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Analysis of a Simplified Coupled Fluid-Structure Model for
Computational Hemodynamics

T. Chacén Rebollo!, V. Girault?, F. Murat? O. Pironneau?
April 22, 2014

Abstract

We analyze a simplified coupled model for aortic blood flow. The vessel wall reaction to
the fluid is modeled by the Surface Pressure Model which assumes that the normal stress on
the fluid is proportional to the displacement of the structure. This leads to a unique boundary
problem for Navier-Stokes equations, where at the wall the velocity is normal to the wall, and
proportional to the time derivative of the pressure. We prove that the problem is well posed
and show that a semi-implicit time discretization converges. We present some numerical results
and a comparison with a standard implementation of the Surface Pressure Model where the
displacement is not eliminated.

1 Introduction

Computational hemodynamics is an important technique for the study of by-passes, stents
and heart valves (see Thiriet [1] for instance). Modeling aortic flow can be done by a large
variety of approximations ranging from nonlinear elasticity to fixed walls for the vessels and
non-Newtonian Navier-Stokes to Stokes flow for the fluid [2, 3, 4, 5, 6].

Linear elasticity with small displacement coupled with Navier-Stokes equations has been
shown to be well posed by Nobile and Vergana in [7]. However the numerical simulations are
expensive and not unconditionally stable [8].

In the special case of aortic flow the geometry does not change much. Typically the aorta
has a radius of 1 centimeter and for computational purposes a section of length of 5 to 10
centimeters; the thickness of the aortic wall is around 0.1cm; the heart pulse is about 1Hz and
the pressure drop is roughly 6KPa.

It was shown in [7] that if lateral displacements are neglected, Koiter’s shell linear elastic
model reduces to a scalar equation for the normal displacement 1 on the mean position ¥ of
the vessel’s wall,

p°hoyn —V - (TVn) — V- (CVOn) + adin + by = f°, n,0n given at t = 0. (1)
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Here h denotes the average thickness of the vessel and p?® its volumetric mass; T is the pre-stress
tensor, C is a damping term, a, b are viscoelastic terms and f* the external normal force on the
shell, i.e. f® = —0%,, the normal component of the normal stress at the surface of the solid.
Notice that in this context and due to the assumption of normal displacements the other
components of the normal stress tensor cannot be matched with those of the fluid.
Finally assume that [h, T, C,a] << b; then the Surface Pressure Model is obtained:

Ehr
— STLTL et s 1 h = ——,
o bn, with b A= &)

where A is the vessel’s cross section, E the Young modulus, £ the Poisson coefficient. The
following typical values (see [6]) will be used in the numerical tests:

(2)

E=3MPa, £=0.3, A=7R?> R=00lm, h=0.00lm = b=3.310"ms 2. (3)

The Surface Pressure Model is an interesting prototype to understand the complexity of fluid-
structure interactions; it yields numerical models which do not require alternate resolutions
between the fluid and the structure; hence, though less general, gives rise to a much more stable
strategies.

From the mathematical standpoint it leads to unusual boundary conditions involving the
pressure and the normal wall velocity. The object of this study is to investigate these new
problems and show that they are well posed.

The paper is organized as follows. In Section 2 we introduce the simplified coupled model
that we study in the paper. Section 3 is devoted to introduce a semi-discretization in time of
the simplified model, that is proved to be well posed in Section 4. In Section 5 we prove the
stability and convergence of the semi-discretization. Finally Section 6 presents some relevant
numerical tests.

2 Modeling

Assuming blood flow to be Newtonian , the Navier-Stokes equations link the fluid velocity u
and the pressure p by

pl(Ou+u-Vu)—V.-of =0, V-u=0, (4)

where p/ is the volumetric mass density of the fluid, x the viscosity and o/ = —pI+pu(Vu+VuT)
is the stress tensor.
With the surface pressure model (2) for the vessels ¥ we have

—bn = (—p+2udyu-n)ls, Onn=uls. (5)

The second equation says that the derivative of the vessel’s displacement is equal to the velocity
of the fluid; note that it can also be written as

uxn=0, dnp=u-nonX. (6)

In [9] it was shown that on a quasi-toroidal geometry of large radius R and small radius r the
first condition in (5) is
r H
—bp=—-p+2(1+ =cos’f)=u-
n p+2(1+ 7 €08 )r u-n



at all points on 3 of coordinates [x = (R + rcosf)cosp, y = (R + rcosf)sing, z = rsinb).
Therefore, on X:

Op = 2(1 + %cos2 G)Hatu-n+bu-n. (7)
T

At the (artificial) input/output cross sections we shall assume that the flow is normal to the
section, u X n = 0, and the pressure is given by p = pr. So a complete set of boundary and
initial conditions for (4) is

u(0) =up in 2, p(0) =pg on %,

r
uxn=0, 0tp:2(1+E(30520)H8tu-n+bu-non ¥ x (0,7,
r

uxn=0, p=pron (IN\X) x (0,T). (8)
The vessel moves with the normal velocity 7, so €2 is time dependent. As a first approximation
(transpiration condition, see [10]) we may neglect the motion for the fluid computation. However

in doing so (4)+(8) no longer preserves energy; therefore it is necessary to replace the nonlinear
terms u- Vu in (4) by —u x V x u according to the identity,
uf?

