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Abstract

A non-stationary flow in a network of thin tubes is considered. Its one-dimensional approx-
imation was proposed in a paper by G.Panasenko and K.Pileckas, Flows in a tube structure:
equation on the graph, JMP (2014). It consists of a set of equations with weakly singular
kernels, on a graph, for the macroscopic pressure. A new difference scheme for this problem
is proposed. Several variants are discussed. Stability and convergence are carefully investi-
gated, theoretically and numerically. In addition, numerical results are compared to the direct
numerical solution of the full dimension Navier-Stokes equations.

Key Words: Navier-Stokes Equations, Asymptotic models, weakly singular kernels, multi-scale
problems.
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1 Introduction

Modeling and effective computations of viscous flows in networks of thin pipes are important topics,
notably in microfluidics and flows in blood vessels. Because of the complexity of the geometry of
such 2D or 3D networks, it is important to have simplified, but relevant, models for these flows,
and then efficient schemes for solving them numerically. The main aim of the present work is to
design and study numerical schemes for such a simplified model which was obtained by Panasenko
& Pileckas, and consists in a time dependent, non local in time diffusion equations for the pressure,
set on a 1D-graph, with appropriate (Kirchhoff) junction conditions on the vertices of the graph.
It is described in [I9] and mathematically justified in [21], by letting the diameters of the pipes
tend to zero, with appropriate scalings on the data. Also, we compare numerically the original
multidimensional problem with its simplified version, in order to establish the relevance of this
limit model [19].

Let us go first more into detail about this modeling. Stationary laminar incompressible viscous flows
in a thin tube were first studied empirically [25] and theoretically [7] in the nineteenth century. They
were described by the stationary Poiseuille profile. However, the time scale of the phenomena may
prevent stationary approximation to be valid as noticed by Womersley [32] for blood flows. In that
case, one needs to use a time-dependent Poiseuille type profile: a Womersley profile. Pileckas et
al. [24,[10] [I8] studied the behaviour of the incompressible Navier-Stokes equations in an infinite tube



when the diameter of the pipe is small, proving the existence and relevance of the time-dependent
Poiseuille profile in a quite general setting. Panasenko & Pileckas studied the incompressible Navier-
Stokes equation in a network of thin tubes, when the flow is stationary [I6, 17, 20, 22] or time-
dependent [20, 2I]. In that case of non-steady Navier-Stokes equations in the tube-structure,
similarly to [24] 10, 18], they obtain ([I9, 21]) a limit, simplified model retaining this Womersley
effect. The model consists in a one dimensional, nonlocal in time, diffusion equation on the 1D-
skeleton (or graph) of the initial structure for the pressure, coupled with heat equations set in
rescaled cross sections of the tubes of this initial structure, with Kirchhoff type conditions at the
vertices of the graph and the continuity condition for the pressure.

The main aim of the present paper is to propose and study a numerical scheme, with several variants,
for this model. We show convergence and stability without any special restriction on the shape of
the cross sections of the tubes. An important point in designing the schemes is that in the coupling
mentioned above the heat equations in the cross sections can be solved explicitly with respect of
the gradient of the pressure, allowing to rewrite the equations for the pressure on the edges as
diffusion equations with convolution in time. In designing the schemes, we have to pay a particular
attention on how to discretize this couplings, or convolution products. Different possibilities are
investigated : exact kernels for special geometry of the cross-sections, numerical approximation on
the kernels for general cases, with order 1 or 2 in time, with of without corrections for small times,
using asymptotics for small times obtained in the second part of this work [g].

At this point, let us underline that this work is in two parts: properties of the kernels are investigated
in detail in a forthcoming paper ([8]). However, as mentioned above, some of these properties are
used in the numerics of the present paper.

Last, we also check the convergence numerically and compare the asymptotic model with the directly
numerically solved Navier-Stokes equations.

Let us mention well-known alternative models for network of pipes, considered for instance in
[1L 6], @1 [11), 28], 291 [31]. These models are hyperbolic on the graph and are designed for a different
context (high Reynolds number, elastic walls, as in arteries) than ours (modest Reynolds number,
rigid walls as in arterioles). See [I9] [2T] and the just mentioned references for detail.

Now, the plan of the paper is as follows. In Section, we recall the original and limit models in [19] 21]
and give a brief presentation of our scheme. In Section we present a few notations and the weak
form of the equations on the graph and prove a few additional regularity results that are needed in
this paper. In Section [3] we go more into detail about the discretization: the scheme as presented in
Section 1 is derived from the weak form as a Galerkin method; we show coercivity (and continuity)
of that approximate bilinear form; we give a few words on the discretization in the cross sections (the
details been given in the second part of this work [§]); and last some remarks on the implementation
of the scheme. Section [4]is devoted to the main results : convergences of the scheme and rates of
convergence, in relation with the accuracy on the approximation of the kernels: Theorems 1 and 2
and Corollary 1. Section [5]is devoted to the presentation of numerical results : comparison with
exact test cases and comparisons with full 3D Navier-Stokes equations.

1.1 Thin tubes structure

We first describe a d-dimensional thin tubes structure, where d € {2,3}. Let Oy, ... Oy be different
vertices of R?, ey,..., en closed segments ej = [O4;0Oy,] connecting these vertices. We assume
that these edges can only intersect at vertices. The end points of the skeleton of the graph, that
is the vertices that belong to a single edge are denoted by Oq,...,0p, (0 < Ny < N — 1) while
OnN,+1,---,0n corresponds to junctions between the pipes. We fix a positive orientation for all
edges e; = [O;;O;] as the direction from O;; to Oy;. For simplicity, we use the same notation e;
for the vector O;; Oy, as for the edge.

Let 01, ..., 0 be smooth domains of R4~! representing the cross-sections of the pipes. The variable
in the cross-section direction is denoted with a hat: # € R*™. Let R(¢1), ... R™) be rotations in
R? such that:

RED(0,]ej]) = ;.



Figure 1: Example of thin structure when d =2, Ny =6, N =8, M = 7.

Let wny+41,-..,wn be bounded domains of R? containing 0 which represent the junctions of the
tubes and define the initial d-dimensional network of tubes as :

N N
o = ( U (OiJrewi)) U U O;, + R (0, %]0, |e;][)

i=N;+1 j=1

Ny
We assume that, for € small enough, Q€ is connected, smooth except at the end sections U R(ej)(eaaj X
j=1

{0}). Last,

(o]
|
=
L

<
I
—

is the graph of the structure.

We now, states the equations of the model we are dealing with. These equations are set on the graph
B and were obtained in [21I] by passing to the limit as € tends to 0 on the following incompressible
Navier-Stokes equations with Dirichlet’s boundary conditions, in ° :

88ut + (u® - Vuf) — Au® = =Vp© on %,
V . uE — 0 on QE,
’U,E(Ol + R(ej)(i70),t) — R(ej) (gi<5_1.’i"5_2t)) on O; + R(ej)(EO'j X {0})72 =1,..,Ni, O; € €55
N1
W =0 on 898\( U(Oz + R(ej)(gaj X {0}) Oieej))’
i=1
Us|t:() =0,
pE(Ol,t) =0.
(1.1)

Here, ¢' : 0; x RT — R? denotes the velocity profile in a reference frame at the free extremity of the

tube i for ¢ € {1,...,N1}. Let FRen) denote the derivative along the vector |e;|'e;. According
x(e)
to [20, 2I], under some hypotheses on g%, p®(z,e%t) can be approximated at the leading order by



P(x,t) where P is the solution to the following problem on B5:

__9 L(o3) op
oxei) (’“)xa(eﬁ'))

Z ai,jL(Jj)i(Oi,t) = —\Ifi(t) for i = 1, .. .,]\77

(z,t) = F(z,1) for x € e;,

Orce; Oz(ed) (1.2)

P is continuous on the graph,

P(04,t) =0.
In (1.2))2: the summation is over all edges e; having O; as an end point; «; ; = 1 if the orientation
e; starting from O; is positive, and a; ;j = —1 otherwise. The right hand sides in (1.2)); are given
by :

/ (gz(:%,t),((j,am»di ifie {1,...,N1},OZ‘ €ej

J

0 ifie {N;+1,...,N},

i(t) =

where (-, ) denotes the Euclidean product.

The operator L) are nonlocal in time operators relating the macroscopic equation for the pressure
(1.2) to the microscopic structures o;. For each such cross section ¢ they are defined: L) :
L*(0, +00) — HJ(0,+00) by:

vt >0, (L\q)(t) = / Ui, t)di (1.3)
where U is solution of
ou _ AU =¢(t) on o,
ot
U=0 on Jo, (1.4)
U=0ift=0 on o.

Remarks on ([1.2)).

(i) In usual applications F' = 0, but it is useful, at least for building test problems with exact
solutions, to consider more general F'.

(ii) Equation(l.2))s is the Kirchhoff condition which expresses the conservation of mass at the
junctions and at the ends of the graph. If the system has a solution, it satisfies the following
compatibility condition:

VEe[0,T], Y Wy(t) +/ F(z,t)dz = 0. (1.5)
B

where / denotes the integral over all edges of the graph (see (2.13)). If this compatibil-

B
ity condition is satisfied then, the equation on V¥, is redundant and can be omitted in the
discretization.

(iii) Pressure can be obtained by solving system and then, the velocity profile at some distance
from the junctions by solving (1.4]). This is discussed in Section To obtain the next
order of approximation, the continuity of pressure (1.2)3 may be replaced by a coupling with
Navier-Stokes equations in regions surrounding the junctions (see [21]). Such couplings are
also discussed and numerically tested in [3] [4] [5].



1.2 Numerical scheme and convergence

The main goal of this article is to propose a numerical method to solve problem (|1.2)). This is done
in the present section.
First, the operator L) can be rewritten as a convolution operator:

(L9 q) / K (t — 7)q(r)dr, (1.6)
where the kernel K(7) is defined by

K©(t) = / V(&,t)dz,

V' being the solution of the heat equation:

aa—‘t/ — AV =0 on ox]0,+o],

V(,0)=1 on o, (L.7)
V(@) =0  t>0,4€do.

The discretization is then as follows. Let (to = 0,t1 = k,...,tg = kQ = T) be a subdivision of [0, T']
e)

with a uniform step k. For each edge e, we introduce a subdivision (z g € = 0, a:g ) = he, . fg( y =
SR = |e|) of [0, |e]] with a uniform step h®). Let X&) = 0; + R (0, ().
te+t
Let PS(Z) be an approximation of P(X (¢, tgt1/2), Where to /0 = M. Consider the following
difference scheme:
e, e <5<
© kY R(")PS(“)"_QP(J)JFPSF “a if 3*3*?@» 1.8
fogt1= _Z a-q (hle)2 ! <s< ; (1.8)
q=0 0<qg<@Q
N, Z h(ej)f(ej) kik( i) gi](zzj,q Ps(,eqj) i {2§£§N (1 9)
g+l = - s.dr1 P I o (L
1<5<M,O¢€e; 2 4=0 hles) 0<¢<@
(fq) = Sq) ife,é € {er,...,en},s €{0,5} 5e{0,80} x) = ngé),() <g¢g<Q (1.10)
P =0if X§? = 0,,0< ¢ < Q, (1.11)

where:

° K (9) ig either K, (o) = / K ")( t)dt for ¢ > 0 when the kernel can be computed explicitly

(see - - ) ora sultable approximation of it (see Section
o Uy, ="yt for0<¢g<Qand1<{<N,

-ﬁz%:nxﬁ%@»

o in , s=0,a0; = 1if X = Oy and s = §©) ay; = ~1if X)) = 0,. Note that
(e
X J

staq, is the node closest to Oy among those on the edge e;.

