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Abstract

The modeling of the interaction between a poroelastic medium and a fluid in a hollow cavity is cru-
cial for understanding, e.g., the multiphysics flow of blood and Cerebrospinal Fluid (CSF) in the brain,
the supply of blood by the coronary arteries in heart perfusion, or the interaction between groundwater
and rivers or lakes. In particular, the cerebral tissue’s elasticity and its perfusion by blood and inter-
stitial CSF can be described by Multi-compartment Poroelasticity (MPE), while CSF flow in the brain
ventricles can be modeled by the (Navier-)Stokes equations, the overall system resulting in a coupled
MPE-(Navier-)Stokes system. The aim of this paper is three-fold. First, we aim to extend and verify
in a three-dimensional setting a discontinuous Galerkin method on polytopal grids recently presented for
the MPE-Stokes problem. Second, we carry out the analysis of the method based on an extension of the
proposed formulation so that physics-based Beavers-Joseph-Saffman conditions are taken into account
at the interface: these conditions are essential to model the friction between the fluid and the porous
medium. Finally, by a comparative numerical investigation, we assess the fluid-dynamics effects of these
boundary conditions and of employing either Stokes or Navier-Stokes equations to model the CSF flow.
The semidiscrete numerical scheme for the coupled problem is proved to be stable and optimally con-
vergent. Temporal discretization is obtained using Newmark’s S-method for the elastic wave equation
and the 6-method for the remaining equations of the model. The theoretical error estimates are verified
by numerical simulations on a test case with a manufactured solution, and a numerical investigation is
carried out on a three-dimensional geometry to assess the effects of interface conditions and fluid inertia
on the system.

Keywords — Navier-Stokes equations, Multiple-network Poroelasticity Theory, Beavers-Joseph-Saffman interface
conditions, Polyhedral mesh, Cerebrospinal fluid

1 Introduction

Many mathematical models of interest in the applications entail the coupling between a poroelastic medium and a
fluid flowing in a hollow region outside of the matrix pores: it is the case, e.g., of the interaction between groundwater
and surface waterbodies [I} 2], between the blood-perfused cardiac tissue and the coronary flow [3], 4], or between
the interstitial Cerebrospinal Fluid (CSF) in the brain tissue and its flow in the hollow cerebral ventricles [5l [6]. The
latter is particularly relevant in the modeling of the waste clearance function played by CSF in the development of
neurodegenerative diseases such as Alzheimer’s 7, [8]. Moreover, the CSF flow is strongly interconnected with the
pulsatility of blood in the cerebral vasculature and capillaries [5[9], thus requiring for a Multiple-network Poroelasticity
(MPE) model to account for the interstitial CSF and the blood flowing at different spatial scales in the porous tissue
[10l 11].



From the standpoint of finite element literature, interest has been paid to fluid-dynamics and poromechanics
problems with the development and analysis of several methods, especially in the Discontinuous Galerkin (DG) class,
including interior-penalty DG [12} [13] 14} [15], staggered DG [16, [17) (18], and hybrid DG [19} 20} 2I]. The coupling
of the fluid and poroelastic systems yields a complex multi-physics problem, investigated in the numerical literature
in the case of the Biot-Stokes model [22] 23] 24] [25], also in the regime of large deformations [26], or for multilayered
porous media coupled with Newtonian fluid flows [27) [28]. However, almost no numerical analysis of the discretization
of fluid-poromechanics equations with multiple porous compartments can be found in the literature, despite their
relatively wide use in the applications [4], 29, [30]: the MPE system - without a coupled fluid problem - has been
analyzed in [31] [32] [TT], but the numerical analysis of the coupled MPE-Stokes problem can be found only in [33]. In
the case of applications to brain function, the main challenges are the high complexity of the domain (encompassing
intricate folds and tortuous channels) and the paramount role of stress and flow exchanges at the interface between
the two physical domains. Therefore, a particularly suitable choice is the use of the Polytopal Discontinuous Galerkin
(PolyDG) method, for three reasons:

e by supporting general mesh element shapes, it exhibits strong geometrical flexibility and it allows local refine-
ment and hanging nodes;

e high-order polynomials can be naturally employed in the discretization, thus guaranteeing low dispersion and
dissipation errors, which is particularly relevant at the physical interface;

e interface conditions can be naturally incorporated in the formulation, thanks to element-wise integration by
parts.

In this framework, the present work has three aims:
e expanding and verifying the PolyDG method proposed in [33] in three-dimensional geometries;

e extending the numerical method to include the physically-motivated Beavers-Joseph-Saffman (BJS) interface
conditions and analyzing the stability and convergence of the resulting scheme. The BJS conditions play an
essential role in practical applications, like in brain fluid mechanics or groundwater flows, because they take
into account the friction and relative tangential velocity between the porous medium and the fluid in contact
with it |34} [©];

e assessing the fluid-dynamics effects of modeling the CSF by either Stokes or Navier-Stokes equations, in the
aforementioned multi-physics scenario and in the typical regime of brain waste clearance. Both fluid models
have been used in the literature, but a direct quantitative comparison between the two is missing.

The paper is organized as follows. Section [2| describes the multiphysics mathematical model and its weak for-
mulation, particularly discussing the imposition of interface conditions. The PolyDG space discretization method is
introduced in Section [3] and its stability and convergence analysis is presented in Section Time discretization is
introduced in Section [5| while Section |§| reports some verification tests. Numerical results in a physiological regime
are discussed in Section [7} while Section [§|reports an assessment of the impact of the BJS condition and the advection
term in Navier-Stokes equations on CSF flow and intracranial pressure.

