the inflow and out-
flow boundaries. Domain p is an interval of length 5; it is coupled to ['j, = {x € Qsp |x = —1}.
The analytical solution is given by

S — §palcos (ﬂ27rt)—1)’ U = qe—(cos (B2m)—1) (1 _ gos (}32711?)—1) , p= C(%Ol (cos (B2mt) — 1),

o . e~ 08 (B2mt)+1
V= a(cos (B2rt) — 1) + — (e_“’s(’gz’”)Jrl — 1) , V=B2nsin(B2nt)a| ——— — 1],
c C

2
0 0

2 [~ e—cos(ﬂﬂt)—i—l T
u=|—[ Sa (1 - e°°s(’32m)_1)—,3271 sin (B2n7t)o — 1 (1 — y2 — Zz) ,0,0] ,

T Co

2 —cos (B2mt)+1
p=c2a(cos (B2mt) — 1) — ‘%Ta sin (827 1)ae™ <08 (B270)+1 <e—2 - 1) +10(=1—x),
Co

with = 0.11 and 8 = 10. To match 1D, OD, and ‘32D m?dels in this example, we set the model
coefficients as follows Ripop = —Ropsp = —% (Ripop < 0 is not likely to occur in
physiologically meaningful models, but here is set negative to obtain analytical solution), C = c%

0

The flow problems parameters are S = 7 cm?, p = 1 gem™2, ¢ = 350 cms™!, v = 0.04 cm?s™ 1.
The solution satisfies all coupling conditions from Section 2.4. The right-hand sides ¢, ¥, and f
were set accordingly. Thus, we built a synthetic solution to the 1D-0D-3D coupled problem. We
shall study the convergence of a discrete solution to this synthetic solution.

The 3D domain was triangulated using the global refinement of an initial mesh. This resulted
in the sequence of meshes (further denoted by mesh 1, mesh 2, and mesh 3), with the number of
tetrahedra Ny.; = 1272, 8403, and 63,384, respectively. Because we use the first-order scheme for
the 1D problem, the mesh size and the time step for the 1D model was divided by 4 at each level
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Table I. Error norms in Q3p for the test with the analytical solution. Error
reduction orders are given in brackets.

3D
Mesh 1 Mesh 2 Mesh 3
max ] e —uplly2 8.00E-002  2.02E-002 (1.98) 4.50E-003 (2.17)

tel0,T

(f0T|\V(u—uh)||2dt) 3.90E-001  1.05E-001 (1.89)  2.77E-002 (1.92)

D=

1
( ST = uy ||2dt) 2 8.10E-002  2.10E-002 (1.94)  5.32E-003 (1.98)
1
(_[OTH »— i ||2dt) 2 1.11E-003  2.72E-004 (2.03)  6.79E-005 (2.01)
Nglob 1.2 14.5 40.5
Niin 8.2 15.4 30.4
X 0.4 0.4 03

Table II. Error norms in €2;p for the test with the analytical solution.

1D

Mesh 1 Mesh 2 Mesh 3

1
(fOTHu—uthdt)z 1.11E-000  2.59E-001 (2.10)  6.66E-002 (1.96)

1
(fOTHS—Sh||2dt)2 3.48E-004 7.03E-005 (2.31) 1.86E-005 (1.92)

Error reduction orders are given in brackets.

of 3D refinement, that is, (Ax);p = 5/16,5/64,5/256 cm and At;p = 107°,2.5 x 107, 6.125 x
10~7 s (for all other experiments we use Af;p = 107>). The time step for the 3D model was
halved for every level of spacial refinement, so we use Atzp = 0.008,0.004, 0.002 s with mesh 1,
mesh 2, mesh 3, respectively. In computations, boundary and initial conditions are taken from the
known exact solution. Soft coupling conditions with parameters as previously defined are used on
the interface between 1D and 3D.

The natural norms for measuring error in Q3p are C((0, T'); L?(Q3p)) and L2((0, T); H'(Q3p))
for velocity and LZ((0,T);L?*(Q3p)) for pressure. These norms and, additionally,
L2((0,T); L*>(Q23p)) for velocity error are shown in Table 1. Table II shows error norms in p.
Time integrals in the definition of the norms were computed approximately using a quadrature rule,
for example, we compute

T N
190w des A Y V@A) ~ ) s,y N = TN
n=1

In Table I and further in this section, Ng;,p denotes the average number of domain-decomposition
iterations (Section 3.1), and Nj;, denotes the average number of the preconditioned BiCGstab itera-
tions for the Oseen problem on every outer iteration; y is the parameter of relaxation. The relaxation
parameter w is equal to 1 in this series of experiments. Values of relaxation parameter y from the
Table I are optimal. They provide the minimal number of the average global iterations. The depen-
dence of the number of global iterations on the choice of the relaxation parameter y is illustrated in
Table III. Because this test intends to verify the formal accuracy of the solver for the case of 1D-
0D-3D solver rather than to compare different coupling strategies, we do not show results with hard
coupling for this test.