A similar numerical scheme can be found in [I5] [26], 27] when B is a tree, the cross-section a disc,
and all the data are periodic in time. However, the convergence is not addressed in [15] 26, 27].

Let:

N

Q-1
(k) = max |K( j _Kéo'j)| + Z |K(§Jj) — K9

2% —KP AR

o~
Ju

g=1

Note that 0(k) = 0 if K{7) = K{*).



In Section 3 below, we first reformulate this scheme as a Galerkin method. In Propositions 1 and 2
of Section we then give two different sufficient stability conditions on K, ég), which are verified
when 0(k) = 0.

Last in Section 4l we prove our main result: the scheme is convergent if §(k) — 0 and is of L*-
order 1 in time and H'-order 1 in space if #(k) = 0. This is Theorem 1. Furthermore, with
additional regularity assumptions, these orders of convergence can be improved. This is Theorem
2 and Corollary 1.

2 Continuous problem on the graph

In this section, we get results on the continuous problem (|1.2)) that are used in the proof of Theorem
1.

2.1 Vector spaces and notations

To avoid summations, let us denote:

/ f(z)dz = i/ejl f(O; + R;j(0,24))dzy. (2.13)

The operators L) and will be applied to functions which are defined on B. To shorten

ax(ej)

notations and to be able to use the previous notation, let us denote o(x) = 0; and €(z) = e; when
of of o) =

5o (B) = 5y (@) and L g(z,t) = Lg(x,1).

Define the norms and the vector spaces:

x € e; and x is not a vertex, so that

1125 = | f[Pda,
B

of ok f

2 _ 2

11 ) = [ 15+ | ot oo
L*B)={f:B—=R || fllrzm) < +oo},

HY(B)={f:B—R| f(O1) =0, f continuous, £l 23 () < +o0},

2
+...+ dz,

Vk € N*, Hg (B) = {f : B—= R | |f| % ) < +00}.

Notice that a function of Hffc(l’)’) may be discontinuous at the junctions O1,Oa, ..., Oy.
For any Banach space F and r € N*, let us define:

H'(0,7, F) = {f 071~ B[ (150 + 17O+ + V0 d < +oo} 7

Hyp(0,7,B) = {f € H"(0,T, E)£(0) = 0,.... f"~(0) = 0},
H"(0,T)=H"(0,T,R), Hjy,(0,T) = Hj,(0,T,R).

2.2 Weak form

Let us assume that F' € H},(0,T, L*(B)) and that ¥y, ..., Uy € Hjy(0,T) and satisfy the compat-
ibility condition.

The well-posedness in L?(0,T, H*(B)) of system was proved by means of the Lax-Milgram
lemma in [20, 2I]. The weak form of (1.2)) is as follows: find P € L?(0,T, H'(B)) such that:

vy € L0, T, H'(B)), ar(P,¢) = br(¥) (2.14)



where

(L@ P) oy
(P, ——daxdt, 2.1
¥) = / / T0r0:® 9z@ " (2.15)

/ /—wdxdwr/ @z/z Oy, t)dt

According to [19], by is continuous on L*(0, T, H'(B)), ar is continuous and coercive on L?(0, T, H*(B)),
with a coercivity constant which is larger than C min{l, T_Z}. Hence, the Lax-Milgram prob-

lem (2.14) admits a unique solution.

2.3 Regularity of the solution
2.3.1 Regularity with respect to the space variable

P
Using (2 , we see that g (L(”) 38 (e)> € L*(0,T,H}.(B)). Integrating with respect to ¢ yields

_OP
1@ ¢ pio0.7, HL.(8).

ox
As a consequence, since L(7) : L? (0,T) — H3y(0,T) is invertible for o € {oy,...,0n}, we have:
oP 9
5@ € L*(0,T, H}.(B)).
Hence:
P e L*0,T, H3.(B)). (2.16)

2.3.2 Regularity with respect to the time variable

Lemma 1: Let k > 1. Let us assume that F € HY (0,7, L*(B)) and that ¥, € HYF(0,7T).
Then:
Pe H(’;O(OaT?H;c(B))

Proof:
Let 0 < s < k and b7 s be the linear form defined by:

T
O Y petly,
bT,S(w) :/(; / a s+1 wdxdt+/ Ww(of7t)dt

Now let P, be the solution of ar(Ps,.) = brs(.). Then, using the uniqueness of the solution to

t
Problem (2.14)), we get that Ps(.,t) = / Psi1(.,7)dT whenever 0 < s < k.
0

Indeed, for any f € L'(0,T), letting F(t / f(7)dr, using integration by parts and F(0) = 0,

we get, for any o € {o1,...,0m }:
¢
LOF(t) = / L f(r)dr
0
Since P, € L*(0,T, H3.(B)), we conclude that P € H,(0,T, H3.(B)).

3 Galerkin method

In this section, we reformulate the scheme (3.4.2) as a Galerkin method in order to prove the
convergence result.



3.1 Time discretization

T
Let k£ > 0 be a time step, such that Q) = - is an integer. Let us denote t, = gk for ¢ € {0,1,...,Q},

Vi =PY(0,T, H'(B)) C L*(0,T, H'(B)) where P{(0,T) denotes the set of piecewise constant func-
tions over the subdivision (tg =0,...,tg = T). In the sequel the funtions K@), L(”)(¢q), L(”)((bq,)

are extended by zero on R* for o € {o1,...,00}.
A numerical scheme on the graph is then defined as follows: find p € Vj, such that:
Vip € Vi, ari(p,v) = br(¥) (3.17)
where ar, is an approximation of ar to be specified below.
We use separation of space and time variables. Let us denote ¢? = 1, ;. .,[- Then, for any

u,v € H'(B), q,q € {0...Q}, We get:

, tovr P QL@ p?) u v
4q ) —
ar(ud? ;ve?) /tq /B 5 52 520 dzdr

_ — 0 0
= [ (D6, t0s1) = (L0 5y 5o dad

B
ba/ 1 — — ou Ov
/tq, /B< (q+1 ) (q T)) 92 92 xdT

1 [ta+1
Denoting for any o € {o1,...,0m}: K(SU) = E/ K(U)(t)dt for ¢ > 0 and Kéa) =0 for ¢ <0,
tq
then: 5 5
q o qy @ _ @ u v
or(uo? 060) = [ (KT, - KD, )57 P
Note that:

1
.« KO K, = k/l(K(U))’(k(q+t))(1 — [t])dt if ¢ > 1,

o K\ — K" = K\?

o K —K\7 =0ifg< 1.
Now, the approximation ar j of ar is any bilinear form defined on Vj, by:

Oou Ov
1) 52 e
such that the f((g") are approximations of the tha) satisfying f(é") =0 for ¢ < 0. Note in addition
that:

ark(ug?, vp" ) = k / (K2, - K2, (3.18)
B

N
br(ve?) = /B(F(J«“’ tar1) = Fz,tg))o(x)de + ) (Veltgrr) — Wity))v(Or).

=1
The time discretized problem (3.17)) has a unique solution if a7 j is continuous and coercive.

3.2 Continuity and coercivity of the approximate bilinear form

We give two different sufficient conditions for ar j to be continuous and coercive: one which relies

on the smallness of 6(k) defined in (T.12); and another one which relies on properties of (K, r(za)) only.
These conditions can be seen as stability conditions for the numerical scheme and will be used to
prove Theorems 1 and 2.

Lemma 2. Let (A;)o<q<g—1 be given real numbers, and a be a bilinear form defined by:

PY(0,T) x PL(0,T) — R

—1 Q-1 Q-1 q
a
(byc) = (Z be9?, Z Cq¢q> =k Z bg Z Agcq—q
q=0 q=0 q=0 q=0



Then: |a(b, ¢)| < [bllzzllelzz 3 |4,

q=0
Proof: Let a,b,c be as in the lemma. Using a change of variable and Cauchy-Schwarz inequality,
we get:

1/2 2 g

Q-1
(Z ) =" |AgllIbllz2llcll 2
q=0 G=0

Lemma 3. The bilinear form ar ) defined above is continuous and satisfies, for any u, v in
P°(0, T, H'(B)):

Q-1 Q-1 Q-1 Q-1
a(b,e)| = > Agk Y becg_g| <k D |Aq] (Z b§>
=0 q=q G=0 q=0

syllvllLzo,r, 11 (8))-

lar k(u,v)| < max Z |K(g’)

1<i<M
Proof:
Q-1 Q-1
Let u = Z ugd?, v = Z v,0? € P°(0, T, H'(B)). Then,
q=0 q=0
Moy () ) Ou, Ov
(0 zn q q q
ERORIED 300 30 DL R Sty P
i=1 ¢q=0 ¢’=0
Q-1

M - q
< DR DIRE B lugl e

Using Lemma 2 and Cauchy-Schwarz inequality, we get:

M Q-1
Jari(u,v)| < > Z IESY — KRSD ll 2o ooy 1ol 220,17, 111 e0))
1=1q'=
Q-1 M
< max YK = K7 lullsaoa e ol 2o, m o)
- T q¢'=0 i=1

IA

max > & = Bl 2o sy [0l 2. 0 8))-

As a direct application of the lemma, we get the following estimate on the approximation of ar.

Proposition 1. The following estimate holds :
lar — ar| < 0(k)

where the norm is the norm for bilinear forms on L?(0,T, H'(B)). In addition, if ar is a-coercive
with a > 6(k), then ar is (a — 0(k))-coercive, and continuous.

In Proposition 1, o depends on 7. Hence, for a given k, a7 may not be coercive for large T'. The
following lemma gives a condition under which arj is coercive for any k and T'. It is a refinement
of the Lemma 4.2 of [I4].

Lemma 4. Let k,C, E,T,, € R™ and (K,),ez such that:
o k< min{T,,,T},
¢ 0<K,<Cifg>0,

o K,=0ifg<0,

10



[ ] q+1—2Kq+Kq,1201fq21,
Ko — 2K, + Kq—
L2
Let a be the bilinear form defined as in Lemma 2 with A, = K; — K,_1. Then

|a(b, )| < Clbllz2lle]| 2,
a(b,b) > ar|bl|7:,

o £ <

if T, < gk < 2T),.

where: )
1, . T; 1
ap = iTmEmln {167_,2, 40} .
Remark: The assumptions on (K,) are discrete analogues of the fact that the (K (‘7)) are nonneg-

ative and bounded, (K("))” are nonnegative and the (K("))” is larger than some constant £ > 0
on an interval [Ty,,2T,,], for any o € {o1,...,0n}. This fact arises straightforwardly from the
generalized Dirichlet series expression in Lemma 2 in [I0] (see also the forthcoming second part of
this article).