2 Mathematical model

We consider the coupling of a Multiple-Network Poroelasticity system and Navier-Stokes equations in a domain such
as the one displayed in Fig. [1| The overall domain Q € R? (d = 2, 3) is split into a poroelastic region Q and a fluid
region €, separated by the interface ¥ = Qe N Qf, which is assumed to be a piecewise smooth (d — 1)—manifold.
The poroelastic region is filled by an elastic solid body and N; fluid components, indicated by the elements of an
index set J. Within this set, let us assume that only one component directly exchanges mass through 3: we denote
this component by E € J. The displacement of the solid matrix is denoted by d : Qe — RY, its corresponding stress
tensor is e (d) = 2uae(d) + AN(V - d)I, with e(d) = $(Vd + Vd"), and each of the fluid components is characterized
by a pressure p; : Qe — R,j € J. In the fluid domain €, velocity, pressure, and viscous stress are denoted by u, p,



Figure 1: Computational domain: poroelastic region €2 and fluid region ¢, interface ¥ between them (blue),
and external boundaries T'oyt (red), T'y, (grey), I'p (light grey) and I'y (green).

and 7¢(u) = 2use(u), respectively. The physical parameters in the above definitions and in the following are assumed
to be constant.
At the fluid-poroelastic interface X, the following conditions are imposed:

oel(d)nel — Z axpxne + 7t(w)ns — png = 0, on ¥ x (0,7, (1a)
keJ
pE = p — 1e(u)ns - ng, on ¥ x (0,7, (1b)
uikjvpj p— on X x (0,T], VjeJ\{E}, (1c)
j
u-ne+ <8td — ‘uikEva> -Mel = 0, on X X (O,T}, (1d)
E
(re(w)ng — png),. = —2HL (4 — O,d) on ¥ x (0,77, (le)
Vke

where (v)r = v — (v - ns)ns denotes the tangential component of a vector v € R? along . Total stress balance
is expressed by condition , and the normal stress of the fluid at the pores is balanced only by the pressure of
compartment E (see ) Along the tangential direction, the shear stress is assumed to be proportional to the
tangential velocity jump between the fluid and the poroelastic medium (see ): this is the Beavers-Joseph-Saffman
(BJS) condition, already adopted in the literature to model CSF perfusion interfaces [35] [6]. Notice that, although
the condition is written in terms of the total stress in , pressure does not actually play a role in the balance, since
(’I’Lf)-,- =0.

In terms of boundary conditions on 92 = (9 U 99Q¢) \ X, we consider a portion oy C (9 \ X) of the fluid
domain boundary as an outlet and the remaining part I'v = 9 \ (X U 'out) as a solid wall, and also the poroelastic
domain boundary 0Q.1\ X is partitioned into a Dirichlet and a Neumann boundary, denoted by I'p and I'n, respectively



(see Fig.|l). Denoting by 7" > 0 the final observation time, the coupled fluid-poroelastic system reads as follows:

padid —V - oa(d) + Z axVpx = fel, in Qa x (0,77, (2a)
keJ
1

¢iOp; + V - (ajatd — fijpj)
- in Qa x (0,7], YjeJ, (2b)

+> Bi(py — ) + B5py = 5,

keJ
peoiu + pr(u - V)u — V- 1¢(u) + Vp = f, in Q¢ x (0,77, (2¢)
V-u=0, in Q¢ x (0,77, , (2d)
(4(0),0:d(0)) = (do,do), () = o, in Qu, Vi€ (2¢)
u(0) = ug in Qy, (2f)
d=0, b = 0, on I'p x (07T]7 VJ € J, (2g)
Uel(d)n - Zajpjn =0, iijpj -mne =0, on I'y X (O, T], VJ € J, (2h)
jeJ )

u =0, on I'y, x (0,77, (21)
(Tf(u) 7pI)nf = 7ﬁ0utnfa on Toue X (07T]v (2-])
and interface conditions (T)), on X x (0,77, (2k)

with suitable definition of the source terms fo : Qa x (0,7] = R%, gj : Qa x (0,T] = R, fr : Q¢ x (0,T] — R<, of
the boundary data p°"* : Fout X (0, T] — R representing the external normal stress at the outlet, and of the initial
conditions do : Qe — R, do : Qe — R ug - Q¢ — Rd,pjo : Qo — R,j € J. Throughout the paper, the data are

assumed to be sufficiently regular.

Remark 1 (Application to brain fluid-poromechanics) The mathematical system — considered here can
be used to model fluid-poromechanics interaction in the brain [11, [0, [33], with the fluid domain corresponding to
the brain ventricles filled with CSF and the cerebral tissue being the solid matrix perfused by blood and extracellular
CSF. In the fluid compartments J = {A, C, V,E}, A, C, V can represent the arterial, capillary, and venous blood
networks, while the extracellular CSF (E € J) is the only compartment exchanging mass with the three-dimensional
CSF (cf. -), due to the blood-brain barrier. Their numerical experiments of that will be presented in Sectionsm
and[§ address this application.