This approximation has the same order as neglecting the time dependency of 2 because it
amounts to replacing the dynamic pressure p + %]u|2 by p on ¥ and uly is small.
Finally recalling the identity:

—Au=VxVxu-V(V-u), (10)

the modified Navier-Stokes system for fluid-structure interactions in fixed domains such as those
of aortic flows is

du—uxVxu+vvVxVxu+Vp=0, V-u=0,

u(0) = up in Q,
uxn=0, 6,5;5:2(14—%COSQG);@u-n—i—Eu-nonE><(O,T),
uxn=0, p=pron (IQ\X) x (0,7), (11)

= b
where v := %, p= % and b = - When b >> p we may neglect the term containing dyu - n
p P

and consider instead
bu=0d;pn, (12)

but in any case, the following analysis can be extended to more general cases including the full
equation (1).

In the sequel we drop the tilde over p and b. Also we take I' = ), i.e. ¥ = 99, for clarity
and leave to the reader the extension to the general case, assuming that pg and pr have the
right matching and regularity properties. Therefore we shall consider the system

Ju—uxVxu+rvVxVxu+Vp=f in (0,7)x9Q,
V.ou=0 in (0,T)xQ,
bu=0pn on (0,T)xX, (13)
u(0)=up in Q,
p(0)=po in Q.



3 Semi-discretization in time

In this section we propose a variational formulation for the Navier-Stokes boundary value pro-
blem (13). We use the Sobolev space W*P () and denote its norm by || - |[xp0. We denote
WEQ) = [WFQ)]?, H*Q) = Wk2(Q), HF(Q) = [HF(Q)]?, LF(Q) = [LF(Q)]?; we assume
that €2 is a Lipschitz domain. Our analysis is inspired by the early works on the Stokes and
Navier-Stokes equations with boundary conditions on the pressure (Cf. [11, 12]).

Notice that a time discretization of (12) gives an expression for the pressure on ¥ at each
time step:
n+l _ . n
butt ~ }% n = p"tlp? +bstuttn. (14)
It can be used directly in the weak form of (13):

(O, w)g— (uxVxuw)o+rv(VxuyVxw)o—(p,V-w)q+ (p,n-w)y = (f,w)g. (15)

This weak form is obtained by integrating in 2 the first equation of (13) multiplied by a smooth
test function w such that n x w = 0 on X, and using the identity

(VxVxuw)g=(Vxuwxng+(VxuVxw)=(VxuVxw))g.
As usual (.,.)q denotes the L?(Q)-scalar product.
Therefore using (14), equation (15) is discretized at times t = ¢, = n dt by
un+1 o
(T,W)Q — (" XV xu", w)g+ v (Vxu" Vxw)g— ("L, V-w)q (16
+(p" + bt u"tl. n,w-n)y = (an,W)Q

where f*! is some averaged value of f in [t,,t,+1], with t, = nét. However this formulation
only makes sense if p|"E has some LP regularity, in particular if p‘"E € L*(X). Hence we will first

re-formulate (16) appropriately and then analyze its well-posedness, stability and convergence
when dt — 0 to the solution of a suitable continuous problem.
Consider the velocity and pressure spaces

W = {weLQ)|VxweLQ), V-we LX), nx w,_ =0}, (7)
M = L*Q). (18)
Then it holds (Cf. Bernardi et al. [13])

Lemma 1 The space W is well defined and is a Hilbert space endowed with the norm

2 7 )1/2.

Iwilw = (]

Moreover when § is either convex or CH', then W is continuously embedded in H' () and there
exists a constant C > 0 such that

[wlli20 < Clwlw YweW.

t
Observe that the condition d;pn = bu may be re-written p(t)n = Jn+b / u(s
0

This suggests the following discretization of problem (13): Assume f € L2((0 T)xQ),up € W,
po € L2(X), let N > 1 integer, 6t = T/N. Set u® = ug, p° = po.



Forn=0,---,N —1, find (u"*! p"*1) € W x M such that for any (w,q) € W x M,

( &—u W) — (U x V xu, w)g + v (V x u™™, V x w)g
—(p"LY W+ (U nw o)y = (7L w)g, (1Y)
(v : u’n-i—l’ Q) = 07
where
n+1 1 tnil
UTL-‘rl — 5.[/. Zuk’ fTL+1 — E / f(S) ds.
k=1 tn

This discretization is equivalent to (16),
Set upg = u’, pgp = p'. Forn = 0,---,N — 1, find (u"*!,p"*t!) € W x M such that
for any (w,q) € W x M,

un+1 —u®
( 5 W) — (U X V xu", w)q + v (Vxu"™V xw)g
—(PTLV w)g + (P +btu™ n,won)y = (" w)g, (20)
(V-ulq) = o

Proposition 1 Assume that problem (20) admits a solution such that p™ € H' (),
u" x Vxu" € L2(Q) and V x V xu” € L%(Q) for alln =0,--- , N, then the sequence (u™,p"),
n=20,---,N is also a solution of (19).

Conversely, if (19) admits a solution such that p" € HY(Q), u" x V x u® € L%(Q) and
V xVxu®eL3Q) foralln =0,---, N, then the sequence (u",p"), n =0,--- ,N is also a
solution of (20)

Proof. Assume for instance that problem (20) admits a solution such that p" € H(Q),

u" x Vxu® € L?) and V x V x u" € L%(Q) for all n = 0,--- , N. Integrating by parts in

(20) we obtain
(un+1 —u”

5 —u"t! ><qu”—i—l/VxV><u"+1+Vp”+1—f"+1,W) =0,
Q

for all w € W such that w-n = 0 on ¥. Then this holds for all w € D(Q)¢ and we deduce
utl —un
—
Thus by (20),

—u" XV xu" + vV x V xu"t 4 vptt = 1 i L2(Q). (21)

(_pn—i-l +pn + b5tu”+1 ‘n,w- n)E =0 for all we W,

Applying recursively this identity, we deduce

n
(_pn+1 _|_p0 L bt Zuk""l ‘N, W - 1’1)2 =0 for all we W.
k=1

Then the sequence (u”,p"), n=0,1,---, N is a solution of (19). O

Remark. If " € L3/2(Q), n =0, 1,--- , N, the regularity hypotheses of this result simplify
to p" € W1’3/2(Q), n=0,1,--- N, and no additional regularity is necessary for the velocities.
However this proof is quite involved technically and we prefer not to include it for simplicity.



