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1. Introduction

In this paper, we aim at presenting a new methodology to solve numerically the time dependent coupled Navier-Stokes
and level set equations. This new approach avoids the usual stability conditions and time step restrictions that hold when
fully explicit schemes are considered. The previous coupled equations are used for the modeling of two applications: the
dynamics of interfacial flows with surface tension and the dynamics of vesicles mimicking red blood cells, referred to as
RBCs, in a Newtonian flow. Let us briefly review these applications.

Surface tension is involved in liquid surface as an elastic skin, because the fluid molecules near the surface develop
molecular forces of attraction. At the continuous level, the resulting surface force acts locally on the fluid at the interface
along the normal direction except if it depends on the position along the surface [1,2]. The fluid interface motion induced
by the surface tension plays a fundamental role in many natural and industrial phenomena. Without exhaustivity, let us
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mention capillarity, low-gravity fluid flow, hydrodynamic stability, surfactant behavior, cavitation, droplet dynamics in clouds
and in fuel sprays used in internal combustion engines. Detailed analyses of these phenomena typically involve the use of
numerical computations. Advancing the computational understanding of these industrial processes can certainly be of great
potential in the improvement of the underlying technologies. A growing literature has been devoted to the computational
modeling of the dynamics of interfacial flows with surface tension. Several methodologies have been developed and we
refer the interested readers to review papers, for example, by Rider et al. [3], Scardovelli et al. [4], Sethian et al. [5], Gross
et al. [6] or Anna [7]. Most of these methods are also used for vesicles and RBCs problems, but with several additional
difficulties.

Red blood cells represent the major cellular component of blood, occupying almost 44% of its total volume. Mature
human RBCs have a characteristic dimension of ~ 8 x 2 nym and are made of a phospholipid bilayer (~4/5 nm of thickness)
connected to an inner spectin cytoskeleton network (~60/80 nm) and an outer glycocalyx (carbohydrate-rich) layer. The
main tasks of RBCs consist of delivering oxygen (hemoglobin is the main oxygen carrier) and capturing carbone dioxyde
through blood circulation. Giant unilamellar vesicles (=10 pm of diameter) are artificial liquid drops which are biomimetics.
They are used in vitro and in silico to study the mechanical behavior of RBCs. The study of the deformations of RBCs is
a tremendously challenging topic in theoretical and computational modeling, attracting a growing interest over the past
decade [8,9]. Researches have covered the fields of experimental biology [10], theoretical biology [11], physics [12,8,13] and
applied mathematics [14,15].

To model the mechanical properties of the RBC's membrane, Canham [16], Helfrich [17,18] and Evans [19] introduced
independently a model in the early 1970s, in which the main mode of the deformation is bending, and the cost in the
bending energy is driven by the curvatures of the membrane (quadratic). A bending force highly nonlinear with respect
to the cell’s shape drives consequently the deformations of RBCs [20]. Several computational methodologies have been
developed to study the static equilibrium [21-24] and the hydrodynamics [25,26,15] of RBCs. They can be roughly sorted
according to the strategy used to address the fluid and membrane coupling: the phase field approach [27,28], the level set
approach in finite difference [29] or finite element context [30-33], the boundary integral method [34,35], the immersed
boundary method [36,37], the interfacial spectral boundary element method [38], the parametric finite element method [15,
39,40] and the lattice Boltzmann method [41].

Regarding the interaction with the surrounding fluid dynamics, fully explicit decoupling approaches of the surface tension
or bending force are usually considered, in particular when using the classical finite element method (see e.g. [26,32]). The
major drawbacks of such decoupling strategies is the numerical issues related to the stability of the solver, which become
more problematic especially when large interface deformations happen. Indeed, a severe stability conditions results in the
restriction of the time step size which depends on both the mesh size and the coefficient of surface tension or bending
rigidity. To the knowledge of the authors, few coupling strategies which are implicit or semi-implicit in time have been
introduced in the existing literature in finite element and finite volume frameworks for the surface tension problem (see
e.g. [42-44]). For the vesicle problem, only semi-implicit strategies using the parametric FEM have been developed [15,
39,40]. Recently, Laadhari et al. [31] proposed an implicit and sequential approach based on a fixed point algorithm for
solving at each time step the nonlinear coupling between equations in the vesicle problem. However, the convergence of
this strategy is sometimes very slow due to the high nonlinearity of the operators.

In the present work we describe a fully implicit and monolithic approach, based on the Newton method [45], to solve
the highly nonlinear coupled system modeling the dynamics of vesicles in flow. The appealing feature of quadratic conver-
gence of the Newton method is obtained, as depicted in the numerical examples. To address the singularity of the linear
system corresponding to the vesicle problem and maintain a reasonable computational cost compared to the classical ex-
plicit approach, we introduce a banded level set technique that allows to assemble the integrals over the membrane only
in a banded strip near the membrane. Accordingly, the Lagrange multiplier enforcing the local inextensibility characterizing
biomembranes [31] is only defined in the latter strip domain. A modified redistancing problem is solved on a rolling basis,
while avoiding the singular values of the outward normal vector near the skeleton [24] of the level set function. In virtue
of the signed distance property, we introduce inexact Newton strategies for the vesicle and surface tension problems which
ensures, in addition to the parallel implementation, additional computational savings. Finally, we test the accuracy of the
inexact Newton method in both cases of a rising bubble under capillary forces and single vesicle under bending forces.

We have arranged the remainder of this paper as follows. Section 2 presents the mathematical formulation of the vesicle
and surface tension problems. It starts with some notations and concepts used throughout the paper. A short description of
the physical problems and the Eulerian formulations in a level set framework are provided. The nonlinear coupled problems
and the variational formulations are subsequently presented. Section 3 starts with the second order time discretization of
the problems. It then describes the exact Newton and quasi-Newton strategies for both surface tension and vesicle problems.
The space discretization, in a finite element framework, is then elaborated. A set of numerical examples showing the main
features and the accuracy of the methodology are described in section 4. We close with some remarks on the model
limitations and current extensions in Section 5. Details on the linearization procedure, the exact Jacobian matrix for the
vesicle problem and the mass lumping technique are provided in the appendices.
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Fig. 1. A representation of the interface or membrane embedded in a larger computational domain A. In the present applications, the region €2 contains a
bubble or a vesicle.

2. Problem statement

Let T > O represent the final time of the experiment. At any time t € (0, T), the region occupied by a drop or a vesicle is
denoted by Q(t) c R2. This region is embedded in a surrounding fluid and let A denote the whole domain of computation,
see Fig. 1. In applications, a drop could be a gas or a liquid in another surrounding liquid, or a vesicle or RBC in plasma. We
assume that the boundary I'(t) = 9€2(t) is Lipschitz continuous. We also assume that the whole domain is sufficiently large
such that T'(t) NdA =@, for all t € (0, T). Let n and v denote the unit outward normal vector on the interface I'(t) and on
the boundary of the whole domain 9 A, respectively. Let us first introduce some surface operators needed afterwards. The
surface gradient operator Vg, the surface divergence operator divs and the Laplace-Beltrami operator Ag are defined, for
any scalar function » and vector valued function v, by

Vix=(Id—n®n) Vx, diviv=tr(Vszv)=Id—n®n) : Vv and  Agx =divs (Vsx).

Here, Id denotes the identity tensor, while the symbols “®” and “:” are the tensorial product and the two times contracted
product between tensors, respectively. The mean and Gauss curvatures are denoted H and K, respectively, and are defined
as the sum and the product of the principle curvatures on I'(t). Notice that the mean curvature expresses in terms of the
normal vector as H = divs n. We thereafter present the energy and forces that drive the motion of Q(t) and the interface
().

From now, the explicit dependence of 2 and I from t will be understood.

2.1. Surface tension energy and capillary force

Modeling flows with two immiscible fluids with surface tension effects involves the interface energy:
J(Q)=A / ds,
r

where A represents the surface tension coefficient which is assumed to be constant. The immiscible two-fluid dynamics
is subject to a specific constraint. Indeed, both fluids are assumed incompressible and the volume of each fluid is locally
conserved. Let u denote the fluid velocity field. The constrained space of admissible velocities writes:

{u : divu=0in A}.

In other words, at equilibrium, the system of two immiscible and incompressible fluids minimizes the perimeter of its
interface while conserving the mass of each of the two fluids. The surface tension force on the interface expresses as:

Fr=AHn on (0,T)xT. (2.1)
2.2. Membrane bending energy and bending force

Following the Canham-Helfrich-Evans model, the cell movement is dictated by the interplay between the hydrodynamic
forces and the membrane force characterized by the scalar stored-energy functions:
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j(Q):%b/(H(Q)—Ko)zds—l—kg/K(Q)ds, (2.2)

r r

where k; represents the bending rigidity modulus typically ~ 107201019 kgm?s~2 for phospholipidic membranes [40]
and kg is the Gaussian curvature modulus. The energy is a variant of the Willmore energy [46,47]. The energy term weighted
by kg is invariant within a fixed topology class, by the virtue of the Gauss-Bonnet theorem [23], and is thereafter disre-
garded. We also disregard the spontaneous curvature ko which describes the asymmetry of the membrane’s curvature at
rest, resulting from different chemical environment on both sides of the bilayer I'.

The lipid bilayer mechanics is subject to specific constraints. First, the impermeability of the membrane results in an
osmotic pressure, for which the intra- and extra-compartmental fluids are assumed incompressible. In addition, the local
inextensibility characterizes biological membranes, and we assume that no matter exchange happens between the intracel-
lular and the extracellular compartments. The local incompressibility corresponds to a zero surface divergence, and it results
in preserving the membrane area thanks to the Reynolds lemma [31]. Analogously to the capillary problem, let A stand for
the membrane tension in the vesicle problem; A acquires the meaning of a Lagrange multiplier corresponding to the mem-
brane inextensibility constraint. We emphasize that, unlike the capillary problem, the membrane tension A is now spatially
varying and represents an unknown of the vesicle problem. Therefore, the membrane tension field will be computed as a
part of the problem. To summarize, the constrained space of admissible velocities writes:

{u: divu=0in A and divsu:00nf‘}.

We refer to our previous derivations using a shape differentiation approach in [20], where the bending force expresses in
the two-dimensional case as:

kp 3
Fr==/(28H+H)n on (0.T)xT. (23)

2.3. Level set formulation

The motion of the interface I' is followed in an Eulerian framework as the zero level set of a signed distance function ¢.
For any t € (0, T), the motion of the interface is given by:
g .
E-I—u-Vgo:O in(0,T) x A. (2.4)
The transport equation is initialized with a distance function ¢g associated to the initial interface I'(0). All geometrical
quantities such as n, H, K and Fr are naturally encoded in terms of ¢ and are consequently extended to the entire A.
To avoid using meshes that fit the interface I', a regularization approach is commonly used. Let & represent a regulariza-
tion parameter proportional to the mesh size, referred to as h. The sharp Heaviside function .7# and the Dirac measure ép
are regularized within a banded strip of width 2¢ such that:

0, ifop<—¢
o (TP 1 T
1 sin( — — (1 e if <
He (@) = 3 1+;+¥ , iflp|<e and 8:(p)= 28< +COS(8 )) iFlpl<e
0, otherwise.
1, otherwise

In addition, we introduce a regularized sign function that provides the sign of the level set function. It is given by S¢(¢) =
2 (p) — 1.