The solution variables belong to the following functional spaces:
2 =H0,T;W), 2=H'0,T;[Q,]"), v=H(0,T;V), 2=L0,T;Q),

where the notation L?(0,T; H), H'(0, T; H) denotes the time-dependent Bochner spaces associated to a Sobolev space
H, and
W ={we [H (Q)]*: w=0onTp}, V={ve H ()] v=00nT,},
Qr={¢€ H'(Qu): q=00nTp},  Q=L*(),

where H' () denotes the classical Sobolev space of order 1 over L*(Q).
The weak formulation of problem reads as follows:



Find (d,{pj}ics,u,p) € Z x P x ¥ x 2 such that, for all ¢t € (0,77,

(Padird, w)a,, + aa(d, w) + Y bi(p;, w) — Fu(w)
jeJ
+y [(Cjatpj, gi)oa + ai(pi, ) + Ci({Prtres, a5) — bi(g), 0rd) — Fj((b’)] 3)
jeJ
+ (prOru, v)o; + at(u, v) + Ni(u, u, v) + be(p, v) + be(q, w) — Fi(v)
+ :‘(pE: w, ’U) - S(QE,atCL u) + 6(“ - 6tda v — 'LU) =0

for all (w,{gj}jes,v,q) € 2 x P x ¥ x 2, with d(0) = do, 3:d(0) = do,u(0) = uo,p;(0) = pjo ¥j € J. In @), we
denoted by (-,-)q the L-product over © and we employed the following forms and functionals, where j ranges in J:

el W X W =R, aa(d,w) = (ca(d), e(w))a,,

1
aj: Qs x Qs =R, aj(pj,q) = (fkjvpj,vfli) ,
i Qe

G+ [QiY x Q= R, Ci{pihee s a) = Y (Bii(ps — i)y a5)ea + (B7Pi ),
keJ

af: VxV =R, af(u,’v) = (Tf(u)vg(v))nﬁ

Ne:VXxVxV =R, N(u,u,v)= (pf(u' -V)u+ %(V-u/)u,v)Q ,
f

bj : Qs x W =R, bi(gj, w) = —(eygj, divw)q,,, )
b : Q@ xV =R, be(q,v) =—(q,divv)q,,
Fa:W =R, Fa(w) = (fa,w)a,,
Fi: Qs =R, Fig) = (9, @)oa;
Fr:V >R, Fi(v)=(f,v)a,

J: Qs xW XV =R, S(pE,'w,'v):/pE('w~nel+'u-nf)dZ,
by

6 (VOW)x (VW) >R, 6(z1,2)= | 2L (21), - (22),d5.
s VEkE
We point out that, differently from the models studied in [IT} [33], here we consider the following additional terms:
the trilinear form Nf and the interface form &, discussed in the following remarks.

Remark 2 (Skew-symmetry of the advection form N;) In the trilinear form N¢, we have introduced the addi-
tional term (E5(V -u'),v) o classically employed for Navier-Stokes problems [36]. This term vanishes if u' is the
fluid velocity u of , but it ensures that that N is skew-symmetric w.r.t. exchanging the second and third argument
also if u’ is such that V -u’' # 0, as it may occur after the discretization of the equations.

Remark 3 (Derivation of the interface forms J and &) The interface forms J and & introduced above natu-
rally arise during the derivation of the weak form of problem . We test — against functions w € W and
g € Qy, with j € J, over Qe, and against v € 'V over Q. Then, integrating by parts and summing all the
contributions yield the following boundary terms on the interface:

/ [(p[ —1r(u)): v@ng+ <Z axprl — Uel(d)> FW® Nl — Z i}ijpj “giMnel | dX. (5)

keJ jes ™



Using the interface conditions , and then ,,, we can rewrite as follows:

1
/ {(p] —7(u)): (VO ni+w R ne) — “—EkEVpE CqETel | X
by

= /2 |:pE(’U ‘N 4w nea) + }%(u —Od)r - (v —w)r — qe(u-n¢+ Ohd - nal) | dE (6)

= 3(pana ’U) —+ 6(“ - 8td7 v — 'LU) - 3(qE78td7 ’LL),

where we also used that a @ b: [ = a - b for any a,b € Rd, and that ny = —ne on 2.

3 Polytopal discontinuous (Galerkin semi-discrete formulation

In this section, we introduce the space discretization of problem by a discontinuous Finite Element method on
polytopal grids.

Let Jh.el, Zn,t be polytopal meshes discretizing the domains Qe1, Qf, respectively. We define the faces of an element
K € 9,1 U F ¢ as the (d — 1)-dimensional entities constituting the intersection of K with either the boundary of a
neighboring element or the domain boundary 0f2. For d = 2 all faces are straight line segments, while for d = 3 they
are generic polygons, in principle: we assume that each of these polygons can be further decomposed into triangles,
and we define as face each of these triangles. We collect all faces in each physical domain into Z¢ and %, and we
partition these sets into internal faces ZJ, #J, Dirichlet/Neumann faces Z5 /FY C 0Qa \ Z, FP/FF C 00\ T (as
portions of the poroelastic and the fluid domain boundaries, respectively), and interface faces .#= C ¥. We assume
that the polytopal grids 4, e1, 7h,¢ are geometrically conforming with 3, but possibly not mesh-conforming.