4 Analysis of the semi-discrete problem

In this section we analyze the discrete problem (19) for fixed n. We prove that it admits a
unique solution (u™*1 p"*1). Estimates for u”*! and for a primitive in time of the pressure
(instead of the pressure itself) will be obtained in Theorem 5.1 below (See (40), (46)).
Problem (19) is an Oseen-like problem, however it is non-standard due to the structure of
the convection term, and the presence of the boundary terms issued from the discretization of
condition (12).
The well-posedness of problem (19) is based upon the following inf-sup condition:

Lemma 2 Assume that the domain Q is Lipschitz. Then for some 3 > 0,

,V-w
Bllallo20 < Su%:i)V(q”VVHVV) for all g € M. (22)
we

Proof. Let ¢ € M. Consider the solution ® € H}(2) of the problem
—Ad=¢qgin Q, =0 on X.

Let w=—-V®. Thenw cL?(Q),V-w=—¢ Vxw=0inQandnxw=nxV®=0o0nX
because the components of n x V® are tangential derivatives of ® on ¥ (Cf. Girault-Raviart
[14]). Then w € W, and (22) follows with

5 1
V1+P?
where P is the constant of Poincaré’s inequality. O

Notations Let us introduce the following multilinear forms for u,w, z € W,r € M:

a(u,w) = v(VxuV xw)g, (23)
c(ujz,w) = —(zxVxuw)q, (24)
dir,w) = —(r,V-w)q, (25)
A(viu,w) = %(u, w)o +c(v;u,w) +a(u,w) + bt (u-n,w-n)y, (26)
1
ln(w) = &(u",w)g + (" w)g — (P +bU" -n,w-n)s. (27)
Problem (19) for (u"™!, p"™1) may be re-written as
A utt w) +d(p"thw) = I,(w) forany we W, (28)
d(g,u™™) = 0 for any q € M.

To analyse this problem note that the form [, is linear on W, the form « is bilinear continuous
on W x W, the form c is trilinear continuous on W x W x W and the form d is bilinear
continuous on M x W. Moreover,

Lemma 3 Assume that Q is convex or CbL. Then there exists a constant C such that

le(u;z, w)| < C||ullw ||z]|w |w|w for all u, z, w e W (29)



Proof. By Sobolev’s imbeddings, H'(2) is imbedded into LP(f2) for 1 < p < 6. Therefore
(w2, w)| < C IV xuafozallzloan [wlose < Cllullw [[z]120 w20
The conclusion follows from Lemma 1. O
We are now in a position to prove the
Proposition 2 Assume that Q is convex or CY'. Then problem (19) admits a unique solution.

Proof. The forms A(v;-,-) and d are bilinear and respectively continuous on W x W and
M x W. Also, A(v;-,-) is coercive on the kernel Wy, of d in W,

Wiy ={weW |V -w=0, a. e. in Q}.

Indeed, as ¢(v;w,w) = 0, the form

1 1/2
W € Wiy W] = A wow)'? = (5 [l + VIV % Wl a0+ 00t [ il )

is a norm on W ;, equivalent to the norm of W. In addition, the inf-sup condition (22) holds.
As the form [, is linear on W, we deduce that problem (28) admits a unique solution (u, p) (Cf.
[14]). O

5 Stability and convergence analysis

In this section we establish the stability of (19) in natural norms and prove its convergence
to a weak solution of the boundary value problem (13) for the Navier-Stokes equations. We
start by giving a weak formulation to this problem. We shall look for the primitive of the
pressure as an unknown instead of the pressure itself. This primitive is naturally bounded in
L>=((0,T); L?(£2)), while it is much harder to bound the pressure in a Banach space.

5.1 Variational formulation

For brevity we shall denote LP((0,7); B) by LP(B), where B is a Banach space. When B =
WHP(Q) we denote LP (WP (Q2)) by LP(W*P). Let us define the mapping U : L2(W) - H(W)
by

t
U(z)(t) = / z(s)ds.
0
We define the weak formulation of problem (19) as follows. Denote Qr = 2 x (0,7),

Definition 1 Let f € L2(W'), ug € W/, po € L*(X). A pair (u,p) € D'(Qr)? x D'(Qr)
is a weak solution of the boundary value problem (13) if u € L*(W ;) N L (L2), there exists
P € L*(L?) such that p = 0, P, and for all w € W, ¢ € D([0,T]) such that ¢(T) = 0,

T
- /0 (u(t), w)a @/(t) dt — (uy, w) 9(0)
T
—I—/O [c(u(t);u(t),w)dt + a(u(t),w) +b(U(u)(t) -n,w-n)s| p(t)dt (30)

T T T
" /0 (P(£),V - w)a /(1) dt = /0 (£ (), W) o (t) i — /0 (po, W - 1) o(t) .




This definition makes sense because due to the regularity asked for u and P, all terms in
(30) are integrable in (0,7"). The weak solutions given by this definition are solutions of the
Navier-Stokes equations in the following sense.