A classical difficulty is that the signed distance property is lost during the advection of the level set, resulting in problem-
atic scenarios where the gradient becomes too large or too small near I', worsening consequently the accurate computations
over I'. A “redistancing approach” is commonly solved to reestablish the signed distance property [48,49], while keeping
invariant the iso-surface ¢ = 0. However, it is well-known that the classical approach [48,49] results in significant dis-
placement of the zero level set and induces substantial errors during the redistancing process. To circumvent this problem,
several approaches have been proposed in the published literature and enable to reduce the unphysical shift of the iso-
surface ¢ = 0 during the redistancing process. Some strategies rely on increased mesh resolution or adaptive refinement
near ¢ =0 [50-52]. Some other approaches are based on the modification of the classical formulation [53], or introduce an
explicit forcing term that allows to fix the zero level set during the redistancing [54-56,31,24]. In the present work, we use
the approach described in [31].

Another classical difficulty related to the redistancing consists in the existence of a singular zone, referred to as the
skeleton, in which the normal vector becomes discontinuous, see [24] for a concrete description. Solving the redistancing
problem may worsen the solution near the skeleton and induces wrong sets where ¢ becomes equal to zero near the
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skeleton. To address this problem, we introduce an extra diffusion term acting only in the vicinity of the skeleton and
calibrated by a small parameter «. That enables to regularize the level set function near the skeleton without any changes
in the approach introduced in [24]. Let X, be a regularized characteristic function of the domain {x € A : p(x) < —2¢}.

Let T be a pseudo-time variable introduced at any time t € (0, T). We shall solve the following problem until the
convergence is achieved:

210+ S N(IVH(T, 501~ 1) ~@XeAG(E, 5D +EET 50 =0 in(0,+00) x A (25)
¢, 5=, ) in A.

where S (@) enables to impose a zero-displacement for the zero level set I, and the Lagrange multiplier £(z, -; t) acts as an
explicit forcing term that locally enforces a constant volume of any arbitrary patch in A, see [31] for a detailed description.
When the convergence is reached, the level set ¢(t,-) is updated by the solution ¢ (oo, -; t). At the numerical level, we
use a first order combined characteristic and finite difference discretization method to approximate the material derivative
in (2.5), see [57].

2.4. Statement of the nonlinear coupled problem

We assume constant fluid density pj/, and viscosity jti/ in both sides of the membrane I', where the subscripts “i” and
“0” stand for the intracellular and extracellular domains, respectively. Let X represent the characteristic function of Q. The
global density and viscosity functions are given by:

o@) = piXa+ poXa\a and (@) = niXq + o Xa\Q-

Let o (u, p, 9) = 2u()D(u) — pI and D(u) = (Vu + VuT)/2 be the fluid Cauchy stress and the strain tensors, respectively.
We introduce two complementary subsets ¥p and Xy of the boundary d A (to be subsequently specified for each example)
on which either essential or natural boundary conditions are assigned, respectively. Let u;, represent the shear velocity on

¥p, while @, represents the level set on the upstream boundary ¥_ = (X € dA :u-v(x) < O}. We introduce the functional

spaces of admissible velocities, pressures, membrane tension and level set:

V(ub):{ve(Hl(A))Z:v:ub onED}, Q= qeLZ(A):/qu:O , W:IseH—”z(r)},
Q

X:{IﬁGWl’w(A)ﬂH] (A)’ and X((pb)=Xﬂ{1peL°°(A) Y=g onZ_}.

Thereafter, we first state the vesicle problem, while the surface tension problem is subsequently described.

Let [u]t =u, —u_ and [on]t = o n—o _n denote the jumps in velocity and normal stress across the interface, respec-
tively. The jump in the normal stress across I' comes from the balance with the membrane strengths [31] and it describes
the interactions between the vesicle and its surrounding fluid. We assume that [u] = 0, while the stress discontinuity is
calibrated according to the membrane tension and the bending rigidity:

H3
[o*n]ir =VA—AHRn +kp <ASH + 7) n on (0,T) x I.

To present the dimensionless problem, some dimensionless quantities of hemodynamical relevance are first introduced.
The Reynolds number Re = pUD 1 expresses the ratio between the inertial forces and the viscous effects, in which U is
the maximum instantaneous velocity U on £p and D is the diameter of a circle having the same perimeter as the cell. The
capillary number Ca = MODZUkb_1 compares the strength of the imposed flow to the bending resistance of the membrane.
The confinement y = D/D, compares the cell size to the width D, of the domain. The viscosity ratio u* = /1L, expresses
the intracellular viscosity with respect to the extracellular viscosity, while we assume almost similar values of the intra-
and extracellular densities yielding p* = p;/p, &~ 1. Finally, the cell deflation is given in the two-dimensional case by the
dimensionless reduced area x = 4m|2|/|T'|> € [0, 1] which expresses the ratio between the vesicle’s area and the area
of a circle having the same perimeter. In what follows, all the quantities are dimensionless, while we keep using the
same previous notation for the new dimensionless variables for ease of exposition. By testing with suitable test functions
and integrating the momentum equation on both Q and A\Q separately, the variational formulation of the dimensionless
problem reads:

2: find u € C°((0, T), L2(A)?) N L2((0, T), V(up)), p € L2((0,T),Q), 1 € L?((0,T), W) and ¢ € C°((0,T),L*(A)?) N
L% ((0, T), X (¢p)) such that
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Refp(go)(a—u—l—qu)-v+/2u(<p)D(u):D(v)—/pdivv—/kdivsv
A A A

dt
r
[ — 3 . fr .
>Ca (2A5H+H )n v_/orv v, Vv € V(0), (2.6)
r ZN

/q divu =0, Vq € Q, (2.7)
A
/S divyu =0, VEeW, (2.8)
r

dg

E¢+/(H~V(p)1p=0, Yy € X(0). (2.9)
A A

Regarding the surface tension problem, the continuity of the velocity across the interface writes [u]” = 0, while the
stress discontinuity is calibrated according to the surface tension such that

[(m]ir =\AHn on (0,T) x I,

In addition, we consider the external gravitational force given by g ~ (0, —0.98)”. From now, the dimensionless counterpart
is rather denoted g = (0, —1)T. The dimensionless Reynolds number reads Re = PoUgD/ 4o, Where po, [4o, D and Ug =
/D|g| design the density and the viscosity of the surrounding heavier fluid, the diameter of the bubble at the initial
position and the gravitational velocity. The dimensionless E6tvds number Eo = ,oDUéD /A compares the gravitational forces to
the surface tension effects, while the dimensionless capillary number is given by the ratio Ca = Eo/Re. The weak formulation
of the non-dimensionalized momentum equation reads:

Re/.p((p) (E;—l: +u.Vu) Y +/2u(<p)D(u) :D(v) —/p div v :Re/p(<p)g -V 4+ é/Hn-v. (2.10)
A A A A r

The surface tension problem is given by the coupled system: the momentum equation (2.10), the continuity equation (2.7)
and the level set equation (2.9).

In a purely Eulerian framework, all integrals over the moving membrane I' are transformed into integrals over the entire
domain A. For any given function 7(-) defined on T, an extension 7j(-) to A is required to approximate the surface integrals
in such a way that:

/n(X) ds:/lWISr n(x) dx”v/IWJISs (p) N(x) dx. (2.11)
I A A

In addition, the regularized viscosity and density functions are given by:
Me(@)=p* + (1 —puHA(p)  and  pe(@) = p* + (1 — p") A (p).
3. Numerical methods

3.1. Second order time discretization

Let us divide [0, T] into N subintervals [t,,tp+1), n=0,..., N —1 of constant step size At. For any n > 1, the unknowns
u", p", A" and ¢" at time step n are computed by induction, using values at previous time steps. The backward differenti-
ation scheme of second order, referred to as BDF2, is used for the momentum (2.6) and the level set (2.9) equations. The
scheme is bootstrapped by the initial conditions u~! =u® =ug and ¢~ = ¢° = ¢y, where u~! and ¢! only stand for
convenient notations. The time derivative terms of the velocity u and the level set ¢ are approximated by:

ou _3u"— qu1 4 g2 and dp _ 3¢"— 4" 1 4 o2
at 2At a 2At '
The semi-discrete approximation in time of & reads:

(") find u", p", A" and ¢" such that:

3u" — 4 n—1 n—-2
Refp((p")( “ ’;At +u +u"~Vu”> -v+/2u((p")D(u") :D(v)—/p”divv
A A A
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. 1 3
_ n n o n n n n . — N, n .

/x div v zca/(ZAsH + (H") )n v /a nt.v,  Yvev(), (3.1)

rn rn N
/q divu™ =0, Vq e Q, (3.2)
A
/ £diviu" =0, VEeW, (3.3)
l_'n

3¢n _ 4(pn—1 + (pn—Z 0 N

/ o w+/(u Vo )w_o, Vi € X(0). (3.4)
A A

The surface operators depend on the level set function ¢, and the notation divi v stands for (ld —n" ®n”) : Vv. Analo-
gously, the notations A and V7 are introduced for the discretized Laplace-Beltrami and surface gradient operators. Let
E = (u,p, i @) represent the global vector of unknowns, while ® = (v, q, &, )7 is the corresponding global vector of test
functions. Let the operator % (ET) be the global residual vector. Therefore, the problem £" consists in finding " at time
step t" such that:

T
<<%> (=™). ¢T> = (c@s (B™) . vivor.vor (@™, g,q. (W), E)ww, (Fup @, "), 1//>x<oy,x<o>)
=0, Vo.

Analogously, a fully implicit time discretization scheme using BDF2 is adopted for the surface tension problem.

3.2. Inexact Newton methods

The Newton algorithm reduces the nonlinear problem 2" : %(ET) = 0 into a sequence of linear sub-problems.
Given the numerical results at time instants t < t"~!, we compute iteratively the solution E; at the following time
t" by a nonlinear Richardson method (loop over k). Indeed, for any sub-iteration k > 1, we look for the increments
SE] = (suf; 5p}, 8A, 8¢)) such that:

k>’ k>’
- T.,n —-T,n —-T,n
<D%‘<:.k )[ cH ],<I>>=—<%’(:.k ),q>>, Vo,

where D# (E,{") represents the Gateaux derivative of &, see Appendix A. Hence, the Jacobian matrix of the coupled

interface/fluid problem has a block-structure given by the derivatives of the global residual vector with respect to the global
unknowns. The solution is explicitly updated on the k-th iteration of the nonlinear Richardson method (possibly using a
relaxation parameter) such that E "= E} +8E}. We proceed subsequently with the next iteration.

