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Abstract In this paper, a novel penalty method based on the immersed boundary formulation is proposed
for simulating the transient Stokes flow with an inextensible interface enclosing a suspended solid particle.
The main idea of this approach relies on the penalty techniques by modifying the constitutive equation
of Stokes flow to weaken the incompressibility condition, relating the surface divergence to the elastic
tension o to relax the interface’s inextensibility, and connecting the particle surface-velocity with the
particle surface force F' to regularize the particle’s rigid motion. The advantage of these regularized
governing equations is that when they are discretized by the standard centered difference scheme on a
staggered grid, the resulting linear system can easily be reduced by eliminating the unknowns py, o5, and
F'}, directly, so that we just need to solve a smaller linear system of the velocity approximation wy. This
advantage is preserved and even enhanced when such approach is applied to the transient Stokes flow
with multiple compound vesicles. Moreover, this smaller linear system is symmetric and negative-definite,
which enables us to use efficient linear solvers. Another important feature of the proposed method is that
the discretization scheme is unconditionally stable in the sense that an appropriately defined energy
functional associated with the discrete system is decreasing and hence bounded in time. We numerically
test the accuracy and stability of the immersed boundary discretization scheme. The tank-treading and
tumbling motions of inextensible interface with a suspended solid particle in the simple shear flow will
be studied extensively. The simulation of the motion of multiple compound vesicles will be performed as
well. Numerical results illustrate the superior performance of the proposed penalty method.
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1 Introduction

In recent years, the study of vesicle dynamics has been the focus of intense research. Vesicles provide
the simplest model system for simulating complex behavior of biomembranes suspended in the biological
fluids. For example, vesicle can be considered as a simplified model for red blood cell in blood flow, since
they share many similar characteristic behavior, such as the tank-treading, tumbling and vacillating-
breathing (swinging) motions [17] [19]. Basically, such a system consists of two fluids separated by an
elastic membrane having the inextensible property, which may be deformed due to the interaction with
the biological fluids. Besides, vesicles can also be considered as promising drug carriers for the delivery
at specific locations in the organisms [1]. These explain the increasing interest and importance of under-
standing the vesicle dynamics. In essence, the dynamics of vesicles can be determined by their boundary
rigidity, inextensibility, and the hydrodynamical forces.

On the other hand, the immersed boundary (IB) method was introduced by Peskin in the early
seventies to model blood flow in the heart and through heart valves. Currently, it has evolved into a
simple but powerful method for formulating the coupled equations of motion of a viscous, incompressible
fluid with one or more elastic surfaces immersed in the fluid; see [20] and many references therein.
In the IB method, an Eulerian description is used for the fluid dynamics, while a Lagrangian form is
used for each immersed object. The key idea of the IB method is replacing each suspended object by a
suitable contribution to a force density term in the fluid dynamics equations. This allows a single set of
fluid dynamics equations to hold in the entire spatial domain without any internal boundary conditions.
Moreover, without generating an interface-fitting grid for both exterior and interior regions of each surface
at each time step, instead, the IB discretization schemes can be implemented by employing a uniform
Cartesian grid over the entire domain and the immersed boundaries are discretized by a set of points
that are not constrained to lie on the grid. In the meantime, the Eulerian and Lagrangian variables are
linked by interaction equations that involve a smoothed approximation to the Dirac delta function.

Recently, Lai et al. [12] developed a fractional step IB method for Stokes flow with an inextensible
interface enclosing a suspended solid particle. In addition to solving for the fluid variables, velocity and
pressure, the proposed system in [12] involves finding an extra unknown, elastic tension o, such that
the surface divergence of the velocity is vanished along the interface, and an extra unknown, particle
surface force F', such that the velocity satisfies the no-slip boundary condition along the particle surface.
The interface moves with local fluid velocity, while the enclosed particle undergoes a rigid body motion.
Finally, the force-free and torque-free conditions along the particle surface are imposed to close the system.
They showed that the nullity of the linear algebraic system arising from the centered discretizations of
the IB equations over a staggered grid is nonzero, and thus the existence of a solution is guaranteed.
They then applied the idea of the fractional step method developed in [23] to solve the resultant linear
system of equations. Although the proposed system in [12] seems not to be a satisfactory model for certain
biological cells such as the human leukocytes, a lipid bilayer membrane enclosing a fluid with a core, it
can be viewed as a heuristic model for developing efficient numerical schemes for analyzing the dynamics
of compound vesicles.