Proof: (K,41 — Kg)g>0 is increasing and bounded by 2C and therefore convergent. Its limit is
zero, otherwise (K,) would not be bounded. Thus, (Ky+1 — Ky)4>0 is negative and so (K;)g>0 is
decreasing. We have, from Proposition 1 that

Q-1
ja(b,e)l < bllezllellz (Ko + ) 1Ky = Kqal)
q=1
< bl llellp2 (Ko + Ko — Kq-1) < 2C[b]| L2 ||| 2.
Q-1 Q-1
Let b = Z byo?, ¢ = Z cg®?. Let b, ¢, G be the discrete Fourier transform of (kby)q, (kcy)q,
q=0 q=0

(Kq — Kg-1)g:

Q-1 Q-1
b)) =k Z bqe—Qm'qk57 o) =k Z cqe—QTriqu7 G(&) = Z(K‘I _ inl)e—Qm'qkﬁl
q=0

q=0 qEZ

Then, according to Parseval equality for Fourier series, we have:

/0 )2dt = k:z by = /: OPde, a(b,c) = _ﬁ G(&)b(E)e(§)de.

L
q=0 2k 2k

Let D, (z) =142 Z cos(gz) be the Dirichlet kernel. By summing by parts, and using the decrease
qg=1
of (Ky)q>0, we obtain:

ReG(¢ Z K, — Kq_1)(cos(2mgké) — 1) + hm (KO - K,)
=1
q . .
> (K1 = Ko)(1 = 1) + > (Kg1 — 2K, +quzl—cos27qu§))
. q:l 1 q:
> Z(Kq+1 - 2I(q + Kq—l) (q + 5 27T]€£)>
qg=1
V2n(n+1)(2n +1) n?
F D"(x T_ v <" B
o Forz €] - 1 T o), Zq . ) <" By
3
integrating twice, we get that D, (z) < 2n +1 — %ﬁ.
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- . x LT s T T, . T 2
%,%[, we have |S1n§| =

sin(n + 1)z 1 3
( 2) 7” (sin, sinc are monotone on [0, 2], where

e Forz € |-m,7m[ \ ]

V
w
=
|
\
2k
o
(5) .
|
\Y
2k
n
5
\

and then |D,(z)| =

sin%. ~ |sing| T
sinc is defined by: sinc(z) = et
x
I N R Y e a5 —
e For x €] 5" 3 [\}471 n —|[, D;,(x) has the same sign as —z. Hence
nd n
< 1— —(2)2< =
D, (z) <2n+ 12(4) <2n+1 55"
1 1 . 1 1 3q -1 1
- — =D, (27k&) > 2k - — — for
o+ 3 - 3Daerkg) 2 min { b mne, Loy - 2] dor el
Then
ReG(¢)> Y (Kgp1—2K,+ K, 1)min iq (27k€)?,
- ! o 24 40
Ty <qk<2T0,
Ty 1 (T’ 17,
> "k°FE =) (2mk&)?, —=2
ReG(&) > ’ m1n{24(k> (Wf),40k},
1
ReG(€&) > T2 Emin {T,ig?, 40} :
Using Cauchy-Schwarz inequality, we also have:
18]l < V]| -
o 1 . 1 1 .
Hence, [ B(@)Pds < 5Bl < b= and 3 bl < [ b(€) dé, and there-
—ar =35 35 [\ lar— 77l
fore:
ah)z [ ReG(Olb(O)Pde > [ 2arlb()de > ar 3.
I=groae [\ =77 a7 =groae [\ 1= 27 77!
Proposition 2. Assume that (Ké“))qez satisfies the hypotheses of Lemma 4 for each o € {o1,...,0pm}.

M
Let D = Z le;]. Then ary, as defined in (3.18)), is continuous and coercive:
i=1
Vp,c € L2(0,T,H'(B)), larx(p, o)l < 2C|pll 20,111 ) el L2 0.0 8))

arT

Vp € L2(07T7H1(B))? aT,k:(pap) = \/WHPHLQ(O T,H'(B))*

Proof:
Continuity is a direct consequence of Proposition 1 and Lemma 4.

(9
For ¢ € HY(B), |e(M) — e(00)] < [ |25 aw < \//d/ %@
r e
0
It follows that the Poincaré inequality: ||p||7 H(B) <(D*+1) / 87%1) dz holds true.
B |0T¢

Then, using Lemma 4 with a = ar, for p € L*(0,T, H'(B)), we have that

T
ark(p,p) > aT//
5Jo

T
1
> a ——{Ip(, )% eyt
>ar [ <l D)
> T D112 0.7, 10 (53y) -
vD?2+1 ”

2
daxdt
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3.3 Total discretization on the graph
Let h be a space step, h > 0.

For each edge e, let us denote h'®) the largest space step such that h(®) < h and §®) = m is an
integer.

Let 0 = J:((Je),x§e) = hl® .. .,ac(se()e> = Sn(e) = |e| be the subdivision [0, |e|] with step h(®). For
s€{0,...,58©} let X( designates the point of e with last local coordinate equal to (¢ (so that
if the local coordinate system has O; as origin then X () = O; + R(€)(0,z(®))).

Let P} (B) be the subset of continuous functions ¢ : B — R such that 1) is affine on [X (), Xr(j_)l] for
each r € {0,...,5©) —1} (i.e., in local coordinates, 1/(O; + R (0,z(*))) is affine on [z, g?l])

S
Assume that ar is continuous coercive. Let us define py, € P(0,7,P;(B)) by:

V¢ € Pg (07 Ta P}L (B))a a'T,k(ph,ka ¢) = bT,h (¢) (319)

where by}, is an approximation of by defined below.

Let P, be the set of all Xge), with e an edge of the graph and s € {0,..., S(e)}, with O; excluded.
For X € Py, let us define v~ € P} (B) by ¢~ (X) =1 and X (Y)=0if Y € P, and Y # X.

We approximate the integral on B in br by the trapezoidal rule. So, we define by} by:

b6 67) = (F(Xotyn) = FX1) [ 6% o+ 36 (OO tysr) — T4(On ).

=1

for every X € P, and ¢ € {0,...,Q — 1}. Note that if F' = 0, then by ) = bp, and that for any
¢ € Pp(B) and f € Hj.(B), r € {1,2}, we have:

'/ fide = 30 1)0) [ 0¥

XePy

0" (f4)

<h" =
=0 il @y

In the right handside, / is to be understood as a sum of integrals on each step of the space

B
subdivision: over these intervals, 1 is smooth and the r‘"-derivative of f4 is in L'. Furthermore:
o(f)
50 |42 < ey, 1¥llc2@) + 1 llz2@) 1$1, )-
*(f) 2
- [(@z@yz |42 S WU f Nz, w19l 228y + 201 F a3, ) 11 3y + 0) i 7 = 2.

Hence, if F € H*(0,T, Hj.(B)), then, by using Cauchy-Schwarz inequality:
|(br,n — b7)(p?)] < 3hr\/E”F”Hl([tq,thrl],ch(B))”wHHl(B)’
and therefore, for v € PY(0, T, P} (B)) and F € H' (0, T, H;.(B)), 7 € {1,2}, we have:
[(br,n — br) (W) < 3R"(|Fl|mr10,1,m7, (8)) 191 L2 0,7, 11 (8)) - (3.20)
Now, rewriting

Phk = > Py g™ ¢,

X€Pr,0<g<Q—1
and introducing the notations
) OpX ayY
(o)
q”*/K 92 020

-1
Rxg=bpn [ ¥ Z¢q = by (VX Ly 0))s
=0

13



the totally discretized problem (3.19) is equivalent to solve for the coordinates P, x of pp the
following system:

r—1
Vr € {0, ey Q—l}, X ePy : Z Ko’nyPY,r + Z(Krfq’xvy — Krqul,xyy)Py_’q = RX,r+1_RX,r~
YePy, q=0

(3.21)
Since Ry x = 0, by summation over r this can be reformulated as:

q
Vq € {0, ,Q — 1}, X ePy: Z Z Kq,q,x’ypy’q = RX,q+1~

G=0Y€ePy
Note that
1
Uit +5 D, WDFOnt) X =0,
RX,Q — 1§j§M,O£€€j
WOF(X, t411) if X =X se{l,...,5¢ -1},
and
(05)
K J
I if X =Y = Oy,
hes)
1<j<M,0cce;
(0)
2K _ | )
Koxy =94 1) itX =Y =X, se{l,... 5 ~1},
_f((ffj) »
h(g) if {X,Y} = {X§ej)7Xs(i71)}7s € {o,... 7S(ej) -1},
0 otherwise.

Hence, we have the same scheme as described in the introduction, Section [1.2

3.4 Discretization in the cross-section

If we want to use Theorem 1 and 2 of Section 4] we must determine an approximation of K ,g") such
that 6(k) is small.

In Section 5| we test the scheme on the graph with the exact value of the kernel when known, and
with the three different approximations for the kernel, described below: (3.26)),(3.29)),(3.30).

3.4.1 Exact kernels

When the cross-section o is a rectangle, an equilateral triangle or a disc, we express in[8] K (@) as
a computable generalized Dirichlet series:

d 4 > >
K©(t) = e T MU 5 20,1 3.22
" ;oo(2k+1)27r26 if o =J0, 1], (3.22)
KOt =  abK100 (0 2) k100D =24 if o =)0, a[x]0, ], (3.23)
—+00
1
K©(t) = 4%2 —26_’”2’5 if o = {z € R? ||zf|, <1}, (3.24)

i=1 "

+o00 2
K@) = 3v3 1 (_1677

o2 L2aj2 P 3
k=1

k%) ifo=T (3.25)

where p; denotes the i-th zero of the zero-th Bessel function Jy and 7 denotes the triangle with

1
vertices (0, 0), (0, 1), (5, ?)
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If these exact expressions are used, then 6(k) = 0. For the square and the triangle cross section, we
obtain series expansions for the kernels that converge rapidly for small times, by using the Poisson
summation formula.

Furthermore, one can show that (K (g")) satisfies the hypotheses of Proposition 2. Hence, with this
choice, the scheme on the graph is unconditionally stable.

3.4.2 Numerical approximation of the kernels

For an arbitrary smooth domain o, let us consider a quasi-uniform triangulation of o and denote by
H the diameter of its largest triangle. Let Sl(;) C L?(o) be the space of P"~! finite elements where
r > 2. Let T}(IU) : L2<O') — Sg) be the operator discretizing the inverse of the Dirichlet Laplacian,
using Nitsche method for the boundary conditions. Then, (T;IU) —7l): Sg{) — Sg{) is invertible
whenever 7 > 0.