Assuming E", = Ef}, a second order extrapolation of the solution of the previous time steps enables to assign the
starting values at each Newton loop. The method is applied recursively until the stopping criteria based on the computation
of the global residual is satisfied. The Newton tolerance is set to 1079 in our computations. It is worth pointing out that
the tangent system is derived from the time discrete problem, therefore it depends on the time discretization scheme. We

introduce the weighted multi-linear forms:

a(u,v;w):/ZwD(u):D(v); b(u,q;T)=—/un:T; c(u,v;w,w)=/w<(u-V)w+(w-V)u>.v;

A A A
d(wﬁv;W)szVw-v; e(w,w;w)szwf; f((PM/UT):/(TV(P)'Vl/f; m(u,v;w)szu-w
A A A A

g, v; w>=/¢v-w; hig. v; w,w>=f2gowD(v):D(w); k(so,v;w,T)zf(w-Vgo) (T: Vv);
A A A

l((p,v;w,T)=/((T~V(p)®w+w®(T~V¢)):Vv; @, s w, w, T) =@, w; yW,T);
A

i(w,w;W)=/WW-V<0; ”((ﬂ,lﬁ;W,W):/(W-V(p)(ﬁ/-Vw),
A A

defined for all scalar fields g € Q, w € L*°(A), ¢, ¥ € X; vectors u, v,w,w € V; and tensors T € (L% (A))?*2.

In what follows, we will drop the superscript n referring to the time and we rather note k, referring to the Newton
iteration, as a superscript, whenever it is clear from the context.
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3.2.1. The surface tension problem

We first provide the exact derivation of the tangent system, which subsequently allows to validate the choice of the
appropriate inexact Newton strategy. Let us introduce a mixed variable ¥ = H and we proceed with its computation in the
weak sense to decrease the derivation order. Details about the linearization of the full problem in the direction of §E7 are
provided in Appendix A. To compute the increment §¥, we proceed in a variational manner, and we have:

<=/f\p(‘1’</))§ /$+/| -VE=0, VieX.

V&p

Using the equation Dn[d¢] = derived in Appendix A, we obtain the following equation for the increment §W:

Vs
/5\1:5 +f (p Ve = (20 (W, (p),§>x/ L VEeX.

To introduce the tangent system, let us first express the corresponding residuals:

[ () ) =R (v 08)) v ().
+a(u", V; e ((p")) +b(v, . Id) — éd((pk, v; ks, ((pk)) — Rem(g, V; 0 ((p") )

(0 (1) ca), , =0 1),

(00 (v5.0") 5, = e(w", & 1) + f(w", & |V<p"|‘1ld),

3¢k _ 4(pn—l 4 §0n_2
7 k k — . l d k k,
<‘Z‘p ((p o )’I/I>X(0)/,X(0) e( 2At il Hd(eh ey ),

for all v e V(0), g € Q, ¢ € X and ¢ € X(0). The tangent system associated to the capillary problem (2.10), (2.7), (2.9) reads:

Given X, find 2% = (su¥, 5p*, s Wk, 5¢%) € V(up) x Q x X x X(gp) such that

k
Rem <5u",v; W) +Rec(5u Vi pe(¢), u ) +a(8u Vi e ((p")) +b(v,6pk;ld>
2At
k _ n—1 n—2
+ Re (1 — p*)g(é(p", V; &g ((p") (3u 4l;At +u +uk. Vu") ) + (1 _ M*)h(&pk, v: S, ((pk) 7 uk)
1 koo k k 1 kK oy.aksr (K k
—Re(l— ) (S(p v; 58(90 )g) —ag<5\11 ,V,Ss(go )Vga ) —ag<5¢ A 55(90 )Vgp )

- (0 v v () ) = (2 (7)), o (35)
b(auk, a Id) - —(gzp (u") , q>@ o (3.6)
e(@xp",g; 1) +f < ok & |V . (ld _ ®n’<)> - —(,% (xp", (pk)f)X/’X, (3.7)

(&/) v m) + i<8<pk, v u") - g(xlf, suk; Vgo") = —(% (go", u") , 1//>X(0)/,X(0)' (3.8)

Inexact Newton formulation for the capillary problem In this paragraph, we assume that the redistancing problem (2.5) is
sufficiently solved until reaching the convergence. Therefore, the level set function ¢ tightly approaches a signed distance
function, and we use the simplifying assumption |V¢| =1 everywhere in A to approximate the Jacobian matrix of the
problem (yielding an inexact or quasi-Newton approach). Although the global convergence speed of the Newton algorithm
can be deteriorated if the redistancing problem is not accurately solved until convergence, the latter approximation helps to
simplify the force expression (and consequently the numerical assembly) at each Newton sub-iteration. This simplification
appears to be more beneficial especially for the vesicle problem characterized by the high nonlinearities of the membrane
force.



A. Laadhari et al. / Journal of Computational Physics 343 (2017) 271-299 279

Details about the simplifications are provided in Appendix A. The tangent problem corresponding to the inexact approx-
imation is given by the coupled system (3.5), (3.6), (3.8) and the equation

e(oWk 6:1) + £ (668, £:1d) = ~(70 (W5, 6¥), g)xzx, (3.9)

for all (v,q,&,v¥) € V(0) x Q x X x X(0). The resulting inexact Newton scheme will be referred to as “QN1".
In addition, we consider a second simplification of the Newton scheme, referred to as “QN2”, in which we disregard all
shape derivative terms weighted by 3, (¢) in the Jacobian matrix, see Eq. (3.5).

Note on the mass correction for the capillary problem A well-known problem related to the Eulerian methods is that they are
not mass (or volume) conserving for divergence-free velocity fields. To address this issue, we use an approach analogous to
that described in [31] where a posteriori mass correction term is considered in the advection equation (3.4). A forcing term
is then introduced in (3.4) after the semi-discretization in time and acts as a constraint fixing the area |Q"| = |Q°|. At time
t", let ¢" represent a global Lagrange multiplier corresponding to the previous constraint. The advection velocity is then
corrected in the normal direction and ¢ is instead advected with the vector u + ¢n. Following [31], an a posteriori mass
correction referred to as ¢™ at any time t" is also required, and the advection problem (2.4) is substituted by the system:

R17)
—+(u+{n) V=0 in(0,T)x A and

at
M(tn)_ i/(l — (@) 3@ —4fer | + e
dt T (@ - 2At '

A t=t"

The quantities |"~'| and |Q"2| are known from the previous iterations, whereas we need to enforce the condition |Q"| =
|2°|. Let us introduce the term:

310 — 4|1 + Q"2
2At ’
By using the equation (2.11), we obtain:

n__

del_ d 1 dp [ 1
o th/(1 _ Ap))d /—6s<<p) x= ngs |V¢| (Vg + £|Vo)) ds
:/u.nds+§|f‘|.

r

That results in an explicit expression of the forcing term ¢™:

1 1
"= T g”—/u”.n”ds A T " —/u”.Vgp”dx
I A

3.2.2. The vesicle problem

To state the appropriate weak formulation for the vesicle problem 27", we keep calling the mixed variable ¥ = H and
we introduce a second mixed variable ® = A;W. Hence, the global vector of unknowns associated with the full problem
D" (31), (3.2), (3.3), (3.4) reads EX = (uk, pk, Ak, @k wk )T while the tangent problem depends on the global increment
sk = (suk, spk, sk, 5wk, 5¢K)T at the Newton subiteration k.

Using the expressions provided in Appendix A, the directional derivative of the inextensibility constraint (2.8) in the
direction of §E is obtained after performing the regularization in accordance with (2.11). We obtain:

D divs u |Vl|se () [SE] = D<divu —(n-Vu) -n> IVlse (@) [8E]

=divs Su|Ve|se (@) + divsude (@) m Vép +divsu |V(0|8é (@) de

Vsép ) Vo < Vo ) Vs w)
(22 . vu +( == -Vu IVolse ().
((IWI Vol T \IVg Vg ) VP
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The derivative of the dimensionless and regularized force of Canham-Helfrich-Evans Fr (2.3) reads:
2CaDFr |Volés (p) [6E] = D(ZASH + H3) IV@lde (p) n[SE] = D<2<b + w3> 8 () VoISE]

= <25<1> + 3w25w> 8¢ () Vo + (2c1> + \1/3) 8¢ (9) Vo + <2<1> + xv3> 8. (9) 8¢ V.

Analogously to (3.7), we compute §®. Let us introduce ¢y and ¢y such that ¢ € [gn, om]. Thanks to the co-area for-
mula [58], we obtain:

M

/WWX:/(W/ Asds dz_/(_ [ W.Vs¢ds+/m.vsws)dz
——
A (% Pm p=z Y=z 0
yielding the equation:
<92¢ (P, ¥, ), qb /|V(p|d>¢+/|V¢|VS\IJ V¢ =0, Vo € X.

The latter equation holds thanks to the following relation verified by the surface projection operator Id —n ® n =
d-—-n® n)T =(Id—nQ® n)z. The increment §® verify then the following equation:

/|V(p|8¢¢+/<<b¢+V W V¢>V3<p —+/|V(p|V SW .V
A

® Vo )
V-V Vo |- | [ =2 - VU) (Vibp - Vi) = — (%o (D, W, 0), ¢V x, Yo € X.
/( @ - )<|V(p| ¢> A/(Ile (Vsdp - Vo) (Zo ( ©),d)x X (0XS

Analogously to the capillary Problem 3.2.1, a posteriori mass correction ¢ (t") for the area and perimeter is considered in
the vesicle problem. We use the same strategy described in [31, section 3.3.2], in which two corrections are considered in

the level set equation (2.9) and act as forcing terms fixing the incompressibility and inextensibility constraints ’Q(t") =

)Q(t:O)( and ‘r(r") - ‘r(r=0)‘.
For ease of exposition, the exact tangent system associated with the vesicle problem 2" (3.1), (3.2), (3.3), (3.4) is
postponed to Appendix B. At the numerical level, that corresponds to an exact Jacobian matrix in the linear system.

Inexact Newton strategy with the simplifying signed distance assumption In the rising bubble Example 4.1, we clearly observe
that the quadratic convergence of the exact Newton is slightly affected when considering the inexact Jacobian matrix under

the simplifying assumption of a signed distance function ‘V(p) =1 everywhere in A. An accurate resolution of the redis-
tancing problem until convergence is then required, especially in the vicinity of the membrane I'. From Appendix A, we
remark that the assumption ’V(p) =1 induces the equation n- Vép =0 in A.