Proposition 3 Assume that Q is convex or CV1. Let (u,p) € D'(Qr)? x D'(Qr) be a weak
solution of the boundary value problem (13). Then

i) Equations

u—uxVxu+rvVxVxu+Vp=f and V-u=0 (31)
hold respectively in D'(Qr)? and in L*(Qr).
i)
uc C%0,7T),W,,) and u(0) =uy in W/,
i)

nxu=0 in L}LYN)).

i) If Q is C1 or polyhedric, u € L?(H?), dyu € L*(L?), po € HY?(X) and p € L>(H'), then
dp=>bu-n in L2(HV*(X)), p0)=po a. e in T x(0,T).

Proof.

i) Asu € L'(Qr), then u satisfies in the sense of distributions

T
(01, W ® ©) (o) = — / u(x, t) By(w(x)p(t)) dx dt = — /O ((t), w)q (1) d,

T

for all w € D(Q)?, ¢ € D(0,T). Similarly, as P € L' (Qr),

T
(V(OP), W © P)p(gn) = /0 (P(£).V - w)a /(1) dt.

Then, integrating by parts and using (U(u)(t) -n,w-n)y =0 and V-u=0 a. e. in Qr,
(30) implies

(8tu—u><Vxu+viqu+Vp—f7W®<P>D(QT):0

for all w € D(Q)?, ¢ € D(0,T). As D(Q) ® D(0,T) is sequentially dense in D(Qr) (Cf.
[15], Theorem 39.2) we deduce (31).
Also, as u € L?2(Wy;,), then V-u =0 in L?(Q7).

ii) Let ®(t) € W' defined a. e. in (0,7) by
(@(t),2) = c(u(t);u(t), z) + a(u(t), z) + b (U(u)(t) -n,z - n)s — (£(t),2) — (po,z - n)s.

By estimates (29) and the boundedness of forms a and ¢, there exists a constant C' > 0
such that

le®)llw < C ([u@®)|Ry + (@) lw + [EE)lw + o

02,2 + [[ullo,1,w)-



Then ® € L'(W'). From (30) we deduce that for all w € W;,,, and for all ¢ € D(0,T)

T T
| o wa @yt = [ (@00, wiw, ¢ (0
0 0

Then dpu = —® € LY (W, ), and u € C°([0,T], W, ). Moreover, if ¢ € D([0,T7]) is such
that o(T) = 0, then (Cf. Temam [16], Chapter 3)

T T
/ (Oru(t), whw,, @ () di = —(u(0), W)w,, £(0) — / (u(t), w)a /(1) di.
0 0

As ug € W — W/, by (30) it follows

T
/0 (Bru(t) + D), W)w,, 9(t) dt + (o — u(0), Wy 4(0) = 0,

and so (ug — u(0), w)w,,, = 0 for all w € Wg;,,. We conclude that u(0) = ug in W/, .

iii) As W is imbedded into H'(f2), trace theorems and Sobolev’s imbeddings imply that
u, € L*(L*(X)). As n € L™(X), then u x n € L*(L*(%)).

iv) Assume u € L?(H?), O,u € L?(L?) and p € L?(H"). Integrating by parts in (30), yields
T
/ (Opu(t) —u(t) x V xu(t) + vV x V xu(t) + Vp(t) — £(t), w)q @(t)dt
0

T
+/ bU)(t) - n+po—p(t),w-n)xp(t)dt =0,
0

for all w € W, ¢ € D(0,T). Using that the first equation in (31) now holds in L?(L?), we
deduce
(bU(u)(t) - n+po—p(t),w-n)y =0 a. e. in (0,7). (32)

Assume that Q is CY'. Then n € C%'(X) and by Gagliardo [17] (see also Grisvard [18] Sect.
1.5) it admits a lifting N € WP(Q) for some p > d. Then (p(t) — po) N € HY(Q) and since
N xn = 0 on %, it follows that (po —p(t)) N € W. Consequently bU(u)(t)+ (po—p(t)) N e W
and as

(OU)(@) -n+po—p(t),w-n)s = bU){) -n+(po—pt)) N-n,w-n)y, a e in (0,T)

we deduce bU(u) -n = p — po in L2(HY2(%)).
Assume now that € is polyhedric. Let .S be any face of 3 and ¢ any function of the space

U= {go € H'(Q) such that oy is supported by % } ,

where 7o is the trace operator on ¥. Since N = n|  is a constant vector, the function ¢ N
belongs to H'(Q2) and v(¢N) is supported by S. Again (pN) x n = 0 and hence N € W.
Let w = ¢N for any ¢ € U. Then (33) reduces to

(bU(u)(t) n+po—p(t),p)s =0 a. e. in (0,7). (33)

Since by definition any function in Héo/z(S ) is the trace of a function ¢ € ¥, this implies that

bU(u) - n+py—p=0 a. e. in S x (0,7).



10

As this is valid for any face S of 3, we derive
bU(u) n+py—p=0 a. e in ¥ x (0,7)

As U(u) € H'(H'Y?(X)), then dyp = bu - n in L2(HY?(X)). Thus p € C°([0,T]; H/2(X)) and

bU(u)(t) = p(t) — p(0) in [0,7]. So p(0) = po in H'/?(X). -

Remark For general domains, the condition d;p = bu-n a. e. on X x (0,7 will hold (for
smooth enough u, pp and p) if the set {w-n|w € W} is dense in some LP(X) .