In this paper, still based on the formulation of [12], we will propose a novel penalty IB method for
the transient Stokes flow problem with an inextensible interface enclosing a suspended solid particle.
The main idea of the proposed approach relies on the three penalty techniques. First, we modify the
constitutive equation of Stokes flow (cf. [6]) to weaken the incompressibility condition V - u = 0 by
V -u + ep = 0 with a small penalty parameter ¢ > 0. This technique has been well studied in the
finite element computation for the incompressible viscous flow problems to circumvent the cumbersome
constraint of incompressibility [24]. Second, we assume that the elastic tension o is given in a specific
form to follow the usual Hooke’s law for an elastic body [9] [10]. This enables us to relate the surface
divergence to the elastic tension such that the interface is relaxed to nearly inextensible. Finally, we
connect the particle surface-velocity with the particle surface force F' through the use of a virtual particle
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to regularize the particle’s rigid motion [10]. The advantage of the regularized governing equations is
that when they are further discretized by the standard centered difference scheme on a staggered grid,
the resulting linear system can easily be reduced by eliminating the unknowns py, o, and F, directly
so that we just need to solve a smaller linear system of the velocity approximation uj. Moreover, the
linear system of uy is symmetric and negative-definite. This enables us to use efficient solvers, such as
the preconditioned conjugate gradient and the algebraic multigrid methods, to find solution of the linear
system. We emphasize that this advantage will be preserved and even enhanced when such penalty 1B
approach is applied to the transient Stokes flow with multiple compound vesicles. Indeed, for multiple
vesicle problems, the resulting large linear system of equations is still tractable to block elimination, no
matter how many compound vesicles are involved in the fluid, and we only need to solve a reduced system
of the velocity. Also, the present approach can be easily extended to Navier-Stokes flow by treating the
nonlinear advection terms explicitly in the time integration.

It is well known that the discretizations of the IB equations suffer from a severe time step restriction for
maintaining the stability and this time step restriction is typically much more stringent than the one that
would be imposed from using explicit differencing techniques; see [2], [4], [14], [20] and [22]. In recent years,
considerable effort has been devoted to developing implicit and semi-implicit schemes to alleviate this
severe restriction [4] [14] [16] [25]. The instability of these schemes is known not to be a problem related
to the advection terms in the incompressible Navier-Stokes equations. Also, it has been pointed out in
[18] that discretization schemes need not be fully-implicit in order to achieve unconditional stability. One
of important features of the present penalty IB approach is that our semi-implicit discretization scheme
for the penalty IB equations is unconditionally stable in the sense that when an appropriately energy
functional associated with the discrete system is defined, we can prove that the energy is decreasing, and
hence bounded, in time. This result reflects the assertion of [18] in some measure.

Since our penalty IB approach relaxes the interface to be nearly inextensible, it is important to us to
measure how extent the inextensibility is conserved as time step advances. In this paper, we will prove
that the difference of local stretching factors for two successive time steps is still of first order in time step
size At, i.e., O(At). This result is similar to that of [12]. In addition, we find that though the difference
of local stretching factors is of first order in time step size, the length of the elastic interface may not
be always increasing as much as expected when time step advances. In other words, we could keep the
inextensibility of the interface very well. This assertion is very different with [12] and the numerical results
reported in Section 5 will support this observation.

We will test the accuracy and stability of the semi-implicit discretization scheme through a number of
numerical experiments. The first one, which is quoted from [12], is a Stokes problem without the effects
of the inextensible interface and the suspended solid particle. The exact solution of this problem is given
and so we can easily compute the errors and estimate the convergence rates. Then we perform a series of
numerical simulations for inextensible interface with a suspended solid particle in the simple shear flow.
In particular, the tank-treading and tumbling motions will be studied extensively. The simulation of the
motion of multiple compound vesicles will be performed as well. Numerical results illustrate the superior
performance of the proposed penalty IB approach.

The remainder of this paper is organized as follows. In Section 2, we regularize the governing equations
by the penalty techniques. In Section 3, we discretize the IB equations using the standard centered
difference scheme on a staggered grid, and the unique solvability of the resulting linear system is also
studied. Some advantageous properties of the penalty IB method, including the unconditional stability
and the first-order error of inextensibility for two successive time steps, will be derived in Section 4.
Numerical results are presented in Section 5. Some concluding remarks are given in Section 6.

2 Regularization of the governing equations of motion

In this paper, we consider a moving immersed inextensible interface I" enclosing a suspended solid particle
P in a two-dimensional fluid domain §2; see Figure 2.1. We assume that the fluids inside and outside of the
interface are the same and governed by the unsteady incompressible Stokes equations, and the interface



4 Po-Wen Hsieh et al.

Figure 2.1. A diagram of an inextensible interface I" enclosing a suspended solid particle P.

is massless and the particle’s gravity is neglected. Let the elastic interface I' and the particle surface P
be parameterized by X (s,t) = (X1(s,t), Xa(s,t)) and Y (o, t) = (Y1(a, t), Ya(e, t)), respectively, where
s € [0,L1] and « € [0, Lo] are the corresponding Lagrangian parameters. The governing equations of
motion in dimensionless form can be formulated as follows (cf. [12]): for ¢ > 0,

+ Vp = plAu + /F W(ﬂw — X (s,t))ds + - F(o,t)0(x — Y (a,t))da in £2, (1)

du
ot
V.ou=0 inf, (2

ou ) ox |t
v,

VSU:<85 g =0 Onl—‘7 (3)

88—):(5,75) —U(st) = /ﬁ w(@,)5(x — X(s,0))dz on I,  (4)
%(aﬂf) =V(a,t) = /Qu(a:,t)é(:v —Y(a,t))de =V .4+wr ondP, (5)
F(a,t)da =0, (6)
oP
F(a,t) - r(a,t)da =0, (7)

oP

where p > 0 is the kinematic viscosity, u = (u,v) and p are the velocity field and the pressure, respectively,
o is the elastic tension and F' = (Fy, Fy) is the particle surface force, V() is the translational velocity of
the center of particle and w(t) is the angular velocity component of the particle, 7 is the unit tangential
vector on I', 7(a,t) = (—(Ya(a,t) — Yac(t)), Yi(a,t) — Yi.(t)) is a tangential vector on 9P, (Yi., Ya.) is
the center of mass of P, §(x) := 6(z)d(y) is a two-dimensional Dirac delta function, and V- denotes the
surface divergence operator.