For ease of exposition, we only present the weak formulation in the particular case p* =1, assumed afterwards for
the simulation of vesicles under simple shear flow [26,31]. Consequently, an inexact Newton strategy is obtained and the
tangent system associated to the vesicle problem £ simply reads:

Given EX, find the increment §EX = <8uk, spk, 2k, sk, swk, 8(,0") e V(up) x Q x Q x X x X x X(¢p) such that
Re k.3 koo q ok k.
A—tm(éu,v,i)—i—Rec(é‘u,v,l,u +a Su V; e (go) +b|v,sp";1d

+(1- ,u*)h<8<pk, v; e ((p") , u")

n b(v, 53k s, ((pk> (ld Vet e V(pk> ) n b(v, 5¢k; 2ks! (gok) (ld Vet e Vgak) )

1 k. k k
- ag<8d> . V3 86 (rp )Vso
3 2
koo k k k 2 koo [k k k
—H((S(p ,V; A5, (go )Vgp ,ld) 2Cag<5\11 v (\If ) 8¢ (go )Vgo )
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- ﬁg(aw", v; <2c1>" + (\v")g) 5. (") V<p’<> =—(#z (E™) . Vb0 w10 (3.10)
b(Suk, @ Id) =—(%, (u") . (3.11)
b<3u’<, 7 86 ((pk> (ld Vet e Vgok) ) - e((S(pk, n: 8, (<p’<) (ld Vet e V(pk) : Vu")

+ j(agok, nuk, 5. (¢4) vk, Id) =~ (") 1)y o (312)

e<5c1>", é: 1) + f(sw", $:1d— Vok @ V(pk> - n<5g0k, ¢; VUK, V<p’<>

e(“f", £ 1) + f<8<p", £ Id) =— (% (\IJ", <p") »Elxr xo (3.14)
3 5 K K K K
e (&p", s Z—At> +z<5<p’ Y u") + g<w, suk; V<p’> = —(%, ((pk, u’) oy x0) (3.15)

for all test functions (v,q,7n,¢,&,¢¥) € V(0) x Q x Q x X x X x X(0).

Note on the time step size for the vesicle problem We here focus on the choice of the time step size for the vesicle problem.
The convergence of the Newton algorithm is very sensitive to the time step At because too large values may lead to starting
values which are far from the expected solutions, see Section 4.2. Indeed, the Newton method has only local convergence
properties and there exist several strategies that enable to improve the choice of the starting values but that is beyond the
scope of the present work. We then proceed with an adaptation strategy for the time step At to ensure the convergence of
the Newton subiterations. Therefore, we decrease the size At by a factor 1/2 if the Newton loop does not converge within
10 iterations. The problem is then solved again using the values of u and ¢ at the previous time steps t,_1 and t;,_, but
using the reduced time step size. However, if the Newton loop converges, the time step size is increased for the next time
step by an amplification factor equal to 1.2, see Subsection 4.3.

Remark that, by considering the adaptive time step size, the adaptive step size BDF2 has a different expression, see [59].
More precisely, the time derivative terms are rather approximated by:

ou (1429 u"2 — (149w +92u" g 0P o (2002 — (1 + 9n)% "1+ 920"
at (14 ) Al at 1+ 0p) AL

with Aty =tpyo —tht1, Aty =tge1 —tp and 9, = Aty /Aty.
For ease of exposition, the vesicle problem is only presented using the constant step size formula.

)

3.3. Finite element space discretization

Let us consider a partition 7 of A consisting of geometrically conforming open simplicial elements K (triangles in

2D), such that A = Ug. For all K € 7, the diameter of K is denoted hg, and we define the mesh size as the largest
Ke

mesh element diameter h = maxgeg; hg. Let 7 denote a mesh 7 having a mesh size h. We consider a Taylor-Hood
finite element approximation [60] for the approximation of the velocity and pressure, while the same approximation for
pressure is used for the Lagrange multiplier corresponding to the inextensibility constraint [31]. A high-order finite element
approximation is used for the level set function ¢. Let us denote by "Z,h an approximation of u; at the k-th Newton
iteration of time t,. Analogously, similar notations are used for the other fields. To proceed with the fully discrete variant
of the problem (3.10)-(3.11)-(3.12)-(3.13)-(3.14)-(3.15), we first have a close look on the corresponding structure of the
matrix of the linear system. The system has a sparse block structure which is singular, since the inextensibility constraint
and the corresponding regularized Lagrange multiplier have a non-zero values only in the banded strip of width 2¢ in the
surrounding of I'. Accordingly, the use of a direct solver is ruled out. To address this issue, we use the so-called banded level
set approach that consists in assembling only the non-zero coefficients in the global matrix of the linear system. Further

details about this technique can be found in [44,61]. We then introduce the banded domain B ¢ (t) = {K € T8 () # 0}.
We consider the following finite dimensional spaces:



282 A. Laadhari et al. / Journal of Computational Physics 343 (2017) 271-299
Vi (up) = [u € Vup) N CO (R)?, ujk € (Py(K))?, VK € %] L Xp= {q) e CO(R), gk € P2(K), VK € 7;,}

Qh:{quﬂCO(K),q‘KeIPH(K),VKe,7,1} and WM:!AeLZ(Bh,g)mCO(K):A”(ePl,VKeBh,S}.

For a given regular weights w, w, w, w, w, w, T adequately corresponding to (3.10)-(3.11)-(3.12)-(3.13)-(3.14)-(3.15), we
define the bounded weighted linear operators A : Vy(up) — V}(0), B: Qp — V}(0), C: Wy — V;(0), D: X, — V;(0),
E:Xp = Vp(0), F:Xp - V(0), G: Xh—>Wh€, H: Xh—>Xh,I Xp—=X, J: X=X, K: X - X, £:X, > X},
M :Vpup) — X, N: X — X, as follows:
(A@),v)=m@,v;w)+c(u,viw,w)+a(u,v;w), (Bp.v)=bw,p;ld), (CQH),v)=bv, AT,
(D(@),v)=b(v,p:1d)+h(p,viw)+1(p,v:W.Id) +d(p, viw) + g(@, v: W), (E(P),v)=g(D,v;W),
(F),vi=gW,v;w), (G(p).n)=e(p,n; W)+J'(<P,77;W,17V,ld), (HW),¢)=f(¥,¢;1d),
Z(@).d)=n(p.¢: W, W)+ f(@.¢:T), (T, & =eW,&w), (K@).&=F(p&ld),
(L), ¥)y=e(@, ¥;w)+i(p,y;w), M), y)=g@,u;w), N(D),¢)=e(® ¢;1),
for all v e Vy(0), g € Qp, n € Whe, ¢ € Xy, £ € X and ¢ € Xj,. The Galerkin scheme associated to (3.10)-(3.11)-(3.12)-
(313)-(3.14)~(3.15)) consists in finding 2, = (8wl . 6p} . 83, OB . OWL 8@l ) € Vi (1) x Qh X Wi e X X x X x X
such that

(A (5u)  vi) + (B (50) v +{c (530 ) v+ (D (5n) . vi) + (€ (598, ) v+ (# (5904) . vi)

=—(#z (g14) . vi) (3.16)

(v (sut) )= ~{i () - a0). 317)
(. (su) )+ 6 (s0kn) i) =~ () ). (18)
(7 (5%0) ) (3¢ (300) - 0n )+ (2 (30k)  0n) = ~{0 (O W) ). (319)
(7 (008) &)+ (k (30in) 1) = (0 (o 0hn) 1), (320
(£ (stn) )+ (o (o) ) =~ () o). B2)

for all (vi, qn, n. dn, &n. Yn) € Vi(0) x Qp x Wy o x Xp x X x Xp. We notice that, in practice, we only assemble the surface
integral terms and the equations (3.19) and (3.20) in the banded region surrounding the membrane T. In fact, only these
coefficients are needed to solve the vesicle problem, and this enables in addition to reduce the size of the global matrix
of the linear system. Moreover, we remark that the variables (Sd>" wn and 8\1/” kb in (3.19) and (3.20) can be eliminated by
inverting the mass matrix at the element level. Details are provided in Appendix C.

Regarding the finite element discretization of the redistancing problem (2.5), we notice that the evaluation of the right-
hand-side involving the characteristics should be considered with care. The Gauss-Lobatto quadrature formula is used here,
as it guaranties further stability of the characteristics method [62, sec. 1.11].

4. Numerical results and discussion

Software implementation All simulations have been implemented using the C++ library for scientific computing Rheolef [57],
initially developed by the author P. Saramito. Rheolef provides support for distributed-memory parallelism via MPL! It relies
upon the Boost,” Blas,®> and UMFPACK* libraries for much of its functionalities. It also bases on Scotch for distributed mesh
partitioning.”> Results are displayed graphically with the software Paraview,® whereas the tracings are generated with the
software Gnuplot.”

Message Passing Interface - http://www.mpi-forum.org.

Boost libraries - http://www.boost.org.

Basic Linear Algebra Subprograms library - http://www.netlib.org/blas.
Umfpack routines - http://www.cise.ufl.edu/research/sparse/umfpack/.
Scotch - http://www.labri.fr/perso/pelegrin/scotch.

Paraview - http://www.paraview.org.

Gnuplot - http://www.gnuplot.info.
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Fig. 2. (left) Shapes of the rising bubble obtained with the finest mesh h = 1/160 (NTS = 1’352, NEL = 135’110) at different times ¢ € {0, 1, 1.5, 2, 3}. The
display window corresponds to [0.1,0.9] x [0.2, 1.3]. (middle) Comparison of the final shapes with reference solutions at T =3 [63]. (right) Close-up in
zone of maximal disparities at T =3 (same legend as middle).

4.1. Example 1: Quantitative benchmark of the rising bubble dynamics

The aims of this example are twofold. On the one hand, we perform numerical computations using the inexact Newton
strategy QN1 previously devised in the case of the capillary forces. On the other hand, we investigate the convergence prop-
erties of the inexact Newton strategies with respect to the exact Newton method. In this regard, we check the accuracy of
our solver in the context of the rising bubble benchmark introduced in Hysing et al. [63]. We emphasize that all simulations
will be performed using the inexact Newton strategy QN1, unless otherwise stated.

Let us consider the set-up of the ellipsoidal bubble characterized by the physical parameters: p; = 103, p; =102, u; =
10, u2 =1, A = 24.5. The dimensionless parameters are then given by: u* = p* =0.1, Re =35, Eo = 10 and Ca = 0.286.
The density of the bubble is then ten times smaller than that of the surrounding fluid. The computational domain is
(0,T) x A =(0,3) x [0, 1] x [0, 2]. The bubble, circular at the initial configuration, has the radius rop = 0.25 and is centered
at x = (0.5, 0.5). The no-slip wall conditions are imposed on the top and bottom boundaries, while the free slip conditions
u-v=0and t-D®u)- v =0 (t represents any tangent vector on dA) are imposed on the right and left boundaries. Let us
denote u = (uy, uy). We introduce the following benchmark quantities:

1 2/TIRO)] 1 /
Ye(t) = —— t) dx, )= —— d Ve(t) = —— t) dx.