5.2 Stability

We analyze in this section the stability of discretization (19). Let us consider the following
functions:

e u; : [0,7] — W is the piecewise linear in time function that takes the value u”" at
t =t, = nét,
lny1 — 1 n t—1n n+1
u u’m.
TR
e ps: (0,T) — M is the piecewise constant in time function that takes the value p™ in the
time interval (t,,tp+1). This function is defined a. e. in (0,7).

u(;(t) =

e Ps: [0,T] — M is the primitive of the discrete pressure function ps.
t
Pi(t) = [ s(s)ds,
0

e G5 : (—0t,T) — W is the piecewise constant function that takes the value u"*! in
(tnstnt1), and Gs(t) = uf in (—4t,0). This function is defined a. e. in (=6t,T).

e u; : (0,7) — W is the piecewise constant function that takes the value u™ in (¢, t,1).
This function is defined a. e. in (0, 7).

° INJ(; : (0,T) — W is the piecewise constant function that takes the value Utlin (tnytnti)-
° f}; : (0,T) — W' is the piecewise constant function that takes the value frtlin (tnytnt)-

We estimate a fractional time derivative of the velocity in the Nikolskii spaces N*P(0,T; B),
which are sub-spaces of LP(0,T; B), where B is a Banach space. The Nikolskii space of order
r € [0,1] and exponent p € [0, 400] is defined as

N"™P(0,T;B) = {f € LP(0,T; B) such that | f| ., < +00},

where

1l grr = Sup 5 ”TéfHLP 0.T—8:B)>

and 75f(t) = f(t +0) — f(t),0 <t <T — 4. The space N"P(0,T; B), endowed with the norm

£l nreo,m:8) = I leo,msmy + 1 L grp

is a Banach space. We may think of N™P(0,T’; B) as being formed by functions whose fractional
derivative in time of order r belongs to LP(0,7T; B). Whenever there is no source of confusion,
we shall denote N*P(0,T; B) by N*P(B). We also use the following (Corollary 3.19 of [13])
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Lemma 4 Assume that 2 is simply-connected and ¥ is connected. Then the semi norm
IV x wllo20

is a norm equivalent to the ||-||w norm on the space W g;,.

We may now state the following stability result:

Theorem 5.1 Assume that Q is convex or is simply-connected with a C*' connected boundary
Y. Assume that ug € L%2(Q), f € L2 (W'), po € L3(X). Then the solution of problem (19)
satisfies the following estimates:

usll oo ey + V2 sl 2+ 010 - 0l poo ey (34)
1 1
< (Iuolbasn + =l + ol )

sl a2y < Co. (35)
and
1Bs] oo r2) < Co, (36)
for some constant C7 > 0 independent of h, 6t and v, and some constant Cy > 0 independent
of 6t.
Proof. We proceed by steps.
STEP 1. Velocity estimates. To obtain estimate (34) we use

1 1
(un—H _ un) . un+1 _ §(un+1 _ un) . (un+1 + un) + 5Hun—&-l _ unHZ7 (37)

and

n+1 _ 11N
(Un-l-l .n, un—i—l X n)Z — (Un—l—l -m, u . n) ’
ot .

where we assume U? = 0. Then, setting w = u”*! and ¢ = p"*! in (19) yields

1 1 b
5”“”“”(2),2,9 + 5”“”“ - un||(2),2,Q + 6t v||V x unHH(Z),z,Q + §||UnJrl ‘n

b
+§HU”+1 n—-U"- nH(ZLQ,E

‘2
0,2,%

b
37279 + iHU" . n”(2),2,2 + 0t < £ a4t (po, u"tt. n)y. (38)

1
= 5”“”

Using Lemma 4 and Young’s inequality,

[0 B+ [ = w" B g + 50V X w B og + b UM 0
< [0l 2.0 + 010" - nff 5.5 + C ot [E Ry + C ot IpollF 2.5, (39)
for some constant C' > 0. Summing estimates (39) for n =0,1,--- ,k for some k < N — 1,
k k
520 + D ™ —u®Fa0 + v 8t Y |V x w50 +b[UM - nlff 55 (40)
n=0 n=0

k
< luol§ o0+ Cotv™ Y IE Ry + CT v |po
n=0

2
02,5
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This yields estimate (34), as

N-1
Z% ot an—HH%V/ < ||fH%2(w/), Hu5||L°°(L2) = n:glﬁi{?’N [u™lo,2,0,
n=
i N
IUs nllperzey = max [U"-nfozyx, and [us]F2 0wy < C Ot Y NIV X 0[5 20,

n=0
for some constant C' > 0 independent of Jt.

STEP 2. Velocity time increment estimates. Let us re-state problem (19) as

(Orus(t), w) + c(fis(t — 6t); fs(t), w) + a(fis(t), w) + b (Us(t) -0, w - n)y
—(Ps(t), V- w)a = (£5(t), w) — (po, W - )y, (41)
(V-us(t),q)0 =0,

a.e. in (0,7, for all w € W. Let us integrate (41) in (¢,t+ ) for t € [0,T — 4],

t+3 )
(rsus(t), W) =/ (Fs(s), w) d3+/ (Ps(s), V - w)a ds, (42)
t t
where (we recall) T5us(t) = us(t + 0t) — us(t), and Fs(s) € W' is defined a. e. in (0,7") by

(Fs(s),w) = —~c(ﬁ5(s —dt);us(s), w) —a(ag(s),w) —b (fJ(;(s) ‘N, W-n)y
+ (f5(s),w) — (po,w -n)y, forall we W.