We note that equations (1) and (2) are the unsteady incompressible Stokes equations with singular
force terms arising from the elastic interface and the particle surface. Equations (3) and (4) represent
that the interface is inextensible and moves along with the local fluid velocity so that the velocity U is
the interpolation of the fluid velocity at the interface. Equation (5) describes the particle surface velocity
which is consisted of the translational velocity V. and the angular velocity w making the particle moving
like a rigid body. Finally, the system of equations will be closed by coupling (6) and (7), which mean the
force-free and torque-free conditions for the rigid body motion.

We now introduce the penalty techniques [6] [9] [10] [24] to regularize equations (2), (3) and (5). First,
by modifying the constitutive equation of Stokes flow (cf. [6]), we are able to weaken the incompressibility
condition V -« = 0 in {2 by

V-u+ep=0 in £, (8)

where € > 0 is a small penalty parameter. This penalty technique has been well studied in the finite
element computation for the incompressible Stokes equations. For example, it has been shown that the
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solution (ug,p:) of the penalty approach will converge to the Stokes solution (u,p) in some suitable
norms as £ — 0F. More precisely, we have

wu. — w in the H(2) norm and p. — p in the L*(22) norm as ¢ — 0T.

For the theoretical analysis, we refer the reader to [24] for more details. In the practical computation, an

appropriate choice of the parameter £ has been suggested by Hughes et al. [6] that e = 1/(cf1), where [

is the dynamic viscosity and the constant c is taken as ¢ = 107 for Stokes flow. They pointed out that

the choice of ¢ seems to be problem independent. This is consistent with our numerical experience.
Second, based on the Hooke’s law, we assume that the elastic tension o is given in the form

0X ’ _|ox )7 (9)

E(S,t) —(s,0)

o(s,t) = cro( s

with a sufficiently large elastic coefficient og. Since oy is large, the length of the tangential vector
0X (s,t)/0s will be always close to the initial length, i.e.,
0X 0X
88(3,1&)‘ ~ 8S(s,())’ for all s € [0, L1] and ¢ > 0.
In other words, the interface is no longer exactly inextensible. Instead, the elastic interface is allowed to
be nearly inextensible. Indeed, from [13], we have

0 |0X 0X
R e A VA 7 it 1
ot ‘ 0s v ) 0Os (10)
Combining (9) with (10), the surface divergence free equation (3) should be replaced by
oU ox | 1 90 |0X |7
- . - = U= ——|— I. 11
( ds T) ds Ve U= o | os o (11)
In other words, we obtain
0o ou
E—O’O (agT> on I (12)

To sum up, assumption (9) relates the surface divergence with the elastic tension o, as that given in (11),
such that the interface is allowed to be nearly inextensible.
Finally, following the Hooke’s law again, we assume that

F=k(Y -Y), (13)

with a sufficiently large stiffness constant ko, where Y is the parametrization of the virtual solid particle
P and Y is assumed to have the same parametric variable o with Y in the same interval [0, Ly]. The
significance of this assumption can be interpreted as follows. When the flow hits the solid particle, we
image that the particle surface may be deformed a little bit to Y but at the same moment, the reacting
force F' pulls it back to Y, a real position of the particle surface; see Figure 2.2. Since kg is large,

Y (a,t) = Y (a,t) for all @ € [0, Ls] and ¢t > 0. Under assumption (13) with the equation of rigid motion
of Y,

Y - ~
E—V—VC-F(UT, (14)
we have, combining with (5),
OF oy 9y ~ . -

Consequently, we connect the particle surface-velocity V' with the particle surface force F by (15). This
enables us to regularize the particle’s rigid motion, see (19) and (23) below.
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spring with a large
stiffness kg

Figure 2.2. The reacting force F' pulls Y back to target position Y.

In summary, we obtain the following system of equations, which models the dynamics of a nearly
inextensible vesicle enclosing a suspended solid particle in Stokes flow: for ¢ > 0,

du

o + Vp = pAu+ /F 3(%)8(8,1?)5(1: — X (s,t))ds + F(o,t)0(x — Y (a,t))da in 2,  (16)

P
V-u+ep=0 inf2, (17)

0o oUu
a: 0(887'> OHI-‘7 (18)
88—1;—1 =ko(Ve+wr—V) ondP, (19)
F(o,t)da=0, (20)
oP
F(o,t) -r(a,t)da=0, (21)
oP
X
e (5.1) = Uls. 1) :/ w(@,)5(x — X(s,0)dz on I,  (22)
2

Viet) = /Qu(:c,t)é(:c— (Y (o t) — kiOF(a,t)))dx on 0P,  (23)

where ¢ is small but ¢ and kg are large enough, and AP denotes the surface of the virtual solid particle
P, which is parameterized by Y (o, t) = (Y1(a, t), Y2 (o, t)) = Y (o, t) — (1/ko) F(a, t) for « € [0, Lo].