Over each mesh 9, ,,x € {el,f}, we introduce the broken Sobolev spaces of order s, namely H°(%, ) = {q €
L*(): qlx € HY(K) YK € 5.} Moreover, we define the following piecewise polynomial spaces for a given
integer m > 1:

XP(Th) ={¢ € L*(N): ¢|x e P™(K) VK € .},  *e{elf}
05 = XP( Tha), QRS =X (The), W2 =[XP%(Tha)l?, VP9 = (XD (T

To introduce the PolyDG discretization of , we define the symmetric outer product v ® n = %('u n+neuv)
and, for regular enough scalar-, vector- and tensor-valued functions g, v, 7, we define the following average and jump
operators.

e On each internal face F' € Z#' = .Z5 U %! we set:

1 _ 1 _ 1 _
{q}}zﬁ(q++q )7 {,UHZE(,U++(U )7 {7}:§(T++7— )7
[dd=g¢"n" +q n", [l=v'on'+v on, [fl=rtn" +7 n".

where n, n~ are defined as in Fig. [2]- left.

e On a Dirichlet face F € ZF5 U.ZP we set:
{(I} =4q, {v}} =", {T} =T,
[q] = qn, [v] = v O n, [r] = ™,

where n is the unit normal vector pointing outward to the element K to which the face F' belongs.

e On a face F' € .Z7 shared by two elements Ko € F o and K; € 5, we set:

{QH = QIKen ‘HT} = T|Kel7
[[wvv]] = w|Ke1 O Nt + lef O ny, [[w7v]]"' = (U|Kf)"' - (w‘Kel)T7

where nc1, n¢ are defined as in Fig. [2]- right. Notice that the definitions of the interface jump operators account
for the different physics defined on each side of the interface.



Fc Z*

Figure 2: Polygonal elements sharing an internal face (left) or a face on the interface ¥ (right).

Based on the spaces and the trace operators defined above, the semidiscrete formulation of problem reads as
follows:
For any t € (0,7, find (dn, {pj.n}ics, un,pn) € WP x [QFGIN7 x ViPY x QP such that

(Pe1Oiidn, wi) oy, + Lei(dn, {pi,n bes; wn) — Fer(ws)
+ ) [(€0ep5.n, 1) 000 + Li({Prontres, Oedn; q.n) — Fi(ain))]
jed
+ (peOeun, vn)a; + Le(Un, Ph; Vh, qn) — Fe(vn)
+ T (PE,hs Wh, vh) — T (qE,h, Otdn, un) + G(up — Oedp, v —wp) =0
Vw, € W% v, € ViP% qn € Q1% g0 € Q5%

with initial conditions defined in terms of the projections dy, (0), dx(0), {p;.»(0) }ies, un(0) of the initial data introduced
in onto the corresponding DG spaces. The forms and functionals appearing in @ are the PolyDG version of those
defined in @ and their complete definitions can be found in Here we just report the definition of the interface
terms, to show the role of the interface jump operators:

J(ps,w,v) = > / ({pell: [w,v]),

FeZFx

G(v1 — w1, v2 — w2) Z / et [[wlyvll]-r w2, v2]-.

FeF=

Moreover, we point out that the definitions of Lei, Ls, L;,j € J, include stabilization terms with parameters that
depend on the mesh element size (see E[), that will be useful in the theoretical analysis of Section However, these
stabilization terms are defined only on internal faces and do not contribute to the interface terms.

4 Stability and error analysis of the semidiscrete Stokes-MPE
problem

In this section, we analyze the semidiscrete problem corresponding to a choice of the Stokes equations to model the
CSF flow in ¢, namely we neglect the nonlinear advection term in the form L¢ of @ (see form At in ) The
following analysis holds for a generic set J made of N; € Ny fluid compartments of the poroelastic model. For the
sake of simplicity, we make the following assumptions.



Assumption 1

e all the physical parameters of the model (cf. Table are piecewise constant according to the aforementioned
decomposition;

e the polytopal mesh T, = The U Ty fulfills the regularity assumptions of the PolyDG framework, namely
that T 1is h-uniformly polytopic-reqular, a local bounded variation property holds, and there exists a suitable
shape-regular simplicial covering of F, [37,[3§)].

In all the inequalities appearing hereafter, the dependency on the model parameters and the finite element degree m
will be neglected: by x < y we will indicate that 3C' > 0 : & < Cy, with C independent of the space discretization
parameters.

Following [33}, [11], [15], we define the following broken norms:

ldllbe.o = IC 2 len(@li2( 7, ) + IValdll5,  oon vd € H' (%), (8a)
Iplbe.r, =l 2l *Vuplliaca, o) + VG, o Vp € H'(7), (8b)
lulBe.u = IV2uen ()52, o + IV Tullls;, Vu € H' (), (8¢)
lalbe.pe = llallzzp + IvAldls; , oop, Vg€ H' (), (8d)

and we introduce the following energy norms at time ¢ € (0, 7], based on those broken norms but also depending on
the tangential velocity of the fluid and of the poroelastic structure along the interface 3:

[(d, {pi}ie s, w,p)len,e = [I(d, {pi}ies)] ]1/2, 9)

[£e+ [(u, 0id)[7s

o+ [l (u,p)

where

(@, {p;ties)llere = {II\/pelf?td(t)llfze1 +d®lbe.o

. 1/2
+> (le/apj(t)\l?zel - / (I () Bae, + 114/Brpi(s)12,, ) d)} ,
jeJ

1/2

o= IVl + [ (el + IpG)ber) ]

[[(w, )|

(0, Bud) s = [ / G (u(s) — Budl(s), uls) — dud(s)) ds} -

Based on these norms, we can prove the following stability result:

Theorem 1 (Stability estimate) Under Assumptz'on and assuming that sufficiently large values are chosen for
the penalty constants (cf. ), the solution (dp, {pj,n}jes, Un,pr) of the semidiscrete problem fulfills the following
inequality for each time t € (0,T]:

| (dn, {pj,n}iet, wn, pr)llene SI(dn, {pin}ies, un, 0)lEn,o

| 1 1
+/ — || falloy + —|lgjllay + —=Iftlle; | ds,
; <\/@|l el Z\/gjll il \/EH [l

jedJ

(10)

where the first term depends on the initial conditions —:

1/2
(dn, {ps.n}ics, un,0)llex0 = {I\/peld(ill%el +dalben + > IveEpiala, + II\/pTu(QLI?zf] :

jedJ



Proof. Choosing the test functions wy, = 0idn(t), vn = un(t),qn = pr(t),g5,n = pj,n(t) ¥j € J in the semidiscrete
problem (7)) and following the arguments of [33, Theorem 4.1], we obtain the following inequality:

I1(d, {ps}ies)lIer,e + I1(w, p)IIF o +/0 G (un(s) — Ovdn(s), un(s) — didn(s)) ds < RHS,

where RHS denotes the right-hand side of . Observing that the term with the form G coincides with the definition
of |(un,ddy)|%,+ concludes the proof.