4.2. Sinusoidal pulse wave
In this test, we take 2p to model a vessel with radius 1 cm and length 5 cm; likewise, 23p is a
cylinder with radius 1 cm and length 5 cm; for the elastic sphere, 2¢p the reference cross section

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
DOL: 10.1002/fld



T. DOBROSERDOVA, M. OLSHANSKII AND S. SIMAKOV

Table III. Average number of global iterations Ng;,p depending on the relax-
ation parameter y for the test with the analytical solution for a sequence of
refining meshes.

X 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Mesh 1 - - 583 265 167 128 112 154 244 489
Mesh2 433 414 275 210 174 149 145 212 327 644
Mesh 3 - - 795 722 654 581 482 405 416 76.0

Table IV. Parameters of 0D model depending on the elas-
ticity of 1D vessel.

co,cm/s  C, g_1~cm4-2 Ripop + Rop3p, g-cm_“-s_1

350 2.5E-6 111.5
700 6.3E-7 223
1050 2.9E-7 334

area and the length, that is, § and [ in (14), are taken 7 cm? and 0.1 cm, respectively. A uniform
tetrahedral mesh consisting of 19681 elements is build in €23p. A sinusoidal waveform for the flow

rate is prescribed at the inlet:
. 2
Qin = 0.1sin (ﬁt) .

Flow parameters are taken to be p = 1g-cm™3, v = 0.04cm? - s~!. On the outflow boundary
of Q3p, we set y = 0, and the initial condition represents fluid at rest. Numerical solutions are
computed with three different values of the 1D model elasticity parameter: ¢ = 350, 700, or 1050
cm/s. Parameters of 0D model are prescribed following the analysis in Section 2.6, resulting in the
values shown in Table IV.

We compare numerical results for the following models:

e 1D-3D flow model: The continuity of the normal stress and fluid flux on the coupling interface
is enforced (hard coupling).

e 1D-0D-3D flow model: Coupling parameters as in Table IV (soft coupling).

e 1D flow model: The computational domain is a vessel of 10 cm with non-reflective outflow
conditions as defined in [22].

Ideally, one would like to compare all computed results to the full 3D FSI solution. In the absence
of this data, we consider a vessel of length 10 cm and non-reflective outflow condition [22]. In this
problem, we do not observe backward waves like in case of rigid walls.

Figure 3 shows time plots for the flow rate and cross-section area at the 1D-3D model interface
and compares them with the reference graph. From the results, it is clear that the multiscale model
with soft coupling provides much more accurate solution with significantly reduced oscillations. As
should be expected (assuming that the 3D model replaces a compliant vessel with same elasticity
properties as modeled by the 1D system), increasing the stiffness of the 1D model leads to the better
matching of the 1D-0D-3D model solutions and the referent solution.

From numerical experiments, it occurs that the accuracy of the soft coupling is most dependent
on a suitable choice of the total resistance Ry = Ripop + Ropsp. Experimenting with various
distribution of R, between Ripgp and Rop3p demonstrated less than 1% difference in the results
for flow rate and p3p on the interface. Hence, further, we set Ropsp = 0 and vary Ripop. To
illustrate this and to assess the optimality of the choice based on (13), we experimented with dif-
ferent values of the total resistance and monitor the error between the computed solutions and the
reference solution. Thus, Figure 4 shows the L? norm of the error in the cross-section area and
the flow rate at the interface. It is remarkable that the choice of the total resistance given by (13)
is (almost) optimal with respect to both error indicators. The conclusion appears to be true for all
co € {350cm/s, 700cm/s, 1050cm/s} .
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Figure 3. Time plots of the cross-section area and flow rate at x = b computed with different models: (1)

1D-3D (hard coupling), (2) 1D-0D-3D (soft coupling), and (3) reference. Results are shown for several 1D

elasticity parameters: Plots (a) and (b) are for co = 350 cm/s; plots (c) and (d) are for co = 700 cm/s; and
plots (e) and (f) are for co = 1050 cm/s.