3 Discretizations of the immersed boundary equations

In this section, we are going to apply the second-order centered difference scheme to discretize the
immersed boundary equations (16)-(23) to reach a linear algebraic system. For simplicity, we assume
that the computational domain is a rectangular region 2 = [a, b] X [c,d] and that the fluid variables are
defined on the staggered marker-and-cell (MAC) grids [5]. As shown in Figure 3.1, we define the pressure
on the grid points (z;,y;) = (a + (i — 1/2)Az,c+ (j — 1/2)Ay) for 1 < i < m, and 1 < j < my,
while the velocity components u and v are defined at (v;,_1/2,y;) = (a + (i — 1)Ax,c+ (j — 1/2)Ay) for
1<i<mg+1and 1<j<myand (z;,y;_1/2) = (a+ (i — 1/2)Az,c+ (j — 1)Ay) for 1 <i < m, and
1< j <my + 1, respectively. Here, we use a uniform mesh with mesh size h = Az = Ay.

For the immersed nearly inextensible elastic interface X at a given time, we use the Lagrangian
markers X = X (si), where s, = kAs for k =0,1,---, M., and As is roughly chosen as a half of fluid
mesh size h. Since the elastic interface is closed, we have X¢ = X s,. We remark that these points will
be used in the computation of the values of the discrete delta functions. The elastic tension is defined on
the “half-integer” points given by s,_;,2 = (k —1/2)As, so we denote it by o;,_1 /. Similarly, we use the
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O FaY O O
O \ >4 O O
x L] x [ ] x [ ] x [ ]
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O o PN PN
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Figure 3.1. A schematic diagram of the computational domain 2 with staggered grid, where the unknowns u, v
and p are approximated at the grid points marked by X, o and e, respectively.

Lagrangian markers Y, = Y (ay) on particle surface with ay = kAa, k = 0,1,---, M, and A« is also
roughly chosen as a half of fluid mesh size h.

In what follows, the discrete spatial operators Vj,, Ay, and V- denote the standard second-order
centered difference approximations to the gradient, Laplacian and surface divergence operators, respec-
tively. For any function ¢ (s) defined on the interface I', we approximate the partial derivative 9v/ds by
the centered difference scheme as

(s + As/2) — (s — As/2)
As

Dyij(s) = :
Thus, the interface stretching factor |0X /9s| and the unit tangent T can be approximated by |Ds X | and
DX /|DsX|, which are defined at the half-integer points. We denote them by |Ds X |,_1/2 and Tj_1 /2,
respectively.

Let At be the time step size, and the superscript of the variables denote the time step index. At
the beginning of each time step n, the elastic tension o};_, /2 the particle surface force F7, the interface
configuration X7, the particle surface Y, = (Y7},,Y5}), and its center Y[ = (Y7:,Y35}) are all given.
Despite the face that the problem is non-linear, here we propose a linearly semi-implicit difference scheme
for the system of equations (16)-(23). The time step can be advanced as follows:

unrtl — yn M.
B Ve + pApu™tt — v p 4 Z D, (o™ 7™ 6 (x — X7 As
k=1
M,
+> F Sz — Y}) A =0, (24)
k=1
Vi -u ep"tt =0, (25)
n+1 n n n
Uk:l/z ~Ok_1/2 vyt -uvit _0 o6
At — 0o As Tr—12 =Y ( )
FTLJrl _ Fn B n _ n .
k Y E ko (VZ—H 4+ Wt [ (5;;2912 Y?C)} _ Vkﬂ) o, (27)
1 c
MP
> FitlAa=o, (28)
k=1
MP
(P03, = i) = Py (Vg = Yi)) Aa =0, (29)

ES
I

1
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Xn+1 B Xn n n n
kT U +1 _ Zu +1 5h a:ka)hQ, (30)
~n 1
Vil =S wrt @)@ - Y + FDh, (31)
0
xr

We remark that since the stiffness constant kg is large, in practical computation, we may use oy (x —Y7})
to replace the term 65 (x — Y7} + %OFZ) in (31). For the computation of the discrete delta function oy, (),
we adopt the following smoother version developed in [28§],

1
ony) = 756(5)2(3): (32)
I+5-%, €] < 0.5,
1+ B8 /=y 8|§| — 467 — Lsin 7' (V2(|¢] - 1)), 0.5 < [¢] < 1.5,
P& =q b _ o Sl ey B2 T 6] — 4€2 (33)
T sin L (v2(E] - 2)). 15 < [¢] < 2.5,
0, 2.5 < [¢].