Remark 4 We point out that the semi-discrete problem is stable in the Navier-Stokes case, too, since the advection

form N is skew-symmetric and thus cancels out in the proof of Theorem[d]

To derive an a-priori estimate for the space discretization error of the proposed PolyDG method, we rely on the
following additional norms for non-discrete functions:

ol = lwllbe.o + In~ foa@@)H o Voo € [ ()]
T = a2 g g e :
llalle, = Nallbor, + 167 ko Vaablly, oo Vo € (), Vi€l

2 2 —1/2 2 2 d
ol = lolbe,v + I > @), oo, o & [H (Tl

2 2 1/2 2 1
llglle, = lallbe,p, + I > Ea}li; Va € H (Fhs),

ll(w, {ai}ies, v, )" = llwlld + D Naslle; + WolliE + lall?,-
jeJ

Moreover, we denote by &k : H*(Q) — H*(R?) the Stein extension operator from a Lipschitz domain Q defined in
[39], for which optimal interpolation results can be proven w.r.t. the norms defined above (cf. [B). Combining the
results above, we can prove the following optimal convergence estimate:

Theorem 2 (A priori error estimate) Let us assume that Assumption |1 holds and that the penalty parameters
included in the discrete problem’s formulation are sufficiently large (see (20)). If the solution of problem 18
sufficiently regular, the following estimate holds for each t € (0,T):

(e, {e" }ies, €™, e”)ion e

= Z h%(m {||5Kd(t)||[2Hm+1(1?)]d + Z Hngk(t)”?{mH(}?)

K€ Th el keJ

t
+ / €KAo s gy + 1EROZAS) s 4] s

t (11)
S (1o s )+ VD) i) ds}

keJ

t
+ > h?é"/o [1Esw(s) s ypa + 1ExDeu(S)Fmss ey

KEg;L,f

+ €D Fmea )] ds,

where e = d — dj,, P = pi —pj.p Vj € J,e¥ =u—up,e? =p—pp, and K D K, for each K € 9}, are shape-regular
simplezes covering Ip,, as in Assumption[]



Proof. Considering the continuous displacement d and its semi-discrete counterpart d;, we introduce the error
splitting d — dy, = ef — e, with ef = d — dr € [H™"(F,,1)] being the Stein interpolation error (cf. Theorem [3)
and e? = dj, — d; € W€ being the approximation error. Analogous definitions are introduced for e?i Vj € J, e*, €P.
We subtract the continuous problem from the semi-discrete problem 7 tested against (8&‘57 {eflj Yiea.en,eh),
we apply the coercivity of the bilinear forms L1, Ls, £;,j € J, and the continuity of these forms as well as of J (cf. [33]
Lemmas 2 and 5]), and then we can follow the same steps of [33] Theorem 4.2] to arrive to the following inequality:

t
|\(ez,{e§j}je])||§l,t+|\(ez,e§)|?,t+/ G(er(s) — Oreft(s), ef(s) — Dref(s)) ds
0

< RHS + /Ot G(e¥(s) — Brel(s), el (s) — Dreft(s)) ds (12)

SRHS + |(ef, 0ced)|- «|(eft, Oref)| e,

where RHS is the right-hand side of the thesis . We have used the linearity of G and the fact that the
squared energy norm defined in this work corresponds to that of [33] plus the tangential velocity squared semi-
norm |(ey,0ref)|2, = fot G(el(s) — drel(s),e¥(s) — drel(s))ds. Now, since the seminorm |(e¥,d:ed)|, ¢ can be
controlled by the corresponding broken L? norm over the interface faces F' € .Z%, we can employ Stein interpolation
results and obtain the following (see :

|(eF', Drel)|r.e

t
< [ (ler©les +10ef©)] ) ds
0

t
< / S RIS ey - S B 1E0d () |y ) |
0 K € Ths K€ Iy
OKNE #0 OKNI #0

where K D K, for each K € ,, are shape-regular simplexes covering 7}, existing thanks to Assumption Then,
the application of Cauchy-Schwarz and Young inequalities on concludes the proof.

Remark 5 [t is worth to point out that, in the proof of Theorem@, the contribution of the interpolation error in the
| - |+t seminorm has a convergence order that is 1/2 greater than the other terms of the energy norm. This means
that the treatment of the BJS condition in the proposed numerical method does not affect convergence.

5 Fully discrete problem and implementation

Starting from the semi-discrete problem @, we introduce a timestep At and a corresponding time discretization over
a uniform partition {t" = nAt}2_, of the interval (0, T]. We use Newmark’s S-method to discretize the terms tested
against wy, in @ (corresponding to the elastic momentum equation) and the Crank-Nicolson method for all the other
terms. The nonlinear advection term is linearized by a semi-implicit approach, using a second-order extrapolation of
the advecting velocity at time ¢"+"/?:

3 n 1 n—1 un+l + un
where the superscript <" denotes the discrete variable approximating w at time ¢". A similar notation is used in the
following for all the other variables.