Setting w = 75u;(¢) and integrating from 0 to 7' — 9,

T—6 T—45 t+6
| ImsusBaqd = | (Fa(s), ryus(t)) ds dt, (43)
0 0 t

were we have used that (V - msus(t), ps(s)) = 0, a. e. for ¢, s € (0,T). Using the imbedding of
W in HY(Q),

1Fs5(s)[lwr < C [Hﬁé(s = 0t)|Ry + 185(s) Ry + IV x 05(5)l[5 2.0 + 1E5(s) lw + 1 Us - nllo,2.
+ llpollo.2.] -
Due to estimate (34), this implies that F5 € L'(W’), and
| Fsllzrowry < C (44)

for some constant C' > 0 independent of h and t. Now, we use Fubini’s theorem to estimate
the r.h.s. of (43), as follows

T—6
| Imsus®lf 20 dt = (Fale). 75 (0) e ds
0 s—

0
T s
< [17ehe ([ i) s
0 s—
T s 1/2
< [1m@lw e ([ immolka) as
0 .

< C8Y2||ug]| 2wy < C6Y2, (45)




for some constant C' independent of h, where v denotes the extension by zero outside [0,T — §]
of a function v. The last line of estimates follows from (34) and (44). Estimate (45) yields (35).

STEP 3. Estimate of the primitive of the pressure. Let w € W. Equation (41) yields

(Ps(t),V-w)q = (115(?5)—110>W)Q—/0<]:6(5),W>d3

C (sl rey + laolloz + 1 Fsl i own) wliw (46)

<
< Cllwllw,

where the last estimate follows from estimates (34) and (44). Then, by the inf-sup condition
(22), estimate (36) follows. O

We next prove the convergence, we need some preliminary results:

Lemma 5 Let z € L>®(L?) N L*(L*). Then z € L3(Qr) and

1/3 2/3
Izllos.0r < 2072 g2y 1207500 (47)

Proof. Let r € [2,4]. By Holder’s inequality,
4(1-6)

I12() 500 < 12(6) 52,0 ll2(t )||04Q < ||2)| Foe 2y 12(8)llg00 '+ & e in (0,T),

where 7 = 20 + 4(1 — ). Setting » = 3 we obtain § = 1/2. Integrating in time the above
inequality yields (47). O

Lemma 6 Assume that the domain Q is convex or Ct'. Assume that the sequence {vs}so C
L3(Qr) strongly converges tov in L3(Qr). Let p € D([0,T)), w € W. Then vs(x,t)@w(x) p(t)
strongly converges to v(x,t) ® w(x) ¢(t) in L?(Qr)3*3.

Proof. By Holder’s inequality,

[vs @ W (0,7)
for some constant that does not depend on §. The conclusion follows. O
We also need the following compactness result for space-time functions (Cf. [19])

Lemma 7 Let X, E, Y be Banach spaces such that X — E < Y where the imbedding
X — FE is compact. Then the imbedding

LP(0,T: X) N N"P(0,T;Y) < LP(0,T; E) with 0 <r <1, 1<p< 400

18 compact.

We are now in a position to state the convergence result:

Theorem 5.2 Assume that Q) is convex or is simply-connected with a C*' connected boundary
Y. Assume that ug € L2(Q), f € L2(W') and py € L?(X). Then the sequence ((us,ps))s>0
contains a sub-sequence ((ug, ps'))s~othat is weakly convergent in L2(W) x H~1(L?) to a weak
solution (v,p) of the boundary value problem (18). Moreover (us)s~q is weakly-* convergent
in L>°(L?) to u, strongly in L*>(L") for 1 < r < 6, and the primitives in time of the pressures
(ps')sr>0 are weakly-* convergent in L>°(L?) to a primitive in time of the pressure p.

If the solution of the problem (30) is unique, then the whole sequence converges to it.

13
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Proof. We proceed by steps.

STEP 1. Extraction of convergent sub-sequences. By estimates (34) and (35), us is
uniformly bounded in L2(H'), in L>°(L?) and in N'/42(L?). The imbedding H'(Q) < L"(Q)
is compact for 1 < r < 6 (Cf. Brézis [20], Chapter 9), and then the imbedding W — L" ()
also is compact. Applying Lemma 7 with X = HY(Q), E = L"(Q) and Y = L2(Q), it follows
that the sequence (us)s=o is compact in L?(L") for 1 < r < 6.

By estimate (36), the sequence (Pj)s~¢ is uniformly bounded in L>°(L?). Then the sequence
((ug, Ps))s>o contains a sub-sequence (that we still denote in the same way) such that (us)sso is
strongly convergent in L?(L") to some u, for any 1 < r < 6, weakly in L?(H!) and weakly-* in
L>®(L?), and (Ps)s>¢ is weakly-* convergent in L>°(L?) to some P. We prove in the sequel that
the pair (u, 0¢P) is a weak solution of Navier-Stokes equations (30) in the sense of Definition 1.

Also, by (34) the sequence w5 is uniformly bounded in L?(H!) and in L*°(L?). Then, it
contains a subsequence (that we may assume to be a sub-sequence of the preceding one) weakly
convergent in L?(H'), weakly-* convergent in L°°(L?) and strongly convergent in L?(L"), for
any 1 <r < 6, to some u. Both limit functions u and 1 are equal. Indeed,

N—1
[lus — ﬁéHQQ = Z /tn+1 ||Mun + ﬁunJrl _ un+1H2 di
L (L ) — tn (5t 5t 072’9
N=1 gy ; _y
< X [Tt g
t
n=0 n
N—1
< 0t Y ut —u[§ a0 < C(v. £, a0, po) Ot
n=0

Similarly, iy contains a subsequence (again assumed to be a sub-sequence of the preceding
one) weakly convergent in L?(H'), weakly-* convergent in L°°(L?) and strongly convergent in
L3(L"), for any 1 < r < 6, to the same limit u. Indeed,

~— 112 = bnt1 thrl*t n t—1y n+1 n|(2
R D Bl B e B P

< C(l/, f, up, po) ot.