Now, using the staggered grid for the fluid variables, the matrix obtained by the discrete divergence
of the fluid velocity can be written as the transpose of the discrete gradient of the pressure. The matrix
produced by the discrete surface divergence of the velocity can be written as the transpose of the matrix
obtained by the discrete spreading operator of the tension with some suitable rescaling. Similarly, the
matrix obtained by the discrete spreading operator of the force arising from the suspended solid particle
boundary can be written as the transpose of the matrix obtained by the discrete interpolating operator
of velocity with some suitable rescaling; see [12] and also the discrete skew-adjoint and adjoint properties
given in Section 4 below. Thus, the resulting linear system assembled from (24)-(31) is symmetric and
can be written as

A BS E 0] [uf e

BTero 0 0| |[pp! s

ST 0 &0 0| |op™ | =|me |, (34)
ET0 0 elIR||Fit! mg

0 00 RTO @nﬂ 0

where €1 = As/(00h?At), &2 Aa/ (koh?At), ¢t denotes the unknown vector value of ¢ at the
corresponding grid points, and @ = (Vi., Vo, w ) The submatrices A, B, S, E, and R respectively
represent the discrete Laplacian-like operator, uA; — (1/At)I, the discrete gradient operator, —Vy,
the discrete spreading operator on tension, the discrete spreading operator on the surface force, and the
discrete rigid body motion equation. In the right-hand side of (34), ¢; comes from the boundary condition
and u}, co consists only of the velocity boundary conditions since the pressure is evaluated at each cell
center, m, and m g are depending on o} and F';, respectively.

In general, (34) is a large linear system and it is cost-ineffective to solve it directly even if it is a sparse
one. We propose an alternative way to efficiently solve the system as follows. From (34), we obviously
have pp ™! = (1/e)(c2 — BTul™) and o7t = (1/e1)(my — STu) ™). In addition, RT F}™' = 0 and
ETu "'H + e FPH 4 RO = =mp easﬂy imply

RTETu™ + RTRO}™ = R"mp. (35)
We will show the invertibility of the 3 x 3 matrix R R later and after that we obtain
@n-i-l (RTR)flRT( o ET n+1), (36)

and then
1 ((1 ~RER'R)'Rymp — (I - R(RTR)‘lRT)ETuZ“). (37)

n+1l _
F, 7 =
€2
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Therefore, the linear system (34) can be reduced into a smaller one:
Fuptt =, (38)

where the matrix A and the right-hand side vector b are defined as

~ 1 1 1
A:=A--BB" - —SS" - —FE(I-R(R"R)"'R"ET, (39)
S €1 &9
1 1 1
b:=e1— —Bey — —Smg - E—E(I —~R(R"R)'R"mp. (40)
1 2

We now show the invertibility of the 3 x 3 matrix RT R. First, the matrix R assembled from (27) can be
written as ~ _
10 —(Y3 - Yse)
Ao |10 =(Y3h, — Y3r)

2|01 (YR - YR

01 (Y, —Yie) |
To simplify the notation, we define aj, = Y|}, — Y7 and by = Y3}, — Y5.. Then we have

M, 7
M, 0 -3 b
k=1
B4 3 . M,
(Aoﬂ) det(R' R) = det 0 M, > ag
k=1
M, M, M, M,
= > bk > ak 3 ap + 0 b;
L k=1 k=1 k=1 k=1
MP MP MP 2 MI’ 2
=M, Mp» af + My > b= D ar | — bk
k=1 k=1 k=1 k=1

(by Cauchy-Schwarz inequality)
M, M, M, M, M, M,

> My My ai + MY 07— (D> ap | (Do = Dowr | [ Do1?
k=1 k=1 k=1 k=1 k=1 k=1

M, M, M, M,
= M, MpZai +Mpzbi —MpZai —Mpri =0,
k=1 k=1 k=1 k=1

where the equality holds in Cauchy-Schwarz inequality if and only if ap = C; and by = Cs for all
k =1,2,---,M, and for some constants C; and Cs, both independent of k. However, it it will never
occur in our case. This leads to det(RTR) > 0, and thus R' R is invertible. Note that we can efficiently
compute the inverse of RT R because it is only a 3 x 3 matrix. Furthermore, we can show the following
result:

Theorem 3.1. The matriz A is symmetric and negative-definite.

Proof. Tt is obvious that matrix A is symmetric. Using the facts that A is negative-definite and both
BBT and SST are positive semi-definite, we only need to show that I — R(RTR)"!R" is a positive
semi-definite matrix. A direct computation,

(I-R(R"R)'R"YI-R(R'R'R")=I-R(R"R)"'R', (41)
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shows that I — R(RTR)"!RT is a projection matrix, and then its eigenvalues should be 0 or 1. This leads
to the assertion and thus completes the proof. |

Thanks to this property of matrix g, we can solve (38) by using some efficient linear solvers, such as
the preconditioned conjugate gradient and the algebraic multigrid methods.