In accordance with the above discretization methods, the algebraic form of the fully discrete problem reads as

follows:
AU, U HXM = AU, U)X+ FMYY n=1,...,N, (14)
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where

X"=[D"Z" A% Py;.. . P, U P, F' = [Fi;0;0, FFN; L FSN; FON; 0] (15)
To employ Newmark’s scheme, we have introduced two auxiliary vector variables Z™, A" representing the first and
second time derivatives of D™. The definition of the matrices A (U™, U"™'), A2(U™,U™"') can be obtained with
slight changes from those reported in [33]. Specifically, the Navier-Stokes advection term encompasses a modification
of the diagonal block corresponding to the fluid velocity U, while the BJS condition yields the addition of the following
matrix in the diagonal blocks corresponding to the solid and fluid velocities Z and U, and their mutual coupling;:

Yt j i
Ginliz = ) - - * € {el,f}, & € {el,f},
(G alis Fggz : \/E@P )r -+ (Pa) {el, f} {el, f}

where the integrand is expressed in terms of the basis functions of the discrete spaces: WPE = span{gail}iv;(l),

i 7 N;
VhDG = span{ g };—-

6 Verification of convergence estimates

To verify the theoretical error estimates of Theorem [2] and the implemented solver, we report convergence tests on a
simplified mesh made of two juxtaposed unit cubes Q¢ = (0,1) x (1,0) x (—1,0),Qa = (0,1)3, where the interface is
Y ={x=(2,9,2): 2= 0,(z,y) € (0,1)?}. Considering only one fluid compartment in the poroelastic system, namely
J = {E}, and setting all physical coefficients of Table [1| to be equal to 1, except for ag = 0.5, the following is an
exact solution of problem.— for suitable expressions of the source functions fel, gg, ft, the boundary data, and
the initial conditions do, do, pro, Wo:

M, M yM M
MM 2 —t |- M_M
27, d(x,t)=t"e " |z¥z

¢ —¢ (16)

p(@,t) = pu(@,t) = (1—e )z,

y
u(x,t) = (2t —t*)e ' |z

In particular, we choose M =5 and £ = 1 and impose Dirichlet conditions for all variables on the whole of 9.

We simulate 5 time steps with step length At = 107, chosen small enough to avoid spoiling convergence
w.r.t. space discretization. In Fig. we report the computed errors in the energy norm @D The results agree
with the convergence order h",m = 1,2, 3 predicted by Theorem

7 Application to brain fluid-poromechanics: physiological condi-
tions in idealized geometry

In this section, we consider the CSF modeling by the Stokes equations (namely we neglect the nonlinear advection term
in ) and we apply our multi-physics model to physiological settings, focusing on the CSF compartment. Specifically,
we consider J = {E} and the values of the physical parameters reported in Table |1} with typical physiological values
according to [6] [40, [41].

The only non-zero distributed source/sink term is gg, whereas fe, f¢ are set to zero. This non-zero function
is homogenous in space, and its dependence on time is gr(t) = 0.2wsin(2nt), corresponding to an overall inflow
Qin(t) = |Qei|ge(t) which is in the range of the CSF generation rate in physiological conditions: cfr. [6, [5].

The idealized geometry displayed in Fig. [ left, retains the same topology of the brain and CSF system: the porous
tissue is contained in €., while the CSF can flow in the ventricle system ¢, including a duct connecting it to the
spinal canal at I'out. The volumes of the poroelastic and fluid domains at rest are |Qe| = 9.68 mL and |Q¢| = 0.89 mL,
respectively. The corresponding mesh is made of N = 16834 elements with an average size h = 1.6 mm. In terms
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Figure 3: Verification test: computed relative errors in the energy norm @D against h in log-log scale, with
different polynomial degrees m.

parameter phys. values description

Pel, Pt 1000kg - m~3  density of the solid tissue and of the CSF
el 216 Pa first Lamé parameter of the solid
A 11567 Pa second Lamé parameter of the solid

LB, [t 3.5-1073Pa-s viscosity of the fluid in compartment E and of CSF
aR 0.49 Biot-Willis coefficient of compartment E
CE 107%m?-N—!  storage coefficient of compartment E
= 1016 m? kg = kI permeability tensor for compartment E
B8 O0m?-N—!.s7! external coupling coefficient for compartment E € J
¥ 1 non-dimensional slip rate coefficient at interface

Table 1: Parameters of model (2)) with corresponding physiological values [6, [40] [41].
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Figure 4: Test case of Section EI Left: computational domain and boundaries. Right: longitudinal clip with
computed displacement d}, and interstitial pressures pg p,, for different time snapshots.

of boundary conditions, on the outflow I'oy; we prescribe the CSF pressure P°"* = 0 and on the outer wall I'y, we

impose no traction on the tissue and no flow of the extracellular CSF. To ensure that the periodic regime is attained,
we simulate 3 periods of the source term gg, of duration T' = 1s, using a time step At = 107>s. In the following, all
results refer to the third period, with time ¢ = 0 set at its beginning.