The bubble area |Q|ex&lct =0.2527 needs to be preserved along the time evolution. The center of mass is characterized
by the y-coordinate Y.(t) and we are particularly interested in the final position Y.(t = 3). The degree of circularity ¢(t)
represents the circumference of a circle having the same area as the bubble. We evaluate the minimum circularity ¢min
and the corresponding incidence time t|¢—¢ . . The rise velocity V¢(t) is computed through its component in the direction
opposite to the gravitational vector. Both maximal velocity V¢ max and corresponding time incidence t|y v, p,, are of in-
terest. Let NTS and NEL design the number of time steps and the number of mesh elements, respectively. To study the
convergence properties of the method with respect to the reference solution obtained using the finest mesh qq ef, the error
quantifications corresponding to the temporal evolution g; of the quantity q reads:

NTS NTS , 1/2
; |Qt,ref - Qt’ ; |Qt,ref - Qt| mtax |Qt,ref _ Qt|
lely = lel,=| | - lels=

mtax |Qt,ref’

Z |Qt,ref| Z |Qt'ref|2
t=1 t=1

e
log10 ( “el ”l
i

and ROCGG=——i——~ with ie{l,2,00}.

hlf1
logg T

The standard linear interpolation is appropriately applied to the solution q;, since NTS is smaller than that used for the
reference solution. The quantity ROC; corresponds to the rate of convergence required to indicate how much computational
effort is needed to establish a certain accuracy, in which h and [ design the mesh size and the mesh refinement level,
respectively.



284 A. Laadhari et al. / Journal of Computational Physics 343 (2017) 271-299

0.1974 F : ‘ 1 102 . :
Q(t TP2D h=1/320 — circularity TP2D h = 1/320 —— circularity
[2(t)] FreeLIFE h17h14160 1 FreeLIFE ]i - 12160 1 0.93 i
b= % 098} 1
h= 14
| 0.92F ;
0.94 -
0.92
[Qexact , v e 0.9}
0 1 " 2 3 0 1 L 2 3

Fig. 3. Temporal evolution of the bubble area (left), the circularity for a complete simulation period (middle) and a close-up of the circularity around the
benchmark point ¢min (right). Comparisons with reference solutions from Hysing et al. [63]. The same legend is used.
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Fig. 4. Temporal evolution of the center of mass and comparison with reference solutions from [63]. (left) Complete simulation period. (right) Close-up
around x.(t = 3). The same legend is used.

The computations were performed on non-regular meshes generated using the software Gmsh.® The mesh sizes are
1/h e {20, 30, 40, 80, 100, 160} and the corresponding time step sizes are At € {1.77 x 107%,1.77 x 1072,1.42 x 1072,

7.12 x 1073, 2.83 x 1073,2.22 x 1073}, respectively. The highly accurate reference solution is obtained with the finest mesh
size 1/h =160 (NEL = 135110) and NTS = 1'352.

In Fig. 2(left), results of the computed shapes of the ascending bubble, obtained with the finest mesh, are shown at some
particular time instants. The shape compactness results from low values of p©* and p*, resulting in high influence of the
capillary force on T'. In Fig. 2(middle), comparisons of the computed interfaces at T =3 with different meshes and with
respect to the reference solutions “TP2D” (TU Dortmund - FEM with non-conforming Q/Qp basis function for (u, p)) and
“FreeLIVE” (EPFL Lausanne - FEM with Py — isolP;/P; elements for (u, p)) presented in the benchmark [63]. Results show
good agreement between the obtained shapes. We present in Fig. 2(right) a detailed view of the different shapes around
the zone of maximal discrepancy. The congruence of our finest result with those obtained by “TP2D” with the finest grid
resolution 1/h =320 is well seen, while we observe very small differences with the shape obtained by “FreeLIVE” with their
finest grid resolution 1/h = 160.

The temporal evolution of the areas |Q2"| with respect to the mesh size are plotted in Fig. 3(left), showing good mass

preservation appropriately converging to the exact value |Q|exacc When h — 0. Fig. 3(middle/right) shows the temporal
evolution of the circularity; An overlay with respect to the reference curve obtained by “TP2D” around ¢, is achieved. The
curves in Fig. 4 showing the temporal evolution of the center of mass Y. do not reveal significant differences. The close-up
view mainly shows the congruence between the curve obtained with the finest mesh and the reference solution “TP2D”
in [63]. Fig. 5 shows a good agreement concerning the evolution of the rise velocity with respect to the reference curves.
Only an enlarged section around t|y,.=v, ., Shows some separation between the curves.
Grid convergence For a quantitative study, we proceed with a comparison with the reference solutions “TP2D”, “FreeLIVE”
and “MooNMD” in Hysing et al. [63] and with other results from the existing literature Strubelj et al. [64] (VOF), Klostermann
et al. [65] (VOF) and Doyeux et al. [32] (FEM). Table 1 summarizes the benchmark quantities and the results obtained by
the previous groups. Our results obtained with 1/h =160 serve as a basis in our comparisons. The quantities ¢min, tl¢=g.»
t|ve=Vemax and yc(t = 3) belongs to the reference range obtained in [63], while V¢ max depicts a small difference but is
almost equal to the value obtained in [32]. To summarize, this computational study demonstrates good overall agreement
with the reference results in [63].

8 Gmsh - http://www.geuz.org/gmsh.
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Fig. 5. Temporal evolution of the rise velocity and comparison with reference solutions from [63]. (left) Complete simulation period. (right) Close-up around
Ve max- The same legend is used.

Table 1
Comparisons with benchmark quantities and published results: minimum circularity and maximum rise velocity, with corresponding incidence times, and
the final position of the center of mass.

1/h 20 40 80 160 Benchmark [63] Strubelj et al. [64] Klostermann et al. [65] Doyeux et al. [32]
Fmin 0.9167 0.9068 0.9029 0.90133 0.9012 £ 0.0001 0.8876 0.9044 0.9001
t f—fon 2.0000 1.8857 1.8714 1.90507 1.8895 £ 0.0145 1.8915 1.9625 1.9000
Ve, max 0.2375 0.2394 0.2408 0.24119 0.2419 £ 0.0002 0.2457 0.2348 0.2412
t|vr:v, - 1.0179 0.9428 0.9286 0.92686 0.9263 4+ 0.005 0.9235 0.9516 0.9248
Ye(t=3) 1.0737 1.0748 1.0783 1.08095 1.0808 + 0.0009 1.0679 1.0696 1.0815
Table 2
Rising bubble benchmark: convergence analysis for some benchmark quantities.
1/h NTS NEL el ROC; lell, ROC; el ROCq
¢ 20 169 2064 1.2644E—2 1.4406E—2 2.2068E—2
40 211 8538 3.8310E-3 1.72266 4.3667E—3 1.72205 6.2540E—-3 1.81910
80 421 33836 1.0417E-3 1.87878 1.1992E-3 1.86447 1.8479E-3 1.75889
Ye 20 169 2064 1.5698E—2 1.6304E—2 1.3577E-2
40 211 8538 5.9847E-3 1.39123 6.2980E—3 1.37226 5.9427E-3 1.19197
80 421 33836 2.2548E-3 1.40829 2.5095E-3 1.32749 2.0743E-3 1.51849
Ve 20 169 2064 2.6769E—2 3.9206E—2 7.5292E—-2
40 211 8538 1.1374E-2 1.23482 1.3310E—2 1.55856 2.3537E-2 1.67757
80 421 33836 3.5184E—-3 1.69275 3.8174E-3 1.80185 6.1753E-3 1.93035
100 1059 52710 2.3683E—3 1.77392 2.4877E-3 1.91899 3.5091E-3 2.53289

Convergence analysis Finally, we perform a quantitative convergence analysis and we compute both the relative errors and
the estimated convergence rates for ¢, V. and y., as previously defined. Results are depicted in Table 2. The different
quantities clearly converge with a more than linear convergence order, approaching 2 for the circularity and the rise velocity.
The convergence order for the center of mass is of about 1.5 in both I1, [; and I, norms.

Comparison with respect to the exact Newton method Thereafter, we investigate the convergence properties of the numerical
solver and we proceed with a comparison between the inexact Newton strategies (QN1 and QN2) and the exact Newton
strategy (N). Using the exact Jacobian matrix, Fig. 6(left) shows the convergence of the residuals for various choices of the
time step size At. The convergence of the Newton scheme is slower when increasing the time step size, where the starting
value of each subiteration becomes far for the expected solution; For large At, for instance At7, a plateau is observed for
the first iterations and, beyond a critical value of the residual, the convergence becomes subsequently fast. Notice that other
techniques can be used to improve the convergence such as the initialization by the solution of the fixed point scheme or
the use of the damped-Newton strategy; that is beyond the scope of the present work.

For every time step t", we also report the rate of convergence of the Newton algorithm at every subiteration, which is
given by the ratio:

|«%(E ,h) v
( 1,h) NAO)
% (: -1 h) v, 0

2,h) NAO)

r(k) = with k> 2.
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Fig. 6. (left) Convergence curves of the exact Newton scheme (N); Results are plotted in the semi-logarithmic scale. (right) Rates of convergence r(k) of the
residuals. The time step sizes are (Aty, Ata, Ats, Ats, Ats, Atg, At7) = (0.003,0.05,0.08,0.1,0.2,0.3,0.47).
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Fig. 7. Convergence properties of the inexact Newton strategies (QN1 and QN2) compared versus the convergence of the exact Newton strategy (N). The
residuals’ convergence curves are plotted in the semi-logarithmic scale. The time step sizes are (Atq, Aty, Ats, Aty) = (0.003,0.01,0.1,0.2).

We observe in Fig. 6(right) that r(k) ~ 2, which means that a second-order convergence behavior is almost obtained.

We now investigate the convergence speeds for the inexact Newton strategies QN1 and QN2. Fig. 7(left) shows that
the second-order convergence of the Newton method is preserved when using the strategy QN1, i.e. by considering the
simplifying assumption of signed distance \V(p} =1 in A, everywhere, since the signed distance property is well established
after the redistancing process. However, the quadratic convergence is deteriorated when using the strategy QN2 which
disregards the shape derivative terms in the momentum equation (3.5). The convergence rates in Fig. 7(right) clearly show
that the quadratic convergence of the exact Newton strategy N is slightly affected when using QN1 but it is remarkably
affected when using QN2. In Fig. 7(middle), we report the numbers of the Newton iterations required until reaching the
convergence for the time step Ats, revealing that the iteration numbers for QN2 is twice to three times larger than that of
the exact Newton scheme N. Nevertheless, the strategy QN2 can be somehow useful when using small time steps, since it
simplifies the derivatives block assembly in the Jacobian matrix without big changes in the number of iterations.

Comparison with respect to a fully explicit implementation In this paragraph, we provide further insights into the performances
of the fully implicit method using the inexact Newton scheme QN1. We perform comparisons with respect to the explicit
method commonly used in the literature. We consider the scheme presented in Appendix D in which we consider an explicit
implementation of the capillary force and a segregated approach for the coupling with the advection of the interface.

We continue with the setup of the rising bubble aforementioned and computations were performed on a workstation
with an Intel® Core™ i7-4790 (3.6 GHz) processor. To investigate the stabilizing capabilities of the implicit method, we
perform simulations for several meshes and we report in Table 3 the maximum time step size Atng allowed by both
schemes. Results reveal that the implicit scheme QN1 has a significant stabilizing effect and allows to use larger time steps.
In particular, the implicit approach enables to exceed the maximum time step allowed by the explicit scheme by several
orders of magnitude, more than sixty times for h = 1/100.