Consider the following numerical scheme which use the implicit Euler method as time integrator:

Vip =W,
( )Vfltcl - 131 k 1
o ; 5 +
H L = qu{_’k ; (3.26)

Kl = / Vi pdz,

where W) is an approximation of 1. Note that there is a special method of resolution which is
presented in Section [3.5.3]

In the present paper, we test the case where W) is the interpolant of (I — k‘A)_ll and can be
computed explicitly.

If W = 1, then we show in [§] that (f{é")) satisfies the hypotheses of Proposition 2. Hence, with this
choice, the scheme on the graph is unconditionally stable. Using techniques in Thomée’s book [30]
we also prove that when h = k7, v > 0, and k small enough, the scheme is convergent with:

(k) < Cmax{H? k}5. (3.27)

The numerical experiments in [§] indicate that the power 1/3 may be improved and replaced by 1/2
and the use of L-stable higher-order methods do not improve the accuracy, unless an approximation
for small times is used as in the next paragraph.

3.4.3 Corrected approximation

When the numerical approximation is used, most of the error is done for small time. Hence, if an
asymptotic expansion near ¢ = 07 is known, one can use it to obtain a more accurate approximation
of the kernel.

When ¢ is smooth and simply connected, using the boundary layer theory presented in Gie, Jung
& Temam [I2], we obtain in [§] an asymptotic expansion of K.

Let us denote 7 : [0,|00|] — Jo, a parametrization by the arclength of do (ie. || = 1),
k(s) = det(y'(s),7”(s)) the curvature. Then:

2 1
e 6y/m

Let us consider a modified version of scheme (3.26]), and take the BDF2 time integrator (see [30])
and P!-elements in space.

K©)\(t) = |o| — —=|do|t? + «t +

L (100l
3 / k(5)2ds + Oy o+ (12). (3.28)
0

VI(‘)Ik = 17

oy Vi = Vi
TH : éﬂ — = VI—},k?

3VItE gyttt oy 3.29

7o)k 35”f Lk —yat? ifg>0 (3.29)
- Vit x + VAL

tganum = / - - dx

3 - 2
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Let us use the asymptotic expansion (3.28]) to correct the previous approximation for small times.

T 5 . 4 Ry -
From (3.28), /0 K@ dt = x(t) + Oy0+ (t2), with x(t) = |o|t — ﬁ|8a|t2 + 5752. We take K (7).
to be such that:

Eieor = K ifQY <g<Q -1,
K(Uc)or _ K(U) _ _ (330)
q, 3 g—1lcor _ X((q + 1)]{7) 2X]§;]k) + X((q 1)]{,‘) 1< < Q%

In this case, the hypotheses of Proposition 2 are not automatically satisfied, but we can refine (3.27))

1
and get, when H = k7, v > 3 and k small enough:

(k) < Cmax{k, H}3. (3.31)

Numerical experiments suggest that the power 2/3 may be replaced by 1, or more if all the terms

from (3.28)) are used.

3.5 Remarks on the solving of the scheme

Let us describe three methods to solve the scheme (3.21]) on the graph. The first two methods can
be used for any type of kernel approximation but the last one will only work for (3.26)).
Let S be the number of elements of Py,.

3.5.1 Using the block triangular structure

The first computational strategy uses the block-triangular structure of the matrix with respect
to the time variable and solves the corresponding system of equations by the method of forward
substitution. In this case, only the sparse matrix (Ko x v)x yep, needs to be inverted. It is
tridiagonal, except for the junctions. Hence, its Choleski factorisation takes O(NS + N?) flops.
The Choleski factor has O(NS + N?) nonzero elements. The computation of (Py ,)xep, at the
time step number ¢, when values (Px o) xep,; - -+ (Px.q—1)xep, are known, costs O(g(NS + N?))
flops.

Hence, the total computational cost is O (NS + N3 + Q*(NS + NQ)).

3.5.2 Using the Fast Fourier Transform

q
Let us describe the second strategy. Denote (Aq)o<q<@—1*(Bg)o<g<o-1 = Z AyBqy—g

=0 0<q<Q—1

This discrete convolution can be computed by using the Discrete Fourier Transform with only
0O(Qlog(Q)) multiplications. First, let us solve the equation:

(K% Z)gxy = 40X 1Ha=0
o 0 if ¢ # 0.

The solution Z can be computed by [log, Q| Newton’s iterations:

K “1oifg=
7 —olonal(g) 4, — § FKoxy)xyer) ™ Ha=0 "0 p p o1 pik«n)
0 ifg#0
Then Px 4 is given by:
q
Vg€ {0,..Q =1}, X €Py : Pxg= > > ZgxyRei1y.
Y €Pr ¢=0

The computational cost is here O(Q log(Q)*S?).

Remark: When there is no forcing along the pipe (F = 0), the second method is more efficient for
large @) since one can take one space step per pipe without loss of precision, which implies S = N.
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3.5.3 Coupling with the cross-section

The following formulation of the scheme is of interest when we want to recover the velocity inside
the tubes. Besides, contrary to the two previous methods, its complexity scales linearly with the
number of time steps.

For z € B,% € 5(x), let U(z, £,t) such that:

ou oprP

8t ( ZT,T, ) (iC,ZL',t) = _axg(x)v zeo,t>0,
U(z,t) =0, & € do,t >0,
U(z,0) =0, I €o.

Then [20] 21], at some distance from the junctions:
u®(Oy; + R (ez, xq),te?) ~ R (0, U (&, O;; + RED(0,24), ).

X6 4+ i)

2
Let K é”) as defined in (3.26)). Then, the finite difference scheme is equivalent to the continuity

condition (1.10) and Dirichlet condition for the pressure ([1.11)) coupled with following equations:

In the sequel, Us(frj%),q designates an approximation of U (.7 Xii’é , tq+1/2) , with Xs(i”; =

U €S C(o,) 1< < M0<s<5,0<q<Q,
UL =0if1<j<M0<s< 8,

() (e5) 1<j<M,

P - P
(€5) (o) 177(ej) s+1,q+1 s,q+1 (o) ; (e5)
Ué+27q+1 (I =k(Ty")™)" U5+2,q+1 k ACH) Wit €0 <s < S99,
0<¢<Q,
(ej) (ej)
Ui o~ UL
£l = Sﬁ)qﬂh(e) T e if1<j<M1<s<S5)0<q<Q,
h (e) :
Vpgi1 = 3 ‘<%:o L+ oy . Uiltn qnde] H1<E<N0<q<Q,
SJSM,0Oc€ey J

where, in the sum, s is such that X (%) = Oy.
This formulation can be solved in the following way. When the U, S(eqf ) are known for a given q €

{0,1...,Q -2}, P, quH is the unique solution to (1.10)-(1.11)) coupled with the system:
(e5) (e5) (e;) U(e]) _77(e)
_ P —2P. 7 + P~ 1
(o)~ s+1l,q+1 satl T s tg41 _ple) (05)\—1y—1_5+3.4 53,4
gt (hes))2 = “fagh /, (=T ™)™ h(ed) dz
if1<j<M0<s<S) 0<qg<Q,
(e5) (e5)
h( (e (o) Pstons j.a+1 — P g
D S E Y e

1<j<M,O€e;

S+§O‘L] >4

+a¢,j/(1 k(T Hyte) dx>,1f1gegN,ogq<Q,

J

where in the sum, s is such that Xgej) = Oy.

Once (P;e;ll) are known, (Us(i’g y 1) are straightforward to compute.

Note that the system to inverse is the same as for the block triangular approach.
If we denote R the time to compute the Choleski factorization of (I — k(TI(f))*l) and r the number of
non-zero elements of the corresponding factors, then the total cost is O (NS + N3+ NR+ QS(NS + NQ)T).
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4 Convergence of the scheme

The following theorem is the main result of this paper. It proves that the proposed scheme on
the graph is convergent with order one in space and time, provided the discretization in the cross-
section is well-chosen: either 6(k) = 0 (exact kernels) or the order is limited by the accuracy of the

approximations of the kernels discussed above (3.27)), (3.31)).

With additional assumptions, we improve the order of convergence in Theorem 2.
Q-1

Theorem 1. Let (k) = ax |Kégj) - Réaj)| + Z |K(73) — K;‘ijl) — K" + f(éijh
<< g

Let pnx € L*(0,T, H*(B)) be the function such that:
e ph is affine on [X (), X(9)] x {t} for t € [0,T], 1< j < M, s € {0,...,5) —1}.
o pui(X(9),t) = Pl for t €]ty ter1[, 1< j <M, s€{0,...,5)} ge{0,...,Q — 1}.
Assume that
0(k) - 0as k — 0,F € Hjy(0,T, H}.(B)),¥1,...,Ux € Hyy(0,T).

Then:
Pri — Pin L*(0,T, H'(B)) when (h, k) — (0,0).

Furthermore, there exists C1, Cs such that if:
0(k) < Co, F € Hjy(0,T, H3.(B)), ¥1,...,¥n € H(0,T),
then P € H'(0,T, H3.(B)) and:

h
IPrk — Pllr2o, 1,11 () <C1 (h”P”LZ(O,T,HjC(B)) + mHFHHl(o,T,H;C(B))

o(k)
RN Pl 0,71 8)) + ||P||L2<07T’H1(B))Cg—9(k;)>'

Proof: We use the following lemma.

Lemma 5. There exists C' > 0 such that, for every u € H'(0,T, H*(B) N H3,.(B)):

wepo(ganPl ) ¥ —ullp2(0,7,851(8)) < C <h||u||L2(o,T,ch(B)) + k||u||H1(o,T,H1(B)))
k 1T R

Proof of the Lemma: If u € H*(B)NH3.(B) and P, is the continuous piecewise linear interpolant
in P} (B) at the points of the subdivision, then:

lu = Prullm sy < Chllullaz ), [[Prullms) < Cllullms)-
Now, let v € H*(0,T) and let Qj, be the L*-projector on P (0, 7). Then:
v = Qrvllr2s) < Ckllvl|lm(s)
and

lp — PrQrpllz2(0,7,m518)) < Ip — Qupllz20,7,m1(8)) + |QkP — PrQupllL2(0,7,11 (8))
< Ckllpll 1 0,7, 11 (8)) + CRIQrpll 20,7, 12, (18))
< Ckllpll 1 0,7,11 (8)) + Chllpll 20,7, 12, (8))-

This proves the lemma.

Now, we prove the convergence theorem.
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Let « be the coercivity constant of ap. From Proposition 1 in Section we know that:
lazk — ar|l < 0(k).

Thus, for k small enough, ar  is (o — 6(k))-coercive. Let a(k) be the constant of coercivity of ar .
Let pp 1. € PY(0, T, P}, (B)) be the unique solution of:

VQ/’ S P2(07T7 ]Pflz(B))a aT(ph,kﬂ/}) = bT(d’)

According to Céa’s lemma, we have:

ar .
e U [ [y (4.32)

P — <
P = phkllL20,1,H1(8) < o wercSp )

Let us now estimate pp,  — p,kx. Using (3.19)), we have:

ar k(Phk — Phk, V) = a1 (Phk, V) — a1 k(Phok, ) + br,n(¥) — br ().