Once we obtain the new velocity field «”*! on the fluid grid, we can interpolate the new velocity to
the marker points by (30) and move the Lagrangian markers to new positions by

Xyt = X7+ AUt (42)

For the solid particle motion, the particle center velocity V. and the angular velocity component w will
be obtained by (36). Instead of first using the interpolation formula to find the new velocity and then
updating the particle surface points, we simply adopt the idea of rigid body motion to determine the
particle surface position (cf. [12]). Indeed, we compute the new particle center and the rotational angle
by

Yt =y AVt Ot = o™ + At ! (43)

and use them to determine the new particle surface position as

cos 0"t —singntt] _ 4

yrtl — ynt! ) Y.
k ¢ T lgingntl  cosontl k

(44)

Finally, we remark that the proposed penalty IB approach can be applied to the transient Stokes flow
with multiple compound vesicles as well. Similar to the above procedure, the resulting large linear system
of equations is still tractable to block elimination, no matter how many compound vesicles are involved
in the fluid, so that we only need to solve a reduced system with the velocity being the single unknown.
Consequently, for multiple vesicle problems, the computational cost of the proposed penalty method is
mainly devoted to solving a reduced linear system of the velocity approximation at each time step. This
is one of the advantageous features of the proposed method.

4 Properties of the penalty immersed boundary method
In this section, we will discuss some properties of the penalty IB method.
4.1. Skew-adjointness and adjointness in the continuous case

Let us first define the following spreading operators Sy (o) and So(F') and the inner products of functions
on {2, I' and OP:

Si(o) = /F %(O’T)(S(X — X(s,t))ds, Sao(F) = - Fé(x - Y (a,t))do,

Tiw = Tw = [ @i

(u, 0) g = /Q w-vde,  (f,g)r= /P [S)a(s)ds, {6 @)or = /a oa)e(a)do.

Then we have
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which means that S; and 77 are skew-adjoint. We also have

saE) e = [ ([ Foe-Yiania) ueye

_ /aP F. </Q w(@)d(z — Y(oz,t))dm) do

= (F,V)op = (F,Tz2(u))op, (46)

that is, Sy and 73 are adjoint. Moreover, since we assume the elastic tension and the particle surface force
in the form

G (0] = |5 (5,0

F=ky(Y -Y),

0X ’ ’8X

the associated potential energies are given by
g0 0X 0X
ot)= | — |5 (s1 5
et = [ G (|5 0] -| 5 0

5F(t)=/6P5|Y(a B — ¥ (o, 1) 2da. (48)

Therefore, combining (47) with (45) and (18), and (46) with (20) and (21), we have

d&, 1 Oo? 1 do
ﬁ—/ﬁﬁd /F“(;Oa)ds

>2d (47)

ou
_ /FJ(T-E)ds — _(S1(0), W (49)
and
(So(F),uyo =(F,V)gp =(F,V.4+wrigp =V .- (F,1)sp + w(F,r)9p = 0. (50)
From (50) and (19), we obtain
1 OF
F o —
( V+ o O Yop =0,
which leads to
dEF _ 1 OF

dt = 7FOE>OP__<F7‘7>5P' (51)

According to (49) and (51), we can conclude that the negative rate of change of potential energy of the
elastic interface is equal to the work done by the interface on the fluid, while the work done by surface
force F' pulling the virtual solid particle, characterized by Y, back to the true particle position Y equals
the negative rate of change of potential energy of the particle.

4.2. Skew-adjointness and adjointness in the discrete case

We first define the following discrete operators Syp, Son, Tin, Ton, and discrete inner products:

Sin(a™t) ZD o on (@ — X)) As,  Son(F"T) =Y Fptleu(x - Y7 Aa,
k
n+1 UZ—H — U;clti n n+1 n+1 nyp2
Tlh(“/c—l/Q) T T As Tk Ton(uy ™) = ZU (z)on(x — Y)h%,
€T

= Zw(w) -v(z)h?, (fr9)r, = ka—l/ng—1/2Asa (B, 0)op, = Z¢k 1/29Pk—1/240a.
z %
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Then we can verify that Sy, and Ty, are skew-adjoint, while Sy, and 7ap, are adjoint as follows:

(Su(o™ ) gy = (X Delo 7 e~ Xs) @’
— Zps(gn+1 n (Z u" ()6, (x — X")hz)As

fzp L, U A

n+1 n+1 n
- Z Uk+1/27-k+1/2 T O0k—1/2Tk-1/2 UM A
n As k s

n+1 n+1
_ _Zo,n+1 U Uk 1 p As
- k—1/2 As k—1/2

= <0"+1, —~Tin(uw" ), (52)

k

and

(S (F™ 1), 0 g, = 30 (Y Fpa(@ = Yi)Aa) - u™ (@)h?
T k
=Y Fptt (Z w1 ()0 (x — Yk)hQ) Aa
k

= (F"" Ton(u" ™)) op, - (53)

Indeed, based on these two properties (52) and (53), we are able to rescale the discretizations (24)-(31)
to be a symmetric system of linear equations.

4.3. The difference of local stretching factors of two successive time steps is of O(At)

From the moving equation of the elastic interface (42), we have

Xpt o X XpoXp, | URt - Up 50
As As As
and then
DXty = DXy yy + AtDURT . (55)
By the triangle inequality, we obtain
DX | = ID Xy ol| € IDXJHL, = DXy ol < AUDUTH |, (56)

which shows the difference of local stretching factors of two successive time steps is of O(At) in the
discrete case. Now letting As — 0, we obtain from (55) that

0 0 0
D5 M= 75 271/24‘4%. Uity (57)
and this leads to
[ e I 0 L — 0 i |
e vk-1/2| T |gg k=172 +2Ata k-1/2 " s U~ 1/2+(At) 95 Uiy (58)
On the other hand, by virtue of (26), we have
n n 1 n n
Uk+%/2 DSXk—l/Q = oo At (‘71?:1/2 *‘71«—1/2)|D8Xk—1/2|
1 0 0
= (x| - [ X 10X (59
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which implies

8 n a n+1 8 n+1 8 n 8 n
At% k71/2'%Uk71/2 :( s Nk-1/2| T anﬂ/z ) DX k-1/2| (60)
Finally, combining (58) with (60), we have
0 n+1 0 n 2 2 0 n+1 ?
(‘ast—l/Q - ’a Faa|) = (A0 | Z0, (61

That is, for the spatial continuous case, the difference of local stretching factors is of O(At), too.