4.3. Step pulse wave

We perform a series of experiments using the same flow models and parameters as above, but with
a difference inflow waveform:

19
0 for t > 0.1. 19

0.1 for t <0.1,

in =
Figure 5 shows time plots for the flow rate at the 1D-3D model interface and compares them
with the reference graph. Similar to the previous series of experiments with smooth waveform, the
results show that the multiscale model with soft coupling provides a much more accurate solution.
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Figure 4. Error L2 norms for (a) cross-section area (S) in cm? and (b) flow rate (Q)in cm3-s7! depending
on the choice of Ripop (measured in g-cm_4~s_1) in the 1D-0D-3D model for ¢cg = 350, 700, 1050 cm/s.
Circles mark results obtained with the choice of Rpop according to (13).
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Err (Q)
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0 0
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Figure 5. Step pulse wave experiment: Two upper figures show error L2 norms for (a) cross-section area (S)
in cm? and (b) flow rate (Q) in cm3 - 57! depending on the choice of Ripop (measured in g~cm_4-s_1) in
the 1D-0D-3D model for cg = 350, 700, 1050 cm/s. Circles mark results obtained with the choice of Rpgp
according to (13). Figure 3(c)—(d) show time evolution of the flow rate at x = b computed with different
models: (1) 1D-3D (hard coupling), (2) 1D-0D-3D (soft coupling), and (3) reference. Results are shown for
several 1D elasticity parameters: Plot (c) is for co = 700 cm/s, and plot (d) is for co = 1050 cm/s.

Handling the discontinuity of the incoming wave is challenging for coupling conditions. Although
oscillations are present in the 1D-0D-3D model numerical solution, the solution captures the larger
scale pattern, while the hard coupling results in the lost of this principle information. Again, the
choice of the total resistance given by (13) is close to optimal with respect to error in both flow rate
and cross-section area for all ¢y € {350 cm/s, 700cm/s, 1050 cm/s}.
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Further, we experiment with the same inflow waveform, but different values of the expansibility
parameter C in the OD model. The choice of the first relaxation parameter v = 1 does not lead to
convergent iteration for larger values of C. Table V shows the number of average global iterations
depending on the values of C and w with fixed y = 0.4. The ‘-’ sign indicates no convergence.

Additionally, we couple to the downstream part of the 3D domain a simple 1D domain represent-
ing a single vessel of length 5 cm. For downstream coupling, we used boundary conditions (4)—(5)

Table V. Average number of global iteration depending on the relaxation parameter w for C increased 10 or
100 times, and ¢ = 350, 700, 1050 cm/s.

10 100
C =2.5E-5 C =6.3E-6 C =29E-6 C =2.5E-4 C =6.3E-5 C =29E-5

@ c=350cm/s ¢=700cm/s ¢ =1050cm/s ¢ =350cm/s ¢ =700cm/s ¢ = 1050 cm/s
0.9 - - 34.7 - - -
0.7 - 20.2 14.4 - - -
0.5 27.1 17.3 13.4 - - -
0.3 20.9 16.0 17.6 - - -
0.1 28.7 333 29.9 - 232 22.6
0.09 - 23.4 232
0.07 29.3 24.3 232
0.05 23.9 25.5 24.1
0.03 25.9 30.2 37.6
0.01 48.3 84.04 98.0

Q1D (before 0D)

Q1D (after 3D)

Q, cm”3/s
Q, cm”3/s

T
i
i
i

e

Q, cm3/s
Q, cm”3/s

Figure 6. Time evolution of the flow rate in the step pulse wave experiment with co = 700 cm/s in Figure

6(a)—(b) and co = 1050 cm/s in Figure 6(c)—(d). Figure 6(a) and (c) show the 1D flow rate before 0D

model on the upstream 3D boundary, while Figures 6(b) and (d) show the flow rate at the downstream

3D boundary. Each figure shows graphs of the flow rate computed for different values of the elasticity
parameter C in the OD model.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
DOL: 10.1002/fld



T. DOBROSERDOVA, M. OLSHANSKII AND S. SIMAKOV

and the splitting numerical algorithm described in [9]. The effect of choosing larger expansibility
parameters is illustrated in Figure 6. The plots in Figure 6 show the 1D flow rates before 0D model
and at the downstream 3D boundary. The increasing of C by a factor of 10 compared with the
one given by (14) with / = 0.1 leads to quite similar results, while the values large by a factor
of 100 significantly smear the computed solution and increase the time shift compared to the
reference profile.