The displacement d; and the interstitial CSF pressure pg are reported in Fig. EI, for selected time snapshots.
The magnitude of dj, reaching its peak at ¢t = 0.5s, never exceeds 6.6 mm, thus it justifies the choice of a linear
elastic model for the cerebral tissue, in these settings. Regarding pg.n, at the same peak time t = 0.5s we observe
a maximum difference of 4.4 mmHg between the outer boundary 'yt and the interface 3, which is comparable with
analogous simulations in brain geometries [6] [33]. We also observe that a slight phase displacement occurs in the late
part of the period between pg, ; and the data gg, with a minimum of —1.9mmHg attained at ¢ = 0.94s: this is due
to the inertial properties of the system, which are going to be discussed in Section

Regarding the CSF velocity u;, and pressure pj, in the Stokes domain ¢, the results are reported in Fig. [f]
The pressure gradient is significantly smaller than in the poroelastic medium and the velocity magnitude is in the
physiological range reported in clinical measurements and computational assessments in the cerebral aqueduct [6] 5].
The positive and increasing pressure gradient observed in the final portion of the period (see Fig. |5, t = 1s) is due
to the aforementioned inertial effects, even more noticeable in the flowrate plots of Fig. [6] where the output flowrate
Qout = frout up, - ndl’ shows a significant phase displacement w.r.t. the inflow Qin, = fQE gE dQ2 = |QE|gr associated
to the source term.
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Figure 5: Test case of Section ﬂ longitudinal clip. Computed velocity w; and pressures p; in the fluid
domain ¢, for different time snapshots.
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Figure 6: Test cases of Sections EI and Computed flowrates over a period, for different modeling choices
(N-S: Navier-Stokes). Left: outlet flowrate Qous = fl“o _up - m; right: interface flowrate Qs = Jsun - ne. In
both: distributed CSF inflow flowrate Q;, = fQ 9B for reference.
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Figure 7: Test cases of Sections |7| and ﬁ Interface-average fluid pressure Py, = ﬁ fz pp, over a period for
different modeling choices (N-S: Navier-Stokes).

8 Application to brain poro-mechanics: effects of BJS conditions
and advection term

This section aims to assess the effects of the modeling choices for the advection term in the fluid part of system
— namely either Stokes or Navier-Stokes equations — and of the BJS condition at the interface — namely either
v =0 or v = 1. Since a semi-implicit treatment of the advection term is employed, as reported in , the problem
to be solved at each time step is linear also in the Navier-Stokes case. Moreover, backflow stabilization is needed in
the Navier-Stokes case for the latest portion of the period: the term fFout 2 min {0, uy, - n} uZ“ - vp, is added to the
left-hand side of the fully discrete problem [42). '

Observing the outlet flowrate QQous and the interface flowrate Qs = fz uyp, - nel displayed in Fig. @ we can notice
that the differences are negligible between the Stokes and Navier-Stokes case (for the same value of 7). Indeed, the
outlet Reynolds number Re = %, D being the diameter of the circular outlet section I'out, is in the range (40, 50)
for all cases.

A slight phase difference between the Stokes and Navier-Stokes model can, instead, be appreciated in the interface-
averaged pressure Py, = |le\ fz pn, reported in Fig. 7] particularly in the case v = 1 corresponding to BJS conditions:
this difference can be ascribed to the additional inerfia accounted for by the advection term in Navier-Stokes equations.
Overall, the results discussed here quantitatively show that the choice of the simpler Stokes model is definitely enough
to represent the flow in the regime of interest, which is the one of CSF flow in the cerebral ventricles.

To assess the effects of the BJS condition , we can compare the cases v = 0 (no tangential stress at the pores)
to the cases v = 1 (BJS condition) in Figs. |§| and |7l The approximately sinusoidal evolution of flowrates and pressure
exhibits a smaller amplitude in the case v = 0, particular significant in the interface quantities Qs and Ps. An
interpretation of this effect is that the friction in the tangential direction introduced by the BJS interface condition
makes CSF velocity orient in the direction orthogonal to the interface, thus increasing the amount of CSF flowing
through it at each given time. Due to the incompressibility of the fluid model, this increased flow corresponds to
an increased pressure difference Ps —p,,, = Ps. This is confirmed by the results reported in Fig. [8f when the BJS
condition is applied, up is mostly normal to the interface in the upper region of Q¢ (see the boxed panels in Fig. ,
and an increased flowrate is observable in the vertical duct representing the cerebral aqueduct. Moreover, the friction
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Figure 8: Test cases of Sections and longitudinal clip. Main panels: computed velocity u; and pressures
pp, in the fluid domain Q¢ at t = 0.24 s, for different modeling choices. Right: zoom on wy, distribution in the
boxed region.

introduced by the BJS condition yields an approximately parabolic profile in the duct, in contrast with the flat profile
of the case v = 0. Such a parabolic profile better represents the actual CSF flow in the cerebral aqueduct [43]. To
conclude this discussion, it is interesting to notice that, despite the significant differences in the pressure and velocity
distribution, the outlet flowrate Qout shows little discrepancies between the different cases, since the outflow is mostly
driven by conservation of mass.

9 Conclusions

Motivated by the modeling of cerebrospinal fluid (CSF) flow in the brain, in this work we studied a coupled multi-
domain system encompassing multiple-network poroelasticity and (Navier-)Stokes equations, with a particular focus
on the interface conditions between the two physical domains. The polytopal discontinuous Galerkin method for space
discretization introduced in [33] was extended to consider the nonlinear advection term of Navier-Stokes equations
in the fluid domain and Beavers-Joseph-Saffman (BJS) interface conditions: an a priori analysis of the resulting
method in the Stokes case proved it to be stable and optimally convergent. The method was also numerically verified
by means of convergence tests in three dimensions. Considering an idealized geometry, representative of the main
topological characteristics of the brain tissue and ventricular system, the method was employed to represent porous
tissue dynamics and CSF flow in physiological settings, obtaining results in partial consistency with the literature.
Analyzing the effects of the advection term in the fluid model, it was quantitatively observed that neglecting the
advection term in the Navier-Stokes equations does not have a significant impact on the CSF velocity distribution
(at least in physiological conditions), though it may yield a slightly inaccurate prediction of the pressure distribution.
Finally, it was highlighted how the BJS condition strongly affects the CSF pressure and velocity distribution: the
results obtained with the enforcement of this condition better represent the CSF flow in the brain, especially in terms
of its profile in the cerebral aqueduct.