To conclude this subsection, we summarize that though our formulation (11) allows the interface to
be nearly inextensible, from (56), the difference of local stretching factors for two successive time steps
is still keeping in O(At) and the factor [D7 X j_;/2| may not be always increasing as much as expected
when time step n advances. The spatial continuous case has the similar behavior, see (61). Numerical
results reported in Table 5.2 and Figure 5.1 in Section 5 will support this observation. We remark that
this result is very different from that of [12].

4.4. The IB discretization scheme (24)-(31) is unconditionally energy stable

In this subsection, we will prove that the IB discretization scheme (24)-(31) is unconditionally stable in the
sense that an appropriately defined energy functional associated with the discrete system is decreasing and
hence bounded in time [18]. To this goal, we define the spatial-discretized total energy £(t) = Kg(t)+ Pe(t)
of the physical system at time ¢, where the kinetic energy K¢ and the potential energy Pe are respectively
defined as follows:

Ke(t) = §(uw)a,. (62)
Pe(t) = %< SSX(s,t)’ - ‘SSX(S,O) ,';X(s,t)’ - ‘ng(s,O) ',
+%<Y(a,t) —Y(a,t),Y(a,t) = Y(o, t))op, . (63)

where p is the fluid density and we have already set, for simplicity, p = 1 in the governing equation (1).
We also assume for simplicity that u = 0 on 0f2 for all ¢ > 0. Now we consider the following kinetic
energy estimation:

1 1
K2 = KE = S w o, — S (" u'),
1
_ §<’U4n+1 + unvun+1 o un>9h
1

_ 5 (_<un+1 o unvun+1 o Un>_(2h 4 2<un+1,un+1 o un>ﬂh,)

< <un+l’un+1 _ un>ﬂh
(by (24)) = At{u™ !, pApu™ = Vpp™ 4 81, (0" ) + Son (F™)) g,

(by (25)) = At(up™)T(A - éBBT)uZ“ + At(u™ L, S (0™ ) + Son (F™H)) g (64)

h*

The potential energy estimation is given by

1 1 1 1
Pn+1 _pr__— n+l1l _n+l - J-mn n - FnJrl Fn+1 _ __— (F". F"™
£ £ 200 <U O >Fh 200 <0 )0 >Fh + 2kj0< ) >8P}L 2]€0< ’ >3Ph,
1 1
— 7<O_n+1 4 O,n7o,n+1 _ a,n>F}L 4 7<Fn+1 4 Fn7Fn+1 _ Fn>8Ph
2(70 2kO
1

— g(_<o_n+1 _ 0'”,0'”+1 _ O,n>Fh + 2<0_n+1’0_n+1 _ O_n>Fh)
0
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1
o (S B E = F o, + 2(F L FT P, )
0
1 1
T R LN A T

ao kO
According to (26)-(29), we obtain

1 1
7 O,n+1 _ o_n 4 FnJrl’ -
oo ( )>Fh < k()
= At(e" ™, Tin(u™™)) r, — AF™ M Top(w™ ) op,

= —AHS1, ("), u" ) o, — At(Son(F™ ), w1 g, . (65)

Pt — PE < (0", (F"* —F"))op,

Now, combining (64) and (65) with the facts that A is negative-definite and BB is positive semi-definite,
we have

n n n 1 n
gt & = (Kpt — K2) + (PP — PP) = At(ul ™) T(A — gBBT)uh+1 <0. (66)

In other words, the IB discretization scheme (24)-(31) is unconditionally energy stable.

5 Numerical experiments

In this section, we will perform a series of numerical tests to illustrate the superior performance of the
proposed penalty IB method. Throughout this section, except in Example 5, the computational domain
is chosen as 2 :=[-1,1] x [-1,1].

Example 1. (Convergence test for the Stokes solver) We first study the convergence behavior of the
proposed penalty IB discretization scheme for the steady Stokes problem with g = 1. The numerical
scheme for solving this problem is exactly same as that described in Section 3, except it is steady state
and without the elastic interface enclosing a suspended solid particle. We assume that the exact solution
(u,p) of the steady Stokes problem is given by (cf. [12])

u(z,y) =sinxcosy, wv(x,y)=—cosxsiny, p(z,y)=e"siny.