By taking 1) = pp 1 —Pn,i and using coercivity on the left-hand side and continuity on the right-hand
side, we get:

a(k)lpnk — PrkllLz 0,11 8)) < 0F)phkll + [1b1,n = brllL2(0, 7,11 (B)) -

Hence, we have:

P — phkllr2o,r 121 8)

< llaz nf
a  yeP) (0.T.P}(B))

o(k)

1
er”ph,kHL?(O,T,Hl(B)) + @Hbﬂh —br |l 20,7, 151 (B)) -

1P =l 20,111 (8)) (4.33)

Let us now show that  lim  [|P—ppllr20.1,m1(8) = 0. As H'(0,T, H"(B)NHJ,((B)) is dense

(h,k)—=(0,0)
in L?(0,7, H'((B)), Lemma 5 implies that

lim n P — =0.
(h,k)—(0,0) qpeu»g(ol,:r,lp,{,(zs)) H MLQ(O’T’HI(B))

From equation ([3.20)), }Lin%)HbT,h —brl|l20,m,m18)) = 0, and, as a(k) > a — 0(k) implies that
—
liminf (k) > 0, we conclude that

lim HP — ph,k

= 0.
(k)5 (0,0) |L2(0,7,11.(B))

This is the first part of Theorem 1. Now, if we assume in addition that F € HZ,(0,T, H2.(B)),
Uy,..., Uy € HZ(0,T), then, from the regularity resulsts of Section we have that P €
HJy(0,T, H2.(B)). Hence, using Lemma 5:

wePO(oi%“f]Pl ) 1P —ll20,7,m81(8) < Ch”PHL?(o,T,ch(B)) + Ck|| P 10,7, (8)) -
E\T 0% b

1

) <
lon k| 22 0,7, 51 (B))

Besides, if ppx # 0, &l|pnkllz2(0,7, 5 (8) ar(P,prk) < llazr|ll| P20, 01 (8))

and from equation (3.20)), we get:
oT,n = brllL20,7, 5 (8)y < 3hHF||H1(o,T,H;C(B))-

Also, a(k) > a — 6(k). Combining all these inequalities into (4.33]), we get the second part of
Theorem 1.

Let us introduce the following lemma which is used to prove Theorem 2.
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Q-1

Lemma 6. Let p: [0,7] — R a C? function. Let p = Z P(tgq1/2)Pq, where ¢ = 1y
q=0

Assume that K : [0,7] — R is a continuous function, continuously differentiable on |0, 77, such that

t
K >0,K' <0 and that K'(t) = Op_os (t1/2). Let Lp(t) = / K(t — s)p(s)ds.
0
Then, for any ¢ € P (0,7):

astar(

T
/0 (L(p = p)' (O)()dt| < CE*(Ip'lloo 1og(T/k) + [l llso) | 2-

If furthermore p’(0) = 0, then:

T
/0 (Ll — ) ()| < CR P o6l 2.

Proof: .
Let u(t) = / (p — p)(r)dr, so that p is C* on [0,T)\{to,t1,...,to} and p/(tz41/2) = 0 for
k/2
q€{0,...,Q —1}.
Besides, for any t €]0,T — k[\{to,t1,...,tq}, there exists ¢ € {0,1,...,Q} such that ¢, €]t,t + k|.
Then:
(¢ + k) = " ()] = p'(t+ k) = ' ()] < Elp"[|oe-

Integrating from s =t, 15 to s = t, we get: |/ (t + k) — ' (t)] < k?|[p"|| -
tq
Integrating from s = t,_1 to s = ¢, using |u(t,) — p(ty — k)| = | p(t) = p(tyr1/2)dt] < E|[p"] o,
tg—1
we get: )

it + &) — p()] < EIp"[loo + 1(ty) — p(tq — k)] < 26%[[p" ]|

Let us now introduce u in the integral to be bounded:

/ (L5 0o, = / <K(0)(p—ﬁ)(t)+ / tK’(T)(p—ﬁ)(t—T)dT> dt

q
tq

= K(O0)(ultgsr) — plty)) + / [ K= e ryarar

+ /t " /t K'()(p— p)(t — 7)drdt
= K(0)(utgr1) — pulty)) +/0 ' K'(1)(u(tgr1 — 7) — pltq — 7))dr

—l—/t " K'(1)(p—p)(t — 7)drdt

q t(l

T
Since —Ct2 < K'(t) < 0 and thus / |K'(t)|dt < K(0), and since ||p — p|| < k||p'||, we get:
0

T . . tg+1 t
/ (Lo —§) Ode()dt] < KO oo + 2K OR300 + K71 / / Ct-Ydrat
0 tq tq
< 3K(0)K|p"[loe +2CK3 (g + 1) 7% |1/ || oo
Q-1
From this, we conclude that, for ¢ = Z aqdq € PY(0,T):
q=0
T Q-1 . Q-1
/ (L(p— 1)) 0)o(t)dt] <23 |aglClq+ 1) "2k [l +3 D Jaglk* K (0)][p" -
0 q=0 q=0
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With Cauchy-Schwarz inequality this yields:

- 0-1 1/2
| -y < 20l ) (Z(qm‘l) raldle L.

vk Z VK

T
/0 (L(p = B)) (6()dt| < (20K |l (0(T/K)) /2 + VT K ()]l ) ] 22

If furthermore p’(0) = 0, then, for ¢t € [0, k], |(p — p)(t)]| < k?||p”||eo- We conclude that, in this case:

tgr1 pt
< BROR |+ B [ [ 1K @lara

tq tq

/0 (Lo — 7)) (D) bq()dt

IN

3K (0)E? 19" |loo + K (0K |||
Hence:

T
/0 (Lp — §) (DB(0)dt| < 4K (0TR[] 1.

This ends the proof of Lemma 6. Now, we prove Theorem 2 below.
Theorem 2. Let 6(k) and pp i be defined as in Theorem 1.
Let pp1 € L?(0,T, H'(B)) be the function such that:
o P is affine on [X (), X)) x {t} for t € [0,T), 1< j < M, s €{0,...,5C) —1}.

o Prp(X) 1) = P(Xs(ef),tqH/Q) for t €]ty tyi], 1 < j < M, s € {0,...,8)}, ¢ €
0,...,Q —1}.

Assume that the kernels K@) satisfy the hypotheses of Lemma 6; assume that P is a C* function
on each edge of the graph;
assume that (k) — 0 as k — 0.

oP

Let (k) be defined by (k) = k? if E(’ 0) is constant, B(k) = k*y/log(T/k) otherwise.
Then, there exists two positive constants C7, Cy such that for 8(k) < Co:

~ C(1 2
— 2 1 [
I1Prk — Dkl L2007, 51 (8)) T (B(k) + h? + 0(k))m(P),

o'
Ozt

o3P
Oxot?

2P
where m(P) = H 0 H ‘

oxot

oo ‘ o0

Remark The fact that K(?) satisfies the assumptions of Lemma 6 for any smooth ¢ and also for
all the examples given in Section is proven in [§].

Proof
Let pp(t,x) = Z P(X, ). Since from equation (T.2)
XePy
oF o*pP 0%P

t
or - _K® _ @y
S0 = KOO s - [0y
we have that F' € Hyy(0, T, H3.(B)) and that ||F|| 107,12 ) < Cm(P). Similarly, ¥y,..., ¥, €

Hyo(0, 7).
Let ¢ € PY(0,T) and 1 € P} (B). From the previous lemma, it follows that:

|ar Pk = Py SP)| < Cll@llar [[¢]] L2 B(R)m(P)

21



where ar is defined in (2.15). Let us compute now ap(P — pp, ¢pb). As

27 (@) (P _ & T 2
/ O°LO(P —pn) O\ _ <3(L P) (x© (L7 P)
(x4, x ()]

_ (e)
otox(e) oxe) ot sp1>l) 5 (X9 1)

LD Pr) (e (L@ py) I (o)
2 W xR xle) ¢ X ple)
ot (Xerlv ) + ot ( s ) ax(e) ( S+§) )

= 0
we get that ap (P — pp, o) = 0, so that
lar (P = pp, $¥)| < CBK)| ]| 9] L2m(P).
Hence, for any 1 € PY(0, T, P} (B)):
lar (P = Pk, V)| < CBE) Yl L2 (0,7, 11 (8)ym(P).
We have:

ark(Phk = Puk,¥) = ark(Phk, V) + (ar — ar ) Pak, ¥) + ar(P — prx, V) — ar(P, 1)
= (brp —br)(®) + (a7 — ark) Phk, ) + ar(P — Du i, )
where arj is defined in (3.18)). Taking ¢ = pp.r — Pn.k, using the coercivity of ar on the left

handside, using continuity of ar,ar — ar  and the previous inequality on the right handside, and
dividing by the norm of py,_ j — Pn i, We get:

a(k)|lprk — ﬁh,k||i;(107T7H1(B)) < CR2||F ||l o112, (8)) + Ok 1Bn k|l 20,71 (8)) + CB(k)m(P).

With [|F'(| g1 0,7, 12, (5)) < Cm(P), |pnkellz10,1,m2 (8)) < Cm(P) and a(k) > [lar||—6(k), the proof
is complete.

Corollary 1 If P is of class C*, then:

15nk — Prokll s 0.0, 8y < Cm(P)(O(k)k™ + h2k™% + k2 log(T/k)).

T

P
If P is of class C° and 88757' (-,0) =0 for r € {0,...,5}, then:

_ oP
[Br. — Phkll Lo (0,7,81 (8)) < Cm(ﬁ)w(k) + A%+ k?)
Proof: The first part is obtained by using that, for ¢ € P°(0,T):

\/EHQbHLOO(O,T) < |ollz2(0,7)-

Hence:
VEPh — bkl L0, 5)) < [Phk — Proll L2 0,7, 5))

and Theorem 2 yields the result.
For the second part of the corollary, let us extend P, py, i, Pn,r by zero for negative times. Let us

t)— ot — k
denote Ago(t) = % Then AP is a solution to (1.2]) with F,¥y,..., ¥y replaced by
ALF, AWy, ..., AUy, Applying Theorem 2 to AP over [0,T], we get for sufficiently small &:

| AkPhk — Abrkllrzo1,m 8) < Cm(AP)(0(k) + h*> + k?).

P
But m(AxP) < m(aa—t), and for ¢ € P°(0,T) extended by zero, ||§||r=(0.1) < \/THA]C(ZS”LQ(O’T).

Hence: 5P
Prk — Phokll Lo 0,7, 51 (8)) < Cm(a)(e(k) + B + k).

This completes the proof of the corollary.
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5 Numerical results

In Section 5.1, we test the numerical accuracy of the scheme with the variants in the
cross-sections. In Section 5.2, we then compare the asymptotic model with the initial 3D-
Navier-Stokes equations.