STEP 2. Limit of the momentum conservation equation. To pass to the limit in the
momentum conservation equation in (41) we re-formulate it as

T T
- /0 (us(t), w)ay'(t) dt — (ug, w)a ¢(0) + /0 c(by (t);us(t), w) p(t) dt

T T
+ /0 a(ug(t),w) o(t)dt +b /0 (Us(t) - n,w - n)x @(t) dt (48)

T T T
+ /0 (Ps(t),V - w)q¢'(t)dt = /0 (£5(t), w) p(t) dt — /0 (po, W -n)x p(t)dt, forall we W,

for any function ¢ € D([0,T]) such that ¢(T") = 0.
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Let w € W. The sequences @i; and G5 are bounded in L°°(L?) and convergent in L*(L*),
so by Lemma 5, both sequences strongly converge to u in L3(Qr)3. Then

T

T
lim [ (us(t), wa (£) dt = /0 (u(t), w)oe (t) dt.

ot—0 Jo

To pass to the limit in the convection term, observe that by Lemma 6, uy (x,t) ® w(x) ¢(t)
strongly converges to u(x,t) ® w¢(t) in L?(Qr)3*3. Then, as V x ti5(t) weakly converges to
V x u in L%(Q7),

T

T
Jim [ @5 (0) % V< w(0), whap(0) it = /0<<>><qu<> w)ap(t) dt.

As u15(t) is weakly convergent to u in L?(H?!),
T

T
lim a(ugs(t),w) p(t)dt = /0 a(u(t),w) o(t) dt.

6t—0 0

To treat the boundary term, observe that there exists a sub-sequence of Uy -n (that we assume
to be a sub-sequence of the previous one) which is weakly-* convergent in L>°(L?(X)) to some
I. Let w € W, ¢ € L(0,T). Then w(x) - n(x) p(t) € LY(L?(X)), and so

T

T
lim ; (Ua(t)'nvw'n)zw(t)dt:/o (U(#), w - n)x p() dt.

To identify the limit [ we use the Green formula (Cf. [13, 14])
(V-w,0)q=(w-n,o)y — (w,Vo)a, YweW,oecH(Q). (49)
Then, as V - u5 =0,
(@5(t) - n,0)x = (G5(t), Vo), forall o € H'(Q), a. e. in (0,T).

Hence
T ~
/ (Us(t) -n, o)z p(t </ / Us(s) p(t) dsdt Va) , forall ¢ € L*(0,T).
0 Q

Thus, taking the limit § — 0,

[wompa= ([ [ woraaace) = [ wwo nosona

Then
(I(t),0)s = (U(u)(t) - n,o0)x for all ¢ € D(Q) a. e. in (0,T),

and we conclude that [ = U(u) - n in L>®(L?(X)).

To pass to the limit in the pressure term, observe that (Ps)s~¢ is weakly-* convergent in
L>(L?) to P,
T

T
612210 ; (Ps,V -w(x))q ¢ (t)dt = /0 (P,V -w(x))q ¢ (t)dt.
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Also, as f5 strongly converges to f in L2 (W),
T

T
Jim [ (o) whelt) = [0, wieat

STEP 3. Limit of the continuity equation. Let us consider some function ¢ € L?(€2).
As V - ug weakly converges to V - u in L?(L?),

T T
| (v ut.gapt = Jim [V usto).ga el dr
0 —VJo

Consequently,
/OT(V “u(t), qap(t)dt =0, g e IX(9), Yo € D(0,T). (50)
As D(Q2) ® D(0,T) is sequentially dense in D(Qr), we deduce that
V-u=0 a.e. in Qx(0,7).

STEP 4. Conclusion. As a consequence of the preceding analysis, u belongs to L2(W g;,)N
L>®(L?), P belongs to L>(L?), and the pair (u, P) satisfies (30). Thus, the pair (u,d;P) is
a weak solution of the Navier-Stokes problem (13) in the sense of Definition 1. As Ps weakly
converges to P in L?(L?), then ps = 0;Ps weakly converges to p = ;P in H~!(L?).

If the solution of Navier-Stokes equations (30) is unique, then the whole sequence converges
to it, as this proof is based upon a standard compactness argument. O

6 Other Time Discretizations

The above scheme may be extended to second order by means of the #-scheme,
Find ugﬂ eW, p?“ € M such that for all w e W, g € M,

uttt —un
(9 6 n+e6,  _n+0 n+6
W +c(uy ™ ug, w) +a(ugT, w)

Q
HUM o, weon) — (TN V W) = (0 w), —(po,w-m)g,  (51)

where 0 <0 <1,e=0o0r 1, and
uft? = guit! 4 (1 - 0)uy, U = UF +stupt?,
£ = of" + (1 - 9)f" L.

The choice ¢ = 1, # = 1/2 corresponds to the Crank-Nicolson scheme, which is second-order
accurate in time. When ¢ = 1, for any 6 this is a fully implicit scheme, in particular § = 1
corresponds to the fully implicit Euler scheme.