Numerical results for different grid resolutions are reported in Table 5.1. The choice of the penalty pa-
rameter ¢ = 10~7 follows the suggestion given in [6]. From the numerical results, we may observe that
the orders of convergence of velocity field is clearly of second-order accuracy, while the pressure is of first-
order accuracy. The cause of the first-order convergence of pressure is probably due to that for retaining
the symmetry of the resulting linear system (34), we use a first-order extrapolation in the computation
of the discrete gradient of pressure V;p"*! in (24) at the boundary grid points. These results are almost
identical with those obtained by the fractional step IB method in [12]. From this observation, we believe
that weakening the incompressibility condition from (2) to (17) with a small penalty parameter e would
not be the main source of numerical errors in the immersed boundary approach to fluid-structure inter-
action problems.

Example 2. (Convergence test for the Stokes flow with an inextensible interface enclosing a suspended
solid particle) We study the convergence behavior of the Stokes flow with an inextensible interface en-
closing a suspended solid particle. For the sake of comparison, we take the kinematic viscosity p = 1
and in this example, we drop the term Ou/0t from (16) as that of [12]. We put the inextensible inter-
face I' and the boundary of particle P with initial configurations X (s,0) = (0.25 cos(s),0.5sin(s)) and
Y (o, 0) = (0.1 cos(ax),0.1sin(ex)) for 0 < s, < 27 under a shear flow (u,v) = (yy,0) in the fluid domain
{2, where ~ is the shear rate. In this example, we take v = 1.

Consider the penalty parameters e = 10~" and 0y = kg = 107. We remark that based on our numerical
experience, the choices of the penalty parameters are not dependent on the mesh size h and time step At.
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Table 5.1. Maximum errors of the numerical solution (up,vp,pn) of Example 1

[1/h Tu—unloe rtate [v—valoc tate [p—pallo  rate

16 1.5782E-04 — 1.5786E-04 — 9.6060E-04 -

Penalty 32 4.4804E-05 1.82 4.4815E-05 1.82 4.2835E-04 1.17
IB method 64 1.2061E-05 1.89 1.2064E-05 1.89 2.0500E-04 1.06

128  3.1541E-06 1.94 3.1546E-06 1.89 1.0044E-04 1.03
256  8.1303E-07 1.94 8.1272E-07 1.96 5.1026E-05 0.98

16 1.5780E-04 - 1.5780E-04 — 9.6150E-04 -

Fractional step 32 4.4810E-05 1.82 4.4810E-05 1.82 4.2860E-04 1.17
IB method [12] 64 1.2060E-05 1.89 1.2060E-05 1.89 2.0520E-04 1.06
128  3.1530E-06 1.94 3.1530E-06 1.94 1.0050E-04 1.03
256  8.1200E-07 1.96 8.1200E-07 1.96 4.9700E-05 1.02

Table 5.2. Relative errors of the interface perimeter Lj, maximum errors of the interface configuration X, and
maximum errors of the numerical velocity (up,vp) of Example 2 at time T

[1/h [Lo—Lp|/Lo  rate  [[Xiet — Xnlloo rate  [[uref — Unlloo  rate  [[vrer — vplloo  rate

16 4.7544e-04 — 4.4082e-03 - 6.6113e-02 — 1.3871e-01 —
Penalty 32 2.1585e-04 1.14 1.1455e-03 1.94 2.6011e-02 1.35 4.0193e-02 1.79
IB method 64 1.0411e-04 1.05 4.1673e-04 1.46 1.0095e-02 1.37 1.5367e-02 1.39
(T = 0.0625) 128 5.1292e-05 1.02 1.2945e-04 1.69 3.1458e-03 1.68 4.9530e-03 1.63
16 3.5110E-02 3.4130E-03 6.5520E-02 1.1330E-01

Fractional step 32 2.0890E-02 0.75 1.0790E-03 1.66 2.5920E-02 1.34 3.6600E-02 1.63
IB method [12] 64 1.2200E-02 0.78 4.4380E-04 1.28 1.0530E-02 1.30 1.5540E-02 1.24

(T = 0.0625) 128 6.7490E-03 0.85 1.6220E-04 1.45 4.0470E-03 1.38 4.9680E-03 1.64
16 4.4363e-03 — 4.2099e-02 - 1.3619e-01 — 1.3717e-01 —
Penalty 32 1.8934e-03 1.23 1.1020e-02 1.93 4.2443e-02 1.68 4.7357e-02 1.53
IB method 64 9.1114e-04 1.06 3.1892e-03 1.79 1.7763e-02 1.26 1.9007e-02 1.32
(T=1) 128 4.5011e-04 1.02 8.7944e-04 1.86 7.9879e-03 1.15 6.1128e-03 1.64

To examine the convergence rates, we let the mesh size h decrease by half, i.e., h = 1/16,1/32,1/64,1/128.
We also set the Lagrangian mesh widths to be As = Aa = h/2 and the time step size At = h/4. Due
to the exact solution is not available in this example, we take the result obtained from the finest mesh
h = 1/256 as our reference solution and compute the errors between the reference and the numerical
solutions, although the resulting rate of convergence may tend to be overestimated than the real one.
Moreover, since the numerical solutions are not coincide with the same grid locations of the reference
solution, we use a linear interpolation to compute the numerical solutions at the desired locations. Let
Ly and Ag be the perimeter of the interface and the enclosed area at the initial time, while at time ¢ they