Let us assume that an error E converges to 0 when a parameter € tends to 0 and that E ~._,q Ce®
for some constants C' and «. The parameter « is the order of convergence of E with respect to
€. Let us consider a strictly decreasing sequence (&,) which converges to 0 and let E, be the
corresponding sequence of errors. Then,

B
o= lim 8UED)
T S Yoo log(=2=t) "

Hence, in all the tables below, when we report an error (E,), and a varying parameter (e, ),, we
log(“5=")

n

m on a column on the right to estimate the order of convergence.
Og En

also report

5.1 Numerical accuracy

To evaluate the numerical accuracy of the scheme (3.4.2)), we first build an exact test case solution
to the asymptotic system (|L.2]).

5.1.1 Test case on a single tube

Let d € {2,3}. We consider the case of a single tube (M = 1) of length 1 with two extremities
0, = (0,0),05 = (0,1) (N; = N = 2). Let the cross-section of the tube be o = } f%, % { if d =2,
and o = {x € R?%;||z|2 < 1,} if d = 3.

Let us take P((0,2),t) = p(a{”, 1) = exp <(1 — )l - f) where 3 € {0,1}. When 8 =1, P

and all its time derivatives are zero when ¢t — 0.
Then, the flow at the left extremity O; of the pipe is given by:

\Ill(t):—/OtK(”)(s)(l—(t—s))exp (- p )ds.

t—s

At the right extremity O of the pipe, it is given by:

t
Wy(t) = / K@(s)(1 = (t —s))exp <1 - p ) ds.
0 — S
The force applied along the pipe is:

F(O.a").0 =~ [ KO- 0= )exp (1= (=)~ 12 ) as

t—s
The theoretical data Wi, ¥y, F can be numerically computed with a high accuracy by using the
change of variable 7 = exp(1 — =)t to remove the singularity at s = 0. The integrand is then
S

smooth and the Clenshaw-Curtis integration method yields accurate results.

For the sake of completeness, we chose to evaluate the numerical accuracy of the scheme with an
approximate kernel (R’ é")) as proposed in Section in the case d = 2, while for the case d = 3
we consider a tube with a disc cross-section and numerical approximation in the three following
way: with the exact kernel given in Section 1.3, with a numerical approximation based on the
discretization of equation , and last with this numerical approximation with a correction that

uses the asympotic expansion (|3.28)).
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Table 1: 8 =1, p(x,t) = e(1=)2=1/(t+€) Ip the last three lines, the order is computed with respect
to H.

h k H {>°-error p, order (> -error p  order
272 4.78504e-06 3.13065e-06

273 1.54869e-06 1.63  1.02143e-06 1.62

2715 012712 27% 2.56845e-07 2.59  1.67585e-07 2.61

9—5

9—6

5.60860e-08 2.20  3.90747e-08 2.10
1.10842¢-07 -0.98  7.52349e-08 -0.95

0.1-273 3.96274e-05 2.62084¢-05
0.1-274 2.30104e-05 0.78  1.52338e-05 0.78
0.1-27° 1.24167e-05 0.89  8.22755e-06 0.89
2713 0.1-27% 276 6.45625¢-06 0.94  4.28260e-06 0.94
0.1-277 3.29863e-06 0.97  2.19189¢-06 0.97
0.1-278 1.67424e-06  0.98  1.11614e-06 0.97
0.1-279 8.50131e-07 0.98  5.70325¢-07 0.97
0.1-2710 4.33773e-07  0.97  2.94556e-07 0.95
210 Wloo 2% 4.22920e-06 2.85494e-06
212 40190 276 1.08178¢-06 1.97  7.30885e-07 1.97
—14 -7
2 6000 2 2.72432¢-07 1.99  1.84098¢-07 1.99

5.1.2 Numerical accuracy when d = 2

For d = 2, we test the scheme with the an approximate kernel (f( (g”)) defined as proposed in

Section B.5.3

Lot W(a) = 1 S0+ 2)/VE) +sinh((5 — 2)/VE)

sinh(1/v/k)

be the solution of:

U—kU"=1 ino=]-1/21/2[,
U=0 on do ={-1/2,1/2}.

Let H be a space step for the cross-section such that 1/H is an integer. We consider the following

difference scheme in the cross-section:

1
Vo,TZW<—2+rH ifre{l,...,1/H — 1},
- 1—2 _
Yor = Varr _ Varot Z2Var T Vart 400 oy re 1, 1/H - 1),
k H?2
Vao=Ve1/m=0 ifge{1,...,Q}.
1/H-1
Then we take f((g”):H Z Vir-
r=1

We compute the maximum norm of the error of the numerical solution with respect to the exact
solution. The results of the numerical test for different step sizes are listed in Table [1| when g =1
and in Table [2] when 8 = 0.

We observe that the numerical order for the time step is 1 when 8 = 0 and 1/2 when 8 = 1. Corollary
1 can be applied in both cases, but the accuracy is limited by the precision of the approximation
of the kernel.

When 8 = 1, we observe that the order of the error with respect to the cross-section space step H
is 2.
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Table 2: 5 =0,p(x,t) = e(1=1% In the last three lines, the order is computed with respect to H.

h k H {>°-error p, order (>-error p  order
0.1-277 2.23431e-01 1.37143e-01
0.1.274 1.42094e-01  0.65  8.75474e-02  0.65
0.1-27° 9.28145e-02 0.61  5.73905e-02 0.61
0.1-276 6.19066e-02 0.58  3.83749e-02  0.58

2713 0.1-277 276 4.19479e-02 0.56  2.60275e-02 0.56
0.1.278 2.87599¢-02 0.54  1.78284e-02  0.55
0.1-27° 1.98894e-02 0.53  1.22908e-02 0.54
0.1-2719 1.38418e-02  0.52  8.50334e-03  0.53

—10 1 -5

2 100 2 4.81106e-02 2.83381e-02

212 16@6 276 226623e-02 1.09  1.38113e-02 1.04

g4 16000 277 1.09880e-02 1.04  6.81782¢-03 1.02

5.1.3 Numerical accuracy when d =3

Since the cross-section is a disc, one could have used the radial symmetry to obtain a faster and more
accurate scheme. However, the goal here is to obtain a benchmark for an arbitrary two-dimensional
cross-section. Hence, we used unregular meshes for the disc.

In this section, we test the scheme (8.4.2)) with three different types of choice for (K é")): the exact

(Ké“'))7 and two approximations (K% ) and (K(2),) that are defined as in Section

num,q cor,q

For these three approximations, we compute the £*°-error on — and the results are reported in
x

Table [4] for the case 8 = 0, and Table [3] when 8 = 1. The corresponding error curves are given in
figure [2|

The values of 0(k) for the numerical and corrected approximations will be studied in detail in the
forthcoming second part of this article.

Let us summarize the orders with respect to h, k, H that we have estimated:

Numerical approximation | Corrected approximation | Exact
h 2 2 2
B8=01k 0.5 ~14 3/2
=11k ~ 1.6 ~ 1.8 2
B=0|H 1 ~16
8=1|H ~ 1.7 ~ 1.7

In all cases, the use of the exact kernel is the best option or close to it. When 8 = 1, the three
schemes yields similar accuracy if the edge space step h in the cross-section space step H is small
enough. When 8 = 0, the numerical approximation is slowly convergent and the corrected scheme
offers a substantial improvement.

5.2 Comparison with Navier-Stokes equations

The aim of this section is to compare numerically the full 3D-Navier-Stokes equations (1.1f) with
the continuous asymptotic model on the graph (|1.2]).

5.2.1 Geometry and boundary condtions

We do it for two different configurations, one constructed from a simply connected graph and the
other one from a connected graph with a hole (see Figure .

In both cases, let QF be the interior of {M € R*|3i,0 € ¢;, OM 1 e;,||OM|| < €}, i.e. the union of
cylinders whose diameters are € and whose axes are the e; segments. The domain 2° is not smooth
at the junctions, but we observe the convergence to the asymptotic problem anyway.

Let us take the following boundary conditions:
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oP
Table 3: ¢*°-error on —— for the disc cross-section, 8 =1, p(x,t) = ell=te=1/(t+e)

Oz ()
kernel Numerical Corrected Exact
h k H £>-error p,, order {*°-error p, order {*-error p, order
2T 1.37116e-06 1.37126e-06 1.37063e-06
272 3.98424e-07 1.78  3.98532¢-07 1.78  3.97835e-07 1.78
273 1.07928¢-07  1.88  1.08041e-07 1.88  1.07306e-07  1.89
24 2.85134e-08 1.92  2.86301e-08 1.92 2.78745e-08 1.94
27%  0.1-27% 27107 775301e-09 1.88 7.87126e-09 1.86 7.10518¢-09  1.97
26 2.44720e-09  1.66  2.56627e-09 1.62  1.79485e-09  1.99
27 1.10689¢-09  1.14  1.22637¢-09 1.07  4.52255e-10  1.99
28 7.70502e-10  0.52  8.90184e-10 0.46  1.14715e-10  1.98
279 6.86454e-10  0.17  8.06241e-10  0.14  3.00928e-11  1.93
210 6.65557e-10  0.04  7.85396e-10 0.04 8.90762e-12 1.76
0.1-277 1.40603e-05 1.50528e-05 1.70035e-05
0.1-272 8.23443e-06  0.77  9.36902¢-06  0.68  1.16079¢-05  0.55
0.1-273 1.46155e-06  2.49  3.60481e-06 1.38  4.71718e-06  1.30
0.1.-274 7.63423e-07  0.94  1.03297e-06 1.80  1.49344e-06 1.66
0.1.27° 7.67132e-07 -0.01  2.91920e-07 1.82  4.20353e-07  1.83
0.1.276 4.14515e-07  0.89  6.10037e-08 2.26  1.11756e-07 1.91
0.1-277 27197  1.82874e-07 1.18 1.23173e-08 2.31  2.88777¢-08 1.95
0.1-278 7.31796e-08  1.32  1.70640e-09 2.85  7.35660e-09  1.97
0.1-27° 2.75420e-08 1.41  4.54956e-10 1.91  1.86343e-09 1.98
0.1.2710 9.73626e-09  1.50  4.85544e-10 -0.09 4.73955e-10  1.98
0.1.-274 3.03157¢-09  1.68 6.40152e-10 -0.40 1.24211e-10 1.93
0.1.2712 5.59160e-10  2.44  7.17743e-10 -0.17 3.64187e-11  1.77
0.1.2713 3.40868¢-10  0.71  7.60524e-10 -0.08 1.44120e-11 1.34
0.1.274 6.65557e-10  -0.97  7.85396e-10 -0.05 8.90762e-12  0.69
27 Ir  3.69456e-05 3.68546¢-05
2721 3.36543e-07  6.78  3.85246e-07  6.58
2731 2.97071e-06 -3.14  3.01664e-06 -2.97
2741 7.43567e-07 2.00 7.86382e-07 1.94
0.1-27 275  8.39831e-08 3.15 6.60872e-08 3.57
2701 9.45994e-08 -0.17 1.13113e-07 -0.78
277r  3.63271e-08  1.38  4.33101e-08 1.38
2781 1.13907e-08  1.67 1.22260e-08 1.82
279 3.07604e-09 1.89  3.17743e¢-09 1.94
27107 6.65557e-10 221  7.85396e-10  2.02
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Table 4: ¢*°-error on 92 for the disc cross-section, § =0, p(x,t) = ell=t)z,
T €
kernel Numerical Corrected Exact
h k H £>°-error p, order f*-error p, order {*-error p, order
- 4.65502e-02 4.65403e-02 4.64901e-02