We now focus on the computational efforts required by both the implicit and explicit approaches. We perform simu-
lations of the rising bubble in the time interval (0,2.5) and we measure the wall clock times for serial simulations. The
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Table 3
Maximum time step Atmax allowed by the implicit and explicit
methods for several values of the mesh size h.

h Atmax (strategy QN1) Atmax (explicit method)
1/20 0.73 6.31 x 1072
1/40 0.67 3.25 x 1072
1/80 0.49 8.37 x 1073
1/100 0.35 5.43 x 1073
Table 4

Computation time CPU on one processor using the implicit and
explicit methods for several values of the mesh size h.

h CPU (strategy QN1) CPU (explicit method)
1/40 289 306

1/80 3491 4721

1/100 9667 11850

computing times CPU are reported in Table 4, showing that the implicit approach is computationally cheaper than the ex-
plicit approach especially for finer meshes. Thanks to its quadratic convergence, the scheme QN1 allows to use significantly
larger time steps and converges usually in less than five iterations. That enables to compensate the computational effort
needed for both the assembly of the linear system and the factorization of the Jacobian matrix at each Newton subiteration.

Further improvements of the present methodology based on both the use of mesh adaptation techniques and the devel-
opment of a cubically convergent Newton variant without evaluating the second-order derivatives are investigated for the
capillary problem in a forthcoming work [44].

4.2. Example 2: Dynamics of vesicles under shear flow

In the present example, we proceed with the validation of the proposed methodology and we investigate the dynamics
of single vesicle under a linear shear flow. Under such a linear shear flow, the upper and lower boundaries (respectively at
y-coordinates L and -L) shall move horizontally with opposite constant velocities u, (-, £L) = (£V, 0), forming consequently
the subset Xp, see Fig. 1. A free-stress boundary condition v =0 is imposed on Xy. The fluid is always initially stationary.
In what follows, we adopt an elliptic shape for the two-dimensional cells at the initial position.® For a two-dimensional
vesicle in a simple shear flow, different regimes of motion patterns have been observed and extensively studied, experi-
mentally [66] theoretically [12] and numerically [67,26,31], in the published literature. Depending on the reduced area x
and the viscosity ratio p*, it is known that two flow regimes may occur. A steady-state tank treading motion, referred to
as TT, happens if the viscosity ratio u* remains small, in which the cell assumes a steady-state ellipsoidal shape such that
the equilibrium inclination angle 6 remains constant with respect to the flow direction. Beyond a threshold value of the
viscosity ratio, the cell starts rotating periodically around its axis, yielding the tumbling regime, referred to as TB. For a fixed
reduced area, the transition between the two regimes occurs at a particular value uj; /T resulting in the so called phase
diagram. At the computational level, we evaluate the inclination angle 6 € [—m /2, 7 /2] by determining the eigenvectors
and the eigenvalues of cell’s inertia tensor

1 1
M=/ X—— [xdx | @ | x— — [ xdx | dx
2] €2
Q Q Q

around its center of mass (rotational axis). The angle 6 represents the angle formed between the eigenvector associated
with the largest eigenvalue and the vertical axis in the y-direction.

Let us consider two vesicles having a reduced area y = 0.7 placed in simple shear flow described by Ca =100 and Re =
1073, where the confinement parameter is = 1/2. The first cell has a viscosity ratio x* = 1. Numerical computations show
that the cell undergoes a TT motion where the inclination angle converges to a fixed value 6*, see Fig. 8. The computational
shapes and the internal fluid flow are also depicted in the snapshots in Fig. 8.

9 Let x and y denote the Cartesian components. For a given reduced area y, we introduce the following expression for the Eulerian description of a cell
forming an inclination angle 6 with respect to the horizontal axis:

J /002 +y2/2 — o) -
$ox,y) = (,/oc@/o:)2 +y3/@—a?) - Ro>,

\/(Xe/az)z +y2/2—a?)?

with o =/1+ /1=, Ro =0.45, X9 =xcos(9) — ysin(0) and yy = xsin(0) + y cos().
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Fig. 8. Tank treading regime: snapshots showing the dynamic behavior of a cell (shape I' and velocity profile of the intracellular fluid) with x =0.7, u* =1
and Ca =100 in a simple shear flow with Re =103 and y = 1/2 at successive times t € {0, 0.05,0.15, 0.2, 1, 4}, respectively.

The second cell has a viscosity ratio «* = 10, and numerical computations show that the cell undergoes a TB motion
where the inclination angle exhibits a periodic regime as depicted in Fig. 9. Snapshots in Fig. 9 show the cell’s shapes
during one TB period. To check the conservation properties of the outlined numerical method, we follow the evolution of
the enclosed area |2(t)| and the membrane length |I"(t)| during the entire simulation for both tank treading and tumbling
regimes. Tracings are provided in Fig. 8, and show good conservation properties. Further details about the convergence
properties of these both quantities will be provided subsequently in section 4.3.

Effect of the starting angle We now investigate the influence of the starting angle on the dynamics of a vesicle undergoing
a TT like motion in the steady state. To that end, let us consider different cells having the same reduced area x = 0.6
and placed in a linear shear flow characterized by * =1, Re =103 and Ca = 103. The confinement level is y = 1/2. The
cells, initially ellipsoidal, are started with different inclination angles 6(0) {n/z, 0, —m /4, —m /10, —471/10}, using the
expression of ¢p previously introduced in this example. The evolution of the cells’ inclination angles 6(t) versus time are
plotted in Fig. 10 showing clearly that the different vesicles similarly converge to a TT steady state regime, in which the
same angle 6* in obtained. This result is expected since the flow regime should depend on x and w*, and not on the starting
inclination angle or on the geometry of the initial shape. Remark that, for a cell with a starting angle 6(0) = —4m /10, a
partial tumbling motion is first observed and the cell undergoes the same steady-state TT motion subsequently.

Effect of the confinement level To proceed with the validation of our numerical method, we first explore the effect of the
confinement level on the vesicle’s regime. To this end, we perform a first numerical simulation of a cell undergoing a TT
regime and we explore the influence of the confinement level y on the equilibrium inclination angle 6*. A vesicle having
a reduced area y = 0.6 and a viscosity contrast u* =1 is placed in a linear shear flow with Ca=10? and Re = 1073. By
varying y from 1/2 to 1/5, it is revealed that the influence of the confinement is strongly reduced when y is below 1/4
(see Fig. 11(left)). We now change the viscosity contrast to u* = 10, and the cell switches to a TB regime. We similarly vary
y from 1/2 to 1/5 and compute the TB period as a function of the confinement. Results in Fig. 11(right) show that, below
a confinement level y = 1/4, the influence of the boundaries starts to be minimized. From now, a confinement parameter
y =1/4 will be always considered, unless otherwise stated.

Numerical and experimental validation We thereafter compare our method to some experimental and numerical results
known in the published literature. First, we consider vesicles having all a unit viscosity contrast u* =1 and placed in a
linear shear flow characterized by Ca = 10? and Re = 1073, We vary the reduced area x € [0.6,1] and we determine the
corresponding equilibrium inclination angle 6*. The different cells adopt the TT regime and we plot 6*/m against x. Com-
putational results are compared to the simulation results of Kraus et al. [69], Zhao et al. [68] and Salac et al. [26]. The
results are presented in Fig. 12 showing a good agreement with the results of Salac et al. [26, Fig. 1], while the decay of the
equilibrium inclination angle with x is smaller than the one observed in Kraus et al. [69] and Zhao et al. [68, Fig. 3]. Note
that our computational results are also consistent with those obtained recently by Niirnberg and coworkers [15, Fig. 1].
Second, in trying to recreate [68, Fig. 4], we perform similar simulations using different viscosity contrasts u* = 2.7 and
m* =5.4. We particularly focus on the cell’s inclination 6* /7 for larger reduced area x > 0.85 (almost circular shapes),



A. Laadhari et al. / Journal of Computational Physics 343 (2017) 271-299 289

&

ot
-

"
>
&

0 L L . . 77.(./2 —‘05 L LTI,
0 10 20 30 40 50 0 10 20

w
S
'

50

Fig. 9. Tumbling regime: snapshots showing the dynamic behavior of a cell (shape I' and velocity profile of the intracellular fluid) with x =0.7, u* =10
and Ca =100 in a simple shear flow with Re = 103 and y =1/2 at successive times t € {26, 27.25, 27.75, 28, 28.5, 29, 29.5, 30.25, 30.5, 30.75, 31.51, 31.5},
respectively.

w/2
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Fig. 10. Influence of the starting inclination angle on the equilibrium inclination angle of a TT cell evolving in a simple shear flow characterized by x = 0.6,
u*=1,Re=10"3,Ca=10° and y = 1/2.

and we compare our numerical results with the numerical results obtained by Zhao and Shaqfeh [68, Fig. 3] and the
experimental results obtained by Kantsler and Steinberg [66]. Plots are provided in Fig. 12 showing a better agreement
compared to the results obtained with a unit viscosity contrast u* = 1.

Moreover, we compare our results with the prediction model of Seifert [8] and the numerical obtained by Salac et al. [26,
Fig. 2] and Niirnberg et al. [15, Fig. 2]. To that end, we introduce a second shape parameter, the excess length parameter
A =|I'(0)|/27 /[ (0)] — 27r, which represents the shape difference with respect to a circular vesicle (A =0 corresponds to
X = 1). The cell shape can be characterized through the deformation parameter D = (I — b)/(l +b), where [ and b represent
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Fig. 11. Left: Influence of the confinement level on the behavior of a TT cell (equilibrium inclination angle) characterized by x = 0.6 and p* =1 with
Re =103 and Ca = 10. Right: Influence of the confinement level on the behavior of a TB cell (tumbling period) characterized by x = 0.6 and u* =10
with Re =103 and Ca=10°.
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Fig. 12. (left) Equilibrium inclination angle 6* for vesicles having different reduced area x and undergoing a TT regime with u* =1, Re =103 and
Ca = 100. Comparisons are performed with respect to Salac et al. [26] for the same parameters, Zhao et al. [68] (Ca=9) and Kraus et al. [69] (Ca = 10).
(right) 6* /7 against x obtained with different viscosity ratios u* =2.7 and pu* = 5.4. Comparisons of our results (blue squares) with the numerical results
of Zhao et al. [68] (dotted black lines with triangles) and the experimental results of Kantsler et al. [66] (red circles).
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Fig. 13. The deformation parameter D* for vesicle in TT regime with respect to the excess length parameter A. Comparison with model introduced by
Seifert [8] and [26, Fig. 2].

the major and minor semi-axes of an ellipse having the same inertia tensor. For a cell undergoing a TT motion, Seifert [8]
introduced a model in which the deformation parameter at equilibrium D* scales as +/A. By varying the excess length
parameter A, we consider a vesicle in a shear flow characterized by u* =1, Re = 1073 and Ca = 100, and we compute the
deformation D* at equilibrium against A. Results in Fig. 13 show good agreement with the theoretical prediction [8] and
the numerical results in [26, Fig. 2].