To further develop the computational model proposed in this work, its application to patient-specific geometries
could be considered, to allow a detailed investigation of the waste clearance mechanisms of the brain function. In
this direction, image segmentation pipelines developed in the literature (see, e.g., [44] [45]) should be combined with
mesh generation and agglomeration algorithms for the construction of a polyhedral mesh [46] [47] [48]. Moreover, the
multiple-network modeling of tissue perfusion could be exploited to assimilate clinical measurements of the blood
flow in the cerebral vasculature directly into the model, without the need for a pre-processing phase to estimate CSF
generation from such data, or to combine the system with more detailed computational models of the heart pulsation
[49] 50}, 51]. Finally, an extension to more complex hyperelastic rheologies of the brain tissue should be envisaged, to
more accurately represent its mechanical response [52].
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A Bilinear forms and functionals of the semi-discrete problem

The forms building up the semidiscrete problem are defined as follows:

‘Cel(dﬁ {pk}kEJ; w) = Ael(da ’UJ) + ZBk(pka w)7 (173')
keJ

Li({px e, 0ud; ¢) = Aj(ps, @) + G ({pxtrer, @) — Bi(gs, 0:d), vj € J, (17b)

Le(u,p;v,q) = Ni(u, u,v) + At (u,v) + B (p,v) — Be(q,u) + S(p,q), (17¢)

where

Ael(d,w) = / O’el(d): sh('w)

Q

el

(18a)
- > / {oa(d)}: [w] + [d]: foa(w)} —nld]: [w]),
rFeglugd " F
Faw)= [ fa-w, (18b)
B;(pj, w) = —/ apjdivew + Y /Oéj{{pjf}}i [w],, (18¢c)
o Feﬂgluﬂjj r
A;(pi, ;) =/Q 15 kY hps - Vag
. ) ) (18d)
= Y [ @ s Lol + Il G 6 Vaad - Glnil - Tal)
restuzi "
Ci({pxtres, 4) :/Q > Bui(p; —Pk)qJ'Jr/Q Bipig;, (18e)
el keJ el
Fila;) :/ 9%, (18f)

el
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As(u,v) :/Q Te(w): en(v)

(19a)
- > / (e (w)}: [o] + [u]: {m(v)} = yolul: [v]),
Feglugp ¥
Ni(u',u,v) = /Q (pf(u/ -Vi)u- v+ %(Vh cu)u - 'v)
f / o (19b)
—FZ;/F (ol 'y o fo} + L1l 1{u- o)),
Bi(p,v) =— | pdivpv+ {pI}: [v], (19¢)
f /Qf ' Fef}zfling/F
Fi(v)= | fi v, (19d)
soa= 3 [ wlel-lal (19¢)
FeZ} F
Tew )= Y [ Wpel}: fwo]), (191)
regz’F
G(vr —wr,v2 —ws) = S [wi,v1]r - [wa, va] -, (19¢g)
regs’F ke

where Vi, e, divy, denote the element-wise gradient, symmetric gradient, and divergence operators, respectively, and
the stress tensors oei, ¢ are implicitly defined in terms of these piecewise operators. The parameters 7, (j, Yo, Vp
appearing in these forms are defined as follows [IT], [15]:

Ch K

— el = j _ y2 _

= , .=, , v = , =7,{h}u, 20
where {h}n denotes the harmonic average on K* (with {h}u = hrx on Dirichlet faces), Ta = ||(Cil/2|K||§ and
EJ-K = ||kJ1 / %|k||3 are the L*-norms of the symmetric second-order tensors appearing in the elasticity and Darcy

equations, for each K € J, a1, and 7,{ Vj € J, Vs> Vp are penalty constants to be chosen large enough. In all the
numerical tests of the present work, all these penalty constants are set to 10.

B Stein interpolation results

If Q is a Lipschitz-regular domain, the following interpolation results hold for the Stein extension operator &k :
H*(Q) — H*(R?) (cf. [33,B3]):
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Lemma 3 Under Assumption the following estimates hold:

V(w,{g}ics, v,q) € [H™ " (Tne))" x [H™(F,0))
Hwr, {gj1 }ies, v1,q1) € W,?G X [Q?ﬁf]N‘] X VhDG X QEG such that
i) l(w = wr, {g — g1}ies,v —vr,q — qn)|®
5 Z h%(m <||5Kw|[2Hm+1(f<)]d + Z ngQjHiImﬂ(f{) + ||5Kd||[2Hm+1(f€)]d + |5Kp|§{m+1(f()> ’
KETp el jeJ

i) [lwl%s + ) laillZs + llvl%s + llal%=

jeJ
2m 2 2 2 2
< D h ('ng“kuR)]d + D €151 () + €K A i g0 + |5Kp”Hm+1®> 7
KET o jeJ

where K D K, for each K € J}, are shape-reqular simplexes covering T, thanks to Assumption .
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