4.4. Flow in a right coronary artery

Finally, we study the performance of the new geometrical multiscale model for the simulation of a
blood flow in a right coronary artery. The 3D part of the artery is treated as rigid; so in this model
example, the variation of exterior pressure due to the cardiac muscle contraction is ignored. The
geometry of the 3D flow domain was recovered from a real patient coronary CT angiography. The
ANI3D package [23] was used to generate the tetrahedral mesh (Figure 7). The diameter of the
inlet cross-section is about 0.27 cm, and the whole domain can be embedded in a parallelogram
with sides 6.5cm X 6.8 cm x 5 cm. The mesh consists of 120,191 tetrahedra leading to the discrete
system for the 3D flow problem with 623 883 of unknowns. Other 3D model parameters are v =
0.04cm?/s, p = 1g/cm. The 1D domain Qp represents a single vessel with length 1 ¢cm and
diameter 0.27 cm. The speed of small disturbance propagation in the wall of a coronary artery was
found 1,312 cm/s [24]. This defines the elasticity c¢g parameter in our 1D model. The inlet velocity
waveform is shown in Figure 8; it was suggested in [25] on the basis of clinical measurements (see
also [26]). This waveform is used to define the flow rate at the left boundary of the 1D model. The
Neumann boundary condition —v(Vu) - n + pn = 0 was imposed on all outflow boundaries of the
3D domain. One cardiac cycle period was 0.735 s.

Parameters of the 0D model were computed from (13), (14) as follows: C = 3.5-107°
cm*. s2. g71 (length of vessel represented by OD model is assumed to be 0.13 cm, equal to radius
of the 1D vessel), Ripop + Ropsp = 17894 g- s™!- cm™. For the linear solver, we used the pre-
conditioned BiCGstab method and the two-parameter ILU(z, 12) preconditioner, with 7; = 0.03,
Ty = 7112 (see [21] for more details); y = 0.5 was taken in the domain—decomposition iterations.
The time step in the 1D model was equal to 107> s and in the 3D model (At)3p = 2.5- 1073 s.
This results in the average numbers of 10 outer and 150 inner iterations per 3D time step.

The results of computations are shown in Figures 8 and 9. When the 1D-0D-3D multiscale model
is used, both the flow rate and the vessel cross-section area on the interface follow the waveform
prescribed on the inlet with minor oscillations. For the hard 1D-3D coupling, the oscillations on the
1D-3D interface are somewhat more pronounced. For this experiment we do not have a reference
solution. Velocity and pressure fields computed in the 3D part of the model both look reasonable
(Figure 9).

Figure 7. Multiscale 1D-0D-3D model of the right coronary artery.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2016)
DOL: 10.1002/fld



MULTISCALE COUPLING OF COMPLIANT AND RIGID WALLS BLOOD FLOW MODELS

Q_in Q1D
. 08 T
a—
o7t
06
£
by & o5t
£ <
5] £
c °
£ g o4
a
03
02
02 . 04 . .
0 0.1 0.2 03 0.4 05 0.6 0.7 0. 0 0.2 04 06 0.8 1 1.2 14 16 1.8 2
ts ts
0.0596 T 0.0596
0.0595 - 00595 -
0.0594
0.0594 |
0.0593
0.0593 -
o N oose2 [
£ £
E 00592 g
) o 00591
0.0591
0,059 -
0,059
0.0589 |-
0.0589 0.0588 |
0.0587

0.0588
0

Figure 8. Upper-left: the velocity (flow rate) waveform on the inflow of 21 p. Upper-right: flow rate com-

puted on the interface (with soft coupling) over few cycles. Bottom-left: vessel cross-section area computed

on the interface (with soft coupling) over few cycles. Bottom-right: the difference in computed cross-section
areas with soft (solid line) versus hard (dotted line) couplings.
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Figure 9. Top picture shows selected steamlines colored by the velocity absolute value (cm/s) at time 1.6 s;
Bottom picture shows the pressure distribution (gcm ™! s~2) at time 1.6 s

5. CONCLUSIONS

To suppress numerical oscillations resulting from coupling 1D compliant and 3D rigid blood flow
models, we introduce a 0D model on the 1D-3D interface. This auxiliary system of ODEs models
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the kinematics of an elastic sphere under small deformations. The studies show that the model
acts as an absorbing device and, to a certain extent, mimics the missing compliance of the 3D
model. The system of ODEs depends on several parameters. The paper demonstrated that these
parameters can be chosen based on simple mechanical principles, and the choice appears to be close
to optimal. Numerical experiments show that for a smooth waveform the multiscale model is able
to preserve the flow rate and cross-section area at the interface with a high level of accuracy. For the
waveform with discontinuity, oscillations are not removed completely, but the principle information
is correctly preserved. We use a domain-decomposition approach to iterate between subproblems
for the coupled solution. The convergence of the iterations was found sensitive to the value of the
parameter C in the OD problem. Further research is required to search for a more robust iterative
algorithm. At the same time, a Krylov subspace method with a special ILU type preconditioner
was very efficient to solve linearized 3D flow problem in such geometries like a reconstructed right
coronary artery. Treating walls of the 3D model rigid is crucial for gaining this 3D solver efficiency.
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