Finally, we vary the viscosity contrast pu* for a fixed reduced area x and we focus on the transition line separating
the TT regime and the TB regime. In a well-known model introduced by Keller and Skalak [12] where the cell shape was
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Fig. 14. Phase diagram and comparison with the level set method in [30] (red filled squares), the 2D Keller and Skalac theory [12] and the phase field
method [67] (black circles and crosses) where & denotes the interface width as described in [67].

assumed ellipsoidal throughout the cell dynamics, they report that the transition between the two regimes holds if the
viscosity ratio reaches a particular value pj; /TB for a fixed x. Since numerical and analytical studies have been restricted

to the Stokes limit [12,67,70], we perform simulations of vesicles under simple shear flow with Re = 10~3 and Ca = 103,
and we plot the threshold viscosity contrast puf; JTB against . Results in Fig. 14 show acceptable agreement with [67]
and [30], while we should note that our results are slightly higher. This could be due to the confinement level y =1/4, and
we foresee to re-use the anisotropic mesh adaptation procedure described in [24] combined with the outlined method in
order to permit the use of much smaller values of y. Remark that the latter results are larger than those obtained by Salac
and coworkers [26, Fig. 3], but they are closer to the results of Niirnberg and coworkers [15, Fig. 3].

Overall, we can conclude that our numerical methodology performs well with respect to the published literature. The
use of different boundary conditions and different confinement levels may represent a source of small discrepancies with
respect to the other methods.

4.3. Numerical investigation of convergence properties

In this section, we consider vesicles undergoing the tank treading regime at equilibrium and being immersed in the
square computational domain in such a way that the confinement parameter is y = 1/2. The cell in a simple shear flow
is characterized by the reduced areas x € {0.6,0.8}, the viscosity ratio * = 2, the capillary number Ca = 103 and the
Reynolds number Re = 1073, We perform simulations until the TT becomes well established. Analogously to the capillary
problem, we proceed herein with a quantitative convergence analysis of our method in the case of the vesicle problem.

Let us consider a highly accurate “reference” solution (referred to by the “bar” symbol) obtained with a mesh size
verifying 1/h =160 (NEL=67'878) and NTS = 1’800. Let |- l0.2.» and | - [1.2.» design the L?>-norm and the H! semi-norm,
respectively. We first investigate numerically the spatial accuracy of the numerical method by computing normalized errors
in the energy norms on successively refined meshes with respect to the refined reference solution. The introduced errors
are computed when the TT regime is fully established and are expressed as:

B |lun — '_‘”1,2,1\ _ |pn — 13”0,2,1\ = |2 — XHo,z,r
u=—"F-—73 . Ep= - s = = s
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Table 5 reports the spatial convergence of the computed error in the natural norms, along with the corresponding rates
of convergence ROC. The time step sizes are small enough to avoid significantly influencing the accuracy. The number of
time steps NTS and the number of mesh elements NEL are also reported in Table 5. By using two different values of the
reduced area x, computations show mainly a suboptimal convergence rates as expected for Ey, E, and Ej. It can be seen
that the quantity E, converges with more than a linear convergence order, yielding to a convergence order approaching 1.5.
The equilibrium inclination angle 6* shows an almost linear convergence behavior.

We additionally observe the evolution of certain quantities for successively refined meshes when the TT regime is estab-
lished (at time T =~ 9). We focus on the following outputs when the mesh size h decreases:
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Table 5

Spatial convergence in the natural norms for vesicles characterized by x = 0.6 and y = 0.8 and undergoing a tank-treading motion.
1/h  NTS  NEL Ey ROC, Ep ROC, E; ROG;, Ey ROC, Egy ROCy
20 180 1060 1.831E—1 3.014E—-1 7.409E—1 1.599E—1 2.172E-3

30 180 2338 1.582E—-1 0.361 2.259E-1 0.711 4.367E—-1 1.304  9.974E-2 1.165 1.679E-3  0.634
x=06 44 180 5190 1.092E—1 0.968 1.818E—1 0.566  2.549E—1 1.404  6.242E-2 1.224 1.164E-3  0.956
60 360 9482 7.301E-2 1.298 1.257E-1 1.189 1.648E—1 1.407  3.534E—-2 1.834  7.951E—4 1.229
85 900 19210  5.057E-2 1.054  8.686E—2 1.062 1.277E-1 0.733 2.058E—2 1.553 5.966E—4  0.824

x=08 20 180 1060 2.333E-1 3.291E-1 6.723E—-1 4.762E—-2 8.753E-3
30 180 2338 1.839E—-1 0.587  2.558E—1 0.621 4.529E—-1 0.974  8.017E-2 1.285 7.298E-3  0.448
44 180 5190 1.111E-1 1.316 1.514E-1 1369  2.816E—1 1.240  5.676E-—2 0.901 4.639E-3 1.183
60 360 9482 8.215E-2  0.974 1.073E-1 1.111 1.739E—-1 1.555  3.469E-2 1.588  3.072E-3 1.329
85 900 19210  5.372E-2 1.219  6.927E-2 1.255 1.145E—-1 1.199  2.096E—2 1.446 1.909E-3 1.367

Table 6
Convergence history of the quantities q;, i =1, ..., 5 with respect to the spatial resolution.

1/h NTS NEL q1 q2 q3 q4 qs

x =06 20 180 1060 1.254E-2 1.084E—1 8.451E—4 3.934E—4 5.062E—-5
30 180 1060 9.682E—3 9.853E—-2 6.780E—4 4.909E—4 5.248E—6
44 180 5190 4.878E-3 5.738E—-2 4.551E—4 2.533E—4 9.942E—-6
60 900 19210 4.230E-3 4.291E-2 1.269E-5 1.841E—4 3.493E-7
85 900 19210 2.508E—3 2.910E—-2 7.828E—6 5.592E—5 2.598E—7
160 1800 67878 1.308E—3 1.572E-2 3.932E-6 1.664E—5 7.176E—8

Rate of convergence: 1.058 0.873 1.383 0.884 1.556

x=0.8 20 180 1060 2.308E—2 4.438E—1 7.225E—4 9.837E-5 7.036E—6
30 180 1060 1.077E-2 5.199E—1 6.380E—4 6.608E—5 1.986E—6
44 180 5190 8.601E—3 2.077E-1 5.5457E—4 1.043E—6 9.212E-7
60 900 19210 7.965E—3 1.526E—1 2.133E-5 5.207E-5 5.027E-7
85 900 19210 4.879E-3 9.638E—2 9.913E-6 4.392E—6 3.655E—7
160 1800 67878 1.986E—3 4.166E—2 4.962E—6 2.132E-6 7.212E-8

Rate of convergence: 1.159 0.951 1.186 0.842 1.491

!F(T)! — T
and gs /|u n|3:(9)| V.
- rof

Convergence history of computed functionals and the corresponding convergence slopes are reported in Table 6, showing
clearly an almost first-order accuracy for the computations of qi, g2, q3, q4 obtained for both ¥ = 0.6 and y = 0.8. The
quantity gs shall approach zero when the TT regime becomes well established. It shows a good convergence behavior of
about 1.5.

Similarly to the study performed in Example 4.1, subsection 4.3, we thereafter investigate the convergence of the Newton
scheme in the case of the vesicle problem. In particular, we focus on the convergence of the residuals while considering an
increasing values of the time step size At.

Applying the simplifying assumption |[V¢| =1 everywhere to the coupled model, we first solve the redistancing problem
on a rolling basis (at each time step) and we solve afterwards the variational problem (3.10)-(3.11)-(3.12)-(3.13)-(3.14)-
(3.15) obtained with the latter assumption. As tested in Example 4.1, the use of the inexact Jacobian matrix (QN1) under
the hypothesis |[Vg| =1 performs well if the redistancing problem is accurately solved until convergence.

We consider the dynamics of a vesicle having ¥ = 0.6 in a simple shear flow characterized by Ca = 103, Re = 1073
and p* = 1. The convergence rate r(k) at each Newton subiteration k > 1 is computed as presented in subsection 4.1. The
convergence curves and corresponding convergence rates are reported in Fig. 15, showing more than a linear convergence
behavior with 1 < r(k) < 2. The quadratic convergence is deteriorated when increasing gradually At. That is expected since
the starting values for the Newton loop are not anymore close enough to the expected solutions.

Since the Newton strategy is very sensible to the choice of At, we have used an adaptive time step size as described in
subsection 3.2.2. During the time interval [0, 1.1], the adapted values of At and the corresponding numbers of iterations
needed for the Newton convergence are reported in Fig. 16. We observe that usually between 3 and 5 iterations are required
to reach the convergence.

Comparison with respect to a fully explicit implementation Similarly to the capillary problem, we perform comparisons be-
tween the performances of the present quasi-Newton method, the fully explicit method presented in Appendix D and the
fixed point method described in [31, Algorithm 2]. To better show the advantage of using the present fully implicit im-
plementation compared to the fixed point approach developed in [31], we consider a smaller capillary number that those
tested in [31], which means considering larger magnitudes of the bending force. The adaptive time scheme is disregarded.
Let us consider a vesicle having the reduced areas xy = 0.85 and undergoing the tank treading regime at equilibrium. We
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Fig. 15. Convergence properties of the Newton scheme for a vesicle in a simple shear flow. Results are plotted in the semi-logarithmic scale. The time step
sizes are (At1, Aty, At3, Aty, Ats, Atg, At7) = (0.001,0.002, 0.003, 0.00487, 0.008, 0.01, 0.03).
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Fig. 16. Vesicle problem. Tracings showing the evolution of number of Newton iterations (Left) and the corresponding adapted time step sizes At (Right)
for an interval during the simulation.

Table 7
Comparison between the performances of implicit and explicit methods for several
mesh sizes. Maximum time step Atmax.

h Atmax (explicit) Atmax (fixed point [31]) Atmax (quasi-Newton)
1/20  1.2x1072 9.1 x 1072 0.19

1/44 2.7x1073 2.1x 1072 7.9 x 1072

1/85 63 x107% 8.3 x 1073 2.5 %1072

set the cc;nﬁnement level y = 1/2, the viscosity ratio u* = 2.5, the capillary number Ca = 10% and the Reynolds number
Re=107".

We first measure Atmax allowed by the different methods and we report results in Table 7. As expected, the explicit
treatment of the highly nonlinear bending force induces a severe time step restriction. Note that further restrictions on
At should occur if we consider an explicit treatment of the inertia term instead of using the characteristics method. It
is important to notice that although fully implicit schemes are in theory unconditionally stable, they cannot completely
remove the restrictions on At. Indeed, using too large time steps may lead to unphysical results and the numerical errors
can cause the divergence of the algorithm. The fixed point method allows using larger time steps than those allowed by
the explicit scheme, and stability is maintained for values up to ten times larger. However, the new implicit and monolithic
approach proved to be very stable compared to the other methods, and allows to exceed the maximum time step allowed
by the explicit implementation of the force by almost forty orders of magnitude.