1.36905¢-02  1.77  1.36707e-02  1.77  1.36146e-02 1.77
3.77399¢-03  1.86  3.75018¢-03  1.87  3.69076e-03  1.88
2.42701e-03  0.64  1.02249¢-03  1.87  9.61254e-04 1.94
0.1-27% 27197 319538e-03 -0.40 3.07484e-04  1.73  2.45304e-04 1.97

-6 3.40548¢-03  -0.09 1.24617¢-04  1.30  6.19574e-05 1.99
-7 3.46538¢-03  -0.03  7.84674e-05  0.67  1.55663e-05 1.99
-8 3.48384e-03  -0.01  6.69214e-05  0.23  3.89957e-06  2.00
-9 3.49017e-03  -0.00  6.40570e-05  0.06  9.74829¢-07  2.00
210 3.49261e-03  -0.00 6.33551e-05  0.02  2.43051e-07  2.00
0.1-277 3.74748¢-01 2.51838¢-01 1.02594¢-02
0.1-272 2.51240e-01  0.58  1.67151e-01  0.59  3.50858e-03  1.55
0.1-273 1.70551e-01  0.56  5.48469¢-02  1.61 1.21113e-03  1.53
0.1-27% 1.17002e-01  0.54  1.84214e-02  1.57 4.20822¢-04 1.53
0.1-27° 8.09255¢-02  0.53  4.56308¢-03  2.01  1.46833e-04 1.52
0.1-276 5.63137¢-02  0.52  1.82718e¢-03  1.32  5.13093e-05 1.52
0.1-277 2719 3.93576e-02 0.52  6.16791e-04  1.57 1.78715e-05 1.52
0.1-278 2.75894e-02  0.51  2.57248e-04  1.26  6.13280e-06 1.54
0.1-279 1.93776e-02  0.51  8.02652e-05  1.68  2.00335e-06  1.61
0.1-2710 1.36270e-02  0.51  1.50374e-05  2.42  5.48597e-07 1.87
0.1.-274 9.59438¢-03  0.51  3.52991e-05 -1.23 2.20105e-07  1.32
0.1.-2712 6.77321e-03  0.50  4.65737¢-05 -0.40  2.35100e-07 -0.10
0.1.2713 4.81817e-03  0.49  5.50126e-05 -0.24  2.40775e-07 -0.03
0.1.274 3.49261e-03  0.46  6.33551e-05 -0.20 2.43051e-07 -0.01
2711 1.53506e+00 1.37410e+00
2725 2.89715e-01 241  2.13087e-01  2.69
2731 1.26877e-01  1.19  1.26814e-01  0.75
2741 7.56310e-02  0.75  7.59343e-02  0.74
0.1-27% 275  4.20970e-02 0.85  5.09920e-02  0.57
2767 22117802  0.93  8.15857¢-03  2.64
27Tr  1.14523e-02  0.95  1.85572-03  2.14
2787 6.01148¢-03  0.93  8.35024e-04  1.15
27%  4.15333e-03  0.53  2.39586e-04  1.80
27107 3.49261e-03  0.25  6.33551e-05  1.92
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0
Figure 2: {°°-error on o ey curves obtained from the data presented in Table [4{ (top: 5 = 0) and
r €

Table [3| (bottom: 8 = 1). On each graph, only one parameter varies, the two others are set by
default to h =271k =0.1-2714 H = 72710,

€2

Os5(1 + cos %,Sil’l T 0)

47

01(0,0,0)
02(1+cosz,sing,0)
01(07070) 04(17070)
O5(1 + cos =, —sin =, 0) Os(1+cos =, — 2. 0)
3 COS4’ s1n4, 3 COS4, 9

Figure 3: The full dimension Navier-Stokes simulations were run on two geometries. On the left,
the simply connected one (N7 = 3,N = 4, M = 3), and on the right, the multiply connected one
(N7 =3,N =6, M =6).
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p =0 and v(M,t) colinear to e; at the beginning O; of e;.

v(M,t) = —|:—z|v0 sin (e7240t) (1 — 4e7?||O2M||?) at the beginning Oy of es. The flux

1
through this tube is then ngoez sin (6_240t);

v(M,t) = 2|6—3‘v0 sin (e7240t) (1 — 4e~2||Os M ||?) at the beginning O3 of e3. The flux through
es

this tube is then 2%52 sin (67240t);

e v = ( on the rest of the boundary.

3
Using the mass conservation law, we conclude that the flux through this first tube is: ng”UoEQ sin(5*240t).

5.2.2 Results

Simulations with COMSOL software run over the interval [0, 0.0875¢?] for € € {0.2,0.1,0.05,0.025}.
Let ¢° be the continuous in space function, affine over each edge, such that ¢°(O;) = p°(Oy) for
tef{l,...,N}

We compute the L?(0, T, H' (B))-distance between p° restricted to the graph, ¢° obtained with these
simulations and the pressure P predicted by the asymptotic model. The results are reported in
Tables Bl and

We also show in Figures [6] and [7] the velocity magnitude and the pressure inside Q°. In the
figures [6] and [7] the velocity for the asymptotic problem is obtained using the scheme proposed in
Section B.5.3]

Notice that that the velocity magnitude is not convex in the cross-section, unlike the stationary
Poiseuille profile.

According to [21], the junction boundary layers have a space width of order of e. Thus, the order
of convergence of p° — ¢%,p° — P in L*(0,T, H'(B)) norm is 1/2. The order of convergence of ¢° — P
in L2(0, T, H'(B)) norm is 1.

This is compatible with what we observe. However, we are limited by the accuracy of the numerical
resolution of the Navier-Stokes equations. Anyway, the asymptotic model shows a good agreement
with this numerical solution, with only 6% error when ¢ = 0.025 in the multiply connected geometry
case and 1% error when ¢ < 0.1 in the simply connected geometry case.

We also run simulations in the planar case, with a cut of the multiply connected geometry. This
enabled us to use a much smaller space-step and thus to reach a better precision. We take a cut
of the multiply connected geometry in the zy-plane and run a simulation in the interval [0, 0.25¢%]
with the Dirichlet boundary conditions for the velocity at the extremities of the three tubes. We
use a characteristic Galerkin method, with P* — P? Taylor-Hood elements in space and BDF2 time
integrator (scheme (12) in [2]). It was implemented with FreeFem++ [13]. Results are reported on
table [7] and match the theoretical results of [21].

For this planar case, we also computed ¢G. the function (not necessarily continuous) affine on each

2 1 1 2
edge such (g. —ps)(gOij + gij) = 0, (G —ps)(gOij + gO’w) =0forj € {1,...,.M}. We
observed §. converges very rapidly to P on the edges where the flux is prescribed (i.e. ey, es,e3) in

L*(0,T, Hj.(e1 Ues Uez)) norm, with a 0.003% relative error when & = 0.1. According to [21], the
convergence should be exponential.
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Velocity magnitude

Figure 4: Pressure and velocity magnitude in the transversal and longitudinal cuts of the simply
connected geometry at t = 0.0875¢%, ¢ = 0.1.
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Pressure

Velocity magnitude

Velocity magnitude

Figure 5: Pressure and velocity magnitude in the transversal and longitudinal cuts of the multiply
connected geometry at t = 0.0875¢%, ¢ = 0.1.
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Figure 6: Comparison between the asymptotic model (dashed lines) and the Navier-Stokes numerical
solution (blue lines) for the simply connected geometry when T' = 0.875¢2, ¢ = 0.1. On the left,
the pressure along tubes. On the right, the velocity magnitude across the middle of the three tubes
with respect to the distance to the axis of the tube

Pressure
Velocity magnitude
- « > ~
T T
'
’
g
s

4
i
i
)
'
.
Ky
U

Figure 7: Comparison between the asymptotic model (dashed lines) and the Navier-Stokes numerical
solution (blue lines) for the multiply connected geometry when T = 0.0875¢2, ¢ = 0.1. On the left,
the pressure along tubes. On the right, the velocity magnitude across the middle of the six tubes
with respect to the distance to the axis of the tube

Table 5: Comparison between Navier-Stokes numerical solution and the asymptotic model in the
case of the simply connected geometry. T = 0.875¢2. In this table, <I>§, ®; is the flux accross the
j-th tube according to Navier-Stokes numerical solution and the asymptotic model. The last line of
the table is an estimate of the accuracy of the numerical method used to compute the Navier-Stokes
solution.

€ 0.2 0.1 0.05 0.025

1P — [l 2(0,1, 51 (8))
lpe |l 22 0,7, ()

0.0968455 0.0703769 0.46  0.0532979 0.40 0.0418559 0.35

0° = &2 0,1,11 (B))

i 0.0940223  0.0688850 0.45 0.0524812 0.39  0.0402638 0.38
12°N 20,712 )

1P = &M p2(0,7,711.(8))

” ” 0.0233166  0.0144485 0.69 0.0093076 0.63 0.0114437 -.30
CllLz0,17.01(8)

H((I)j - (I)j)jHL2({1 ,,,,, M}x[0,T7])

- 0.0054451  0.0088381 -.70  0.0166595 -.91  0.0288674 -.79
||((I)j)j||L2({1,..4,J\1}><[0,T])
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Table 6: Comparison between Navier-Stokes numerical solution and the asymptotic model in the
case of the multiply-connected geometry. T = 0.875¢2. In this table, <I>§, ®; is the flux accross
the j-th tube according to Navier-Stokes numerical solution and the asymptotic model, and ¥§ =
Z ay, ;5. The last line of the table is an estimate of the accuracy of the numerical method used

OzGej
to compute the Navier-Stokes solution.

c 0.2 0.1 0.05 0.025
P ¢
1P = pllezo.rm ) 0.144626  0.103521 0.48  0.080028 0.37  0.062730 0.35
P2l 220,711 ()
I :q [EXCEAEN, 0.140002  0.101388 0.47  0.073540 0.46  0.056146 0.39
I lp HLQ‘(O,T,Hl(B))
P—q
O LHE) 0.036639  0.021016 0.80  0.031650 -.59  0.028022 0.18
g ||L2(0,T,H1(B))
H((bj - ‘I)?)jnm(u .M} x[0,T7)
e ’ 0.035878  0.030196 0.25 0.056603 -.91  0.053661 0.08

H((I)i)ij?({l ..... M}x[0,T])
||(\I’€ - \I’e)é||L2({1,.H,N}x[0,T])

= 0.035841 0.030109 0.25  0.056649 -.91  0.053275 0.09
||(‘I’e)€||L2({1,...,N}x[o,T})

Table 7: Multiply connected two-dimensional case. @5, ®;, ¥ denotes the same fluxes as in Table
Notice in column 5 that . is very accurately predicted by P on edges (j € {1,2,3}) on which the
flux is imposed.