The stability for # > 1/2 follows from the identity

1 1 1
0
(= 5 I 5 I s+ (0 5 ) 15wl

while the convergence is proved in a similar way.
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7 Full Discretization and Numerical tests

7.1 Discretization with a Finite Element Method

Assume that € is polyhedric. Let T}, be a triangulation made of K tetraedra {T}} with the
usual conformity hypotheses; let  := U, T}, C R3.
Consider the Taylor-Hood (P? — P!) element , see for instance [21] or [14], built from

Vi, ={ueC’(Q)® : vy, € P, Vk €Ty, i=1,2,3},
Qn=1{qeC’Q) : q|r, € P, Vk € Tp,}. (52)

In practice the boundary ¥ is decomposed into the inflow region X7, the outflow region X7,
and the vessel walls 2. The boundary conditions are then

p=p on X x(0,T),p=p" on X" x (0,7),
dp=>bu-n on X% x (0,7), p(0) =p° on X¥,
uxn=0 on ¥ x (0,7).
p~ on X,
pt on YT
A feasible discretization of (20) is to find u"*! € Vy, p"*! € Qy, such that for all w €
Vi, q € Qn,

We denote for simplicity I' = X~ UX™, pr = {

un+1 u”
[w-(T—unJrl xVxu")—p""V.w—qV-u""+v [ Vxu" . Vxw
Q Q
1
—l—/(u"+1 xn)-(wxn) —{—/ bw -n(u" 16t + U") .n = / £l w —/ppw-n,
€Js bY Q r
U™t = U 4 u" et (53)

Notice that u™*! x n|y = 0 is implemented by penalty. Indeed, as shown by V. Girault in [22]
it would be vain to require u x n = 0 in strong form unless Nedelec elements of degree 2 at
least be used.

Notice also that it is more convenient for the implementation to define U everywhere, not
just on X.

Letting w = u™™!, ¢ = —p"*! gives the following energy estimate:
1 n+12 n||2 1 n+1 n||2 n+1(2 1 n+1 2
ﬁ(ﬂu 16.2,0 = I0"[5.2,0) + ﬁ”u —u"[[go0 VIV xu"Gon + ;Hu xnl[gax
bdt 1
+7”un+1 : nH(Q),z,Z + a(HUnH : an,z,z —[u. an,z,Z) = /anH u'th - /FPF u"t! . n.(54)

This implies the stability of the scheme, similarly to the analysis performed in the preceding
section. Moreover, we deduce

™ xnllozs < C (1€ lwr + [lpr

0,2,%) Ve

In practice if the domains has curved boundaries it should be approximated by polyhedric
domains. It is well known that this generates an error of order v/A in the approximation of
u”t! x n = 0. Then the optimal choice is € = h.



7.2 Comparison with Another Scheme

Now we consider the boundary conditions (5) directly as studied in [10, 23, 21] with the following
scheme: V [w,q,(] € Vi X Qp X Qp,

un+1 —u”
/[W'(—u"Jrl x Vxu") —p""V.w—qV-u"t
Q

ot
+/ [pVu™t Vw4 eV V(]
Q
+/ bl"'w o n — ((u- 0" - %(nn“ —o) ! xn) - (wx m)
) €

_/Qf"Hw—/Fppw-n, (55)

where € is any small positive parameter.

An energy conservation identity is derived by choosing w = u"*!, ¢ = —p"*!, ¢ = "L
1 n+12 ni|2 1 n+1 ni|2 n+12 1 n+1 2
2—&(||u 10.2,0 — 0"[[5.2,0) + 2—&||u —u"[g20+ VHVul 10.2.0 + EHU X nl[go s
192 12 2 1 2
+él|n™* 1520 + ﬁ(”’ﬂm 15.2.0 = 7"15.2.0) + T&\|77"+ —1"52.0

— ol un+1 _ /prun+1 .n
Q r

Again this implies the stability of the scheme.

7.3 Numerical Tests

The full model requires that at every time step X* be moved along its normal by a quantity
dtu-n. To preserve the triangulation we follow the literature [8] and solve an additional problem

~Ad"T =0in Q, d"gw =d" +5tu" -0, d"T|p-pr =0, (56)

and then move every vertex ¢/ of the triangulation: ¢/ — ¢/ 4+ kd. In theory x = 1 but for
graphic enhancement it can be adjusted. Note however that (56) is expensive.

The geometry is a quarter of a torus with R = 4, r = 2. The parameters of the problem
are
p- =0, pt=1 6t=0.05, v=0.001, b=200, e=0.001.

The geometry is updated for visualization purposes with a multiplicative factor 100. The sur-
faces of constant pressure are shown for both methods at T' = 0.8.

Two time schemes have been tested for both problems: Euler’s scheme as written in (53)
and (55); and Crank-Nicolson’s scheme which would be second order if we had symmetrized the
nonlinear terms, which we did not do because it jeopardizes the stability of the method. The
scheme is obtained by changing ¢ into 6¢/2 and setting u" ! = 2u™3 —u” where u"ts = @t
computed by solving (53) or (55).

The surfaces of equal pressures are shown on figure 1. Notice that there are more differences
between the results obtained by Euler and Crank-Nicolson schemes than by (53) and (55). This
comforts us in trusting the small modifications done to the setting of the model to pass from
(55) to (53).

The computations have been made with the software freefem++[24].
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Figure 1: Surface of equal pressure at ¢ = 0.8. Top left: computed by solving (53) with Euler’s
scheme. Top right: computed by solving (55) with Euler’s scheme. Bottom left: computed by solving
(53) with Crank-Nicolson’s scheme. Bottom right: computed by solving (55) with Crank-Nicolson’s
scheme.



8 Conclusion

By a few minor modifications to the Surface Pressure model for blood flow we have obtained a
model which gives similar numerical results on our preliminary tests and which is fully analyzed
mathematically in the continuous case. It remains to show that the finite element discretization
is stable. The penalty of the condition u x n probably weakens the error estimates unless € ~ h?,
the size of the tetrahedra. But convergence might be difficult to establish on a polygonal surface
with non-parametric elements. Assuming that it converges with the mesh size and the time step
decreasing to zero, the scheme is a truly implicit fluid-structure method and, being on a fixed
mesh, it is much more stable than those on moving meshes which require iterations between the
solid part and the fluid part and preconditioning by things like added mass.
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