We perform computations in the time interval (0,2) and we report the computing times in Table 8. Results clearly
show the practical interest of the present method that features significant computational savings with respect to the ex-
plicit scheme. That is due mainly to both the quadratic convergence that ensures convergence usually in less than ten
iterations, and the banded level set variant that allows to reduce the size of the linear system by assembling locally the
equations (3.18)-(3.19)-(3.20). Although the iterative fixed point method enables larger At compared to the explicit scheme,
it doesn’t perform as good as the new method. The large computational cost is mainly due to the iterative resolution of
a strongly nonlinear coupling and the linear convergence behavior which is sometimes achieved in more than thirty itera-
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Table 8
Comparison between the performances of implicit and explicit methods for several
mesh sizes. Simulation timings.

h CPU (explicit) CPU (fixed point [31]) CPU (quasi-Newton)
1/20 610 594 518

1/44 3059 2911 2585

1/85 50222 48604 41325

tions. We emphasize that although the present method performs well in 2D, several developments are needed to ensure an
affordable computational burden for three-dimensional simulations.

5. Conclusions

We have presented a finite element methodology for the numerical simulation of the dynamics of interfaces and vesicles
immersed in a Newtonian fluid. In contrast to the most existing works where the membrane forces are considered with
explicit time integration, the present work features the use of a fully implicit and monolithic approach, based on exact and
quasi-Newton methods. To the knowledge of the authors, this work presents the first such implicit strategy for the highly
nonlinear vesicle problem. That allows to address several stability issues related to the solver when using an explicit de-
coupling strategy for the membrane force, and especially when the capillary or bending effects dominate. In addition, that
enables us to circumvent the high computational burden resulting from the time step limitation, since the time step limita-
tion depends on both the surface tension coefficient/bending rigidity and the mesh size when using fully explicit schemes.
Both exact Newton-Raphson and quasi-Newton strategies are investigated and feature a second-order convergence behavior.
For the vesicle problem, a banded level set variant allows to handle the singularity of the global matrix of the linear system
while featuring, in addition to the parallel implementation, an affordable computational cost. We have reported several nu-
merical simulations obtained with the inexact Newton strategy for the capillary and vesicle problems in the two-dimensional
case. We have shown that the mass preservation is achieved at high precision. The convergence studies and comparisons
with some benchmark results demonstrate in detail the efficiency and the robustness of the method. Comparisons with
experimental measurements and some computational results available in literature show an overall good agreement.

We have developed this method especially for the simulation of single vesicles (more generally for fluidic membranes) in
the two-dimensional case. However, the presented work has several limitations common to other numerical approaches that
should be progressively improved. We thereafter list some of the straightforward extensions. The extension of the current
method to the full three-dimensional case is currently being explored, in which further difficulties related to the full expres-
sion of the membrane force arise in the vesicle problem. While the three-dimensional formulation of the surface tension
problem does not introduce any changes or additional complexities in the tangent problem, several issues related to the
computational cost should be addressed. To that end, we are investigating more sophisticated damped and inexact Newton
strategies in order to maintain an affordable computational burden in 3D. We are also focusing on the development of New-
ton strategies with a third-order convergence and the construction of robust preconditioners that would allow substantial
computational savings. We also foresee the use of anisotropic mesh adaptation procedures to improve the computational
accuracy in the vicinity of the membrane and in zones of complex flow patterns. Modeling of a dense concentration of
RBCs in the full three-dimensional case and studying their interactions in the mesoscopic scale is still too challenging and
represents the ultimate goal of our current developments.
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Appendix A. Useful derivatives and linearization expressions

Let us consider a functional F that depends on a function x — @ (x). Let DF[8¢] denote the Gateaux derivative of F(¢)
at ¢ along the direction §¢. The directional derivatives of some geometrical quantities in the direction of a spatial level set
increment §¢ are given by

yielding the following expression for the linearization of the mean curvature in the direction of d¢:

and Dn[ép]=

DH[S¢] = Ddivsn[d¢] = Ddivn[d¢] — (DVn[ép]ln) -n— Vn: (Dn[dp] ®n+nQ Dn[§¢]).
Since we have n- V§¢ =0, the equation VV g :n®n+ Vn: V6o ® n =0 holds and leads to
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. Vséo
DH[é ]=dlv( > .
¢ Vol

Since Vg is curl-free, we easily show that:

Vel
n-Vvep=V|Vy| and n-vn= (Id—n®@n)VVep)n= Vs
Vo I( ) Vol

Using the Einstein sum rule for repeated indices, the Gauss curvature shall verify:
HVgp — Vs|Vo| >
Vol ’
yielding to H(H? — 4K) =2H div (|V¢|~1V|Vg|) — div (H?n). The directional derivative of the Gauss curvature reads:

Vs )
DK[8¢] = H div - w—Vn:V( s w).
Vol Vol

The directional derivatives of the regularized viscosity and density read:

Dpe (@89l =(1—u"de(9)8¢  and  Dp:(9)[8pl= (1 — p*)d(@)dg.

2K=H?>—-Vn:Vn' =H?> — |Vsn)? = div(

Appendix B. Full tangent system of the vesicle problem

The full tangent system associated to the vesicle problem 22" (3.1), (3.2), (3.3), (3.4) reads:
Given =¥, find §Ek = (Suk, spk, 52k, sk swk, a<p’<) eV(up) x Q x Q x X x X x X(¢p) such that

k
Rem <5u’<, 3’)282’; )) +Rec suk, v; pe ("), u >+a<5u", V; e (t/)")) + —M*)h<8¢",v;88 ((p"),u")

+b(v, spk; Id) b(v, 53k; |V k|5, ( ) (ld— i ®n")> +b<v, 5¢*; [V ok|aks, ((pk) (ld— i ®n")>
k(g vi i (), (10—t o) ) 15t winks: (o) (10 -t o) )
— ég(éd)", v; 8, ((p") V(pk)

3 k — 4yn—1 n—2
+Re(1— p)g (5<p’<, v: 8 ((pk> ( “ ’;At LA

- ﬁg(&pk, v: ( 20% + (w")3> 5. () V<p’<)
- %g(&ﬂk : (w")2 s (¢) V(pk) - fd(5<p v; <2c1>" + (‘11")3) e (<p’<)>
(= (2") )yar.vi0r
b<8uk, g Id) = {2 (u") . )gy o
(50 700 (o) (10 -t on) ) ) — (st o () (10— o) - vutivgh)
+b(auk, 719695 (o) (1 - on) ) + j(&pk, s (), (10wt @) )
= —(25 (4") . )y

n(égak, o: ¥, (ld —ntg n") V\p"> n i(&pk, &: den") " f(axy", : |Vok| (ld —ntg n") ) n e(MDk, b |V(pk|)

- n<5<p’<, &: (ld ke n") vk, nk) _ f(ago", &: (nk : V\p") (ld e nk) ) = — (%o <<I>k, wk, gok) -
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(8\1/" &; 1) +f <6¢ §; IV T (Id—n" ®nk>> = —(%w (\Ilk,q?k) €y xo

(8(p 1//' m) + l(S(pk, '(,Z/', uk> + g<¢, (Suk; V§0k) = —(%(p <(pk7 uk) s w)X(O)’.X(O)’

for all (v,q,n,¢,&,¢) €V(0) x Q x Q x X x X x X(0), where the corresponding residuals are given by:

(2 (2749 9) g =R (2w (o)) e o))
+a(uvipe (¢4)) +b(v. ot 10) + b(v, 2 Vg5 (o) (1d - n* nk))
- 22 d(w v; (204 + Wh?) s (¢) )

5 0.1 ~o(o)

<% (uk) , n)@/’@ —b (u", n: V|5 (gvk) (ld e nk) )

<

<

Fo (W4, WK, F), ¢>X, L= (. 0:1v94)) + f(w", 9 1V¢¥ (1d - n* @ n*) )

3(pk _ 4(pn—l + ¢n—2
Z, (",u"), > =e —c" s 1) +d( @t ufsy ),
i\ Yoy x0 2At syl rd{enuty
(0 (W5.0%).8)  =e(Wh6:1)+ £ (¢ 6:1V941d).
Appendix C. Alternative variational formulation with the mass lumping technique

To reduce the size of the global matrix of the linear system (3.16)-(3.17)-(3.18)-(3.19)-(3.20)—(3.21), we can eliminate
the variables 8<I>;1h and W}, by inverting the operator associated to the corresponding bilinear forms. By using a discon-
tinuous finite element approx1mat10n the corresponding mass matrix is block-diagonal and it can be fully inverted at the
element level. We rather consider the following finite dimensional space for 5%} kb and M’k,h-

Y = {(p eL?(A), gk ePX(K),VK € 9,1}
Since J ! exists, we have

(30 ) =—(77 (K (504)) + T @u) &) Ve

Therefore, the corresponding term in (3.16) reads

(7 (swi) i) =—~(F (77 (< (504)) ) vn) = (F (77 @w)) . vn). - vwi.

Analogously, we perform for §®} , in (3.19) and £ in (3.16), which leads to the reduced final system.
Appendix D. Explicit implementation of the membrane forces

The surface tension problem To compare the performances of the fully implicit methodology (inexact Newton variant QN1) to
the explicit method, we consider an explicit treatment of the capillary force in the momentum equation. The Navier-Stokes
equations and the level set equation are solved in a segregated manner. We first advect the level set function using the
velocity computed at the previous time step. The capillary force is subsequently computed and added as a source term in
the right hand side of the momentum equation. Finally, we solve the Navier-Stokes problem using a monolithic approach.
Regarding the approximation of the inertia term in the momentum equation, we employ a second-order characteristics
method. Let X(-,x,t) represent the characteristic curve passing through x € A at time t. Let u* = 2u™ ! — u"2 be a
prediction by second-order extrapolation of u at t". The first-order characteristics is given by X(”Sl(x) =x— Atu(x) for all

x € A, while the second-order characteristics is given by X("z) 2(x) =X — 2Atui(x). The overall explicit scheme is detailed as
follows:
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1. Compute " such that

n__ n—1 n—1 n— 2 n—2
3" =4 X(1) - X(z) .
2. Compute the capillary force F{ using (2.1).
3. Compute u" and p" such that

R
K ) oty ) (o ()00 £

=F}[Vo"|5: (¢") +Repe (¢") g, inA
divu™ =0, in A.

The vesicle problem Analogously, we consider an explicit treatment of the bending force in the vesicle problem. The mem-
brane is advected prior to the computation of the flow velocity and pressure (in a segregated manner). After advecting the
level set function ¢, the mean curvature H and the normal vector n are computed and projected in the appropriate finite
element spaces. Based on a duality argument, the surface divergence of H is computed as detailed in [31, Section 3.2.2].
Therefore, the bending force Fr appears as an explicit source term in the momentum equation. Finally, the fluid problem
is solved iteratively using the preconditioned conjugate gradient algorithm, as implemented in [57, Chap. 6]. The explicit
decoupling scheme can be summarized as follows:

1. Compute " such that

3" = 4" loX("])l " 20)((”2)2.

2. Compute the bending force F{. (2.3).
3. Compute iteratively u", p" and A" such that

R e —4u”_1oX(”1;1 +u 202\?("2)2 ) .
e e (@") AT —div 2u(<p )D (u ))+Vp =0, inA
divu" =0, in A
divi u" =0, onI™
[a”n”] =V —A"H™n" + FL., onI™",
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