P — PEHL2(0,T,H1(B)) [p° — LfHL?(o,T,Hl(B)) P — qs||L2(0,T7H1(B))

151 L2 (0,7, 11 (B))

1P\l L2 0,7, 111 (8))

19°11 12 0,7, 111 ()

4e-01 1.84158e-01 1.74262e-01 6.04826e-02
3e-01 1.61135e-01 0.46 1.54638e-01 0.42 4.58469¢-02 0.96
2e-01 1.33035e-01 0.47 1.29469e-01 0.44 3.08584e-02 0.98
le-01 9.51649e-02 0.48 9.38936e-02 0.46 1.55718e-02 0.99
7e-02 7.99077e-02 0.49 7.91613e-02 0.48 1.09305e-02 0.99
5e-02 6.76983e-02 0.49 6.72472e-02 0.48 7.82038e-03 1.00
4e-02 6.06171e-02 0.50 6.02939e-02 0.49 6.26215e-03 1.00
3e-02 5.25627¢-02 0.50 5.23528e-02 0.49 4.70006e-03 1.00
2e-02 4.29754e-02 0.50 4.28610e-02 0.49 3.13686e-03 1.00
7e-03 2.54107e-02 0.50 2.53871e-02 0.50 1.09576e-03 1.00
5e-03 2.15416e-02 0.49 2.15236e-02 0.49 8.81800e-04 0.65
. 1@ =295l o aywiory 1P = E 2o, ocaveay  10%e = ¥)ellraa, . nyxpom)
H(q);:')jHL2({1’.”’]\/[}><[O’TD ||q6||L2(0,T,H56(31Ue2u63)) H(‘Ilz)lHLQ({L“,’N}X[(),TD

4e-01 1.61063e-02 1.99512e-04 1.06522e-06
3e-01 1.04089e-02 1.52 3.58527e-05 5.97 4.56238e-09
2e-01 6.08976e-03 1.32 3.34245e-06 5.85 8.20514e-09
le-01 2.71136e-03 1.17 3.20877e-06 0.06 2.40961e-08
7e-02 1.84568e-03 1.08 4.59828e-06 -1.01 4.19010e-08
5e-02 1.28786e-03 1.07 8.35613e-06 -1.78 1.63812e-07
4e-02 1.02498e-03 1.02 1.21299e-05 -1.67 2.76485e-07
3e-02 7.58649¢-04 1.05 1.71698e-05 -1.21 3.57710e-07
2e-02 5.01930e-04 1.02 2.57071e-05 -1.00 8.34215e-07
7e-03 1.74694e-04 1.01 8.98785e-05 -1.19 1.82707e-05
5e-03 1.37612e-04 0.71 3.15042e-04 -3.73 6.95978e-05

33



Acknowledgements

The authors are grateful to Konstantin Pileckas (University of Vilnius) for useful discussions. This
work was partially supported by the European Social Fund according to the activity ”Improvement
of researchers qualification by implementing world-class R and D projects” No. 09.3.3-LMT-K-712.

References

[1]

Igor Ashmetkov, Sergei Mukhin, Nikolai Sosnin, and Anton Favorskii. A boundary value
problem for the linearized haemodynamic equations on a graph. Differ. Equations, 40(1):94—
104, 2004.

Rodolfo Bermejo and Laura Saavedra. Lagrange-Galerkin methods for the incompressible
Navier-Stokes equations: a review. Communications in Applied and Industrial Mathematics,
7.3 (2016): 26-55.

Cristébal Bertoglio and Alfonso Caiazzo. A Stokes-residual backflow stabilization method
applied to physiological flows. Journal of Computational Physics, 313:260-278, may 2016.

Cristébal Bertoglio, Alfonso Caiazzo, Yuri Bazilevs, Malte Braack, Mahdi Esmaily, Volker
Gravemeier, Alison L. Marsden, Olivier Pironneau, Irene E. Vignon-Clementel, and Wolf-
gang A. Wall. Benchmark problems for numerical treatment of backflow at open boundaries.
International Journal for Numerical Methods in Biomedical Engineering, page €2918, sep 2017.

Cristébal Bertoglio, Alfonso Caiazzo, and Miguel A. Ferndndez. Fractional-step schemes for
the coupling of distributed and lumped models in hemodynamics. STAM Journal on Scientific
Computing, 35(3):B551-B575, jan 2013.

Artyom Borzov, Sergei Mukhin, Nicolai Sosnin. Conservative algorithm of substance transport
over a closed graph of cardiovascular system. Russian Journal of Numerical Analysis and
Mathematical Modelling, 25(5):413-429, 2012.

Jean Boussinesq. Essai sur la théorie des eaux courantes. Mémoires présentés par divers savants
I’académie des sciences de l'institut de France. Impr. nationale, 1877.

Eric Canon, Frédéric Chardard, Grigory Panasenko, Olga Stikoniené. Numerical solution of
the viscous flows in a network of thin tubes: equations on the cross-section. to appear.

Luca Formaggia, Daniele Lamponi, Alfio Quarteroni. One dimensional models for blood flow
in arteries. J. Engrg. Math, 47:251-276, 2003.

Giovanni Paolo Galdi, Konstantin Pileckas, and Ana Leonor Silvestre. On the unsteady
Poiseuille flow in a pipe. Zeitschrift fir angewandte Mathematik und Physik, 58(6):994-1007,
Nov 2007.

Timur Gamilov, Philippe Kopylov, Roman Pryamonosov, Sergey Simakov. Virtual fractional
flow reserve assessment in patient-specific coronary networks by 1D hemodynamic model. Math-
ematical Models and Methods in Applied Sciences, 30(5):269-276, 2015.

Gung-Min Gie, Chang-Yeol Jung, and Roger Temam. Recent progresses in boundary layer
theory. Discrete Contin. Dyn. Syst., 36(5):2521-2583, 2016.

Frédéric Hecht. New developments in FreeFem++. Journal of Numerical Mathematics, 2012,
20, 3-4, 251-265.

William McLean and Vidar Thome Numerical solution of an evolution equation with a positive-
type memory term J. Austral. Math. Soc. Ser. B, 35, 23-70, 1993.

Mette S Olufsen, Charles S Peskin, Won Yong Kim, Erik M Pedersen, Ali Nadim, and Jes-
per Larsen. Numerical simulation and experimental validation of blood flow in arteries with
structured-tree outflow conditions. Annals of Biomedical Engineering, 28(11):1281-1299, 2000.

34



[16]

[17]

[25]

[26]

[27]

[30]

[31]

32]

Grigory Panasenko. Partial asymptotic decomposition of domain: Navier-Stokes equation in
tube structure. Comptes Rendus de [’Académie des Sciences-Series IIB-Mechanics-Physics-
Astronomy, 326(12):893-898, 1998.

Grigory Panasenko. Asymptotic expansion of the solution of Navier-Stokes equation in tube
structure and partial asymptotic decomposition of the domain. Applicable Analysis, T76(3-
4):363-381, 2000.

Grigory Panasenko and Konstantin Pileckas. Asymptotic analysis of the nonsteady viscous
flow with a given flow rate in a thin pipe. Appl. Anal., 91(3):559-574, 2012.

Grigory Panasenko and Konstantin Pileckas. Flows in a tube structure: equation on the graph.
J. Math. Phys., 55(8):081505, 11, 2014.

Grigory Panasenko and Konstantin Pileckas. Asymptotic analysis of the non-steady Navier-
Stokes equations in a tube structure. I. The case without boundary-layer-in-time. Nonlinear
Anal., 122:125-168, 2015.

Grigory Panasenko and Konstantin Pileckas. Asymptotic analysis of the non-steady Navier-
Stokes equations in a tube structure. II. General case. Nonlinear Anal., 125:582-607, 2015.

Grigory Panasenko and Konstantin Pileckas. Divergence equation in thin-tube structures.
Appl. Anal., 94(7):1450-1459, 2015.

Konstantin Pileckas. Navier—Stokes system in domains with cylindrical outlets to infinity.
Lerays problem. In Handbook of mathematical fluid dynamics, volume 4, chapter 8, pages
445-647. Elsevier, 2007.

Konstantin Pileckas and Vaidas Keblikas. Existence of a nonstationary Poiseuille solution.
Siberian Mathematical Journal, 46(3):514-526, May 2005.

Jean Louis Marie Poiseuille. Recherches sur les causes du mouvement du sang dans les vaisseaux
capillaires. Impr. royale, 1839.

Muhammad Umar Qureshi, Gareth DA Vaughan, Christopher Sainsbury, Martin Johnson,
Charles S Peskin, Mette S Olufsen, and NA Hill. Numerical simulation of blood flow and
pressure drop in the pulmonary arterial and venous circulation. Biomechanics and modeling
in mechanobiology, 13(5):1137-1154, 2014.

Muhammad-Umar Qureshi, Mitchel Colebank, L.Mihaela Paun, Naomi Chesler, Man-
soor A. Haider, Nicholas A. Hill, Dirk Husmeier, Mette Olufsen. A computational study
of pulmonary hemodynamics in healthy and hypoxic mice. Preprint arziv:1712.01699 (2017).
https://arxiv.org/abs/1712.01699

Anne M. Robertson, Adelia Sequeira. A director theory approach for modeling blood flow in
the arterial system: An alternative to classical 1D models. Mathematical Models and Methods
in Applied Sciences, 15(6):871-906, 2005.

Spencer J. Sherwin, Luca Formaggia, Joaquim Peiro. Computational modelling of 1D blood
flow with variable mechanical properties and its application to the simulation of wave propa-
gation in the human arterial system. Int J Numer Meth FI, 43(6-7):673-700, 2003.

Vidar Thomée. Galerkin finite element methods for parabolic problems, volume 25 of Springer
Series in Computational Mathematics. Springer-Verlag, Berlin, second edition, 2006.

Yuri Vassilevski, Sergey Simakov, Victoria Salamatova, Yuri Ivanov, Tatiana Dobroserdova.
Numerical issues of modelling blood flow in networks of vessels with pathologies. Mathematical
Models and Methods in Applied Sciences, 26(6):605-622, 2012.

John R Womersley. Method for the calculation of velocity, rate of flow and viscous drag in
arteries when the pressure gradient is known. The Journal of physiology, 127(3):553-563, 1955.

35


https://arxiv.org/abs/1712.01699

	Introduction
	Thin tubes structure
	Numerical scheme and convergence

	Continuous problem on the graph
	Vector spaces and notations
	Weak form
	Regularity of the solution
	Regularity with respect to the space variable
	Regularity with respect to the time variable


	Galerkin method
	Time discretization
	Continuity and coercivity of the approximate bilinear form
	Total discretization on the graph
	Discretization in the cross-section
	Exact kernels
	Numerical approximation of the kernels
	Corrected approximation

	Remarks on the solving of the scheme
	Using the block triangular structure
	Using the Fast Fourier Transform
	Coupling with the cross-section


	Convergence of the scheme
	Numerical results
	Numerical accuracy
	Test case on a single tube
	Numerical accuracy when d=2
	Numerical accuracy when d=3

	Comparison with Navier-Stokes equations
	Geometry and boundary condtions
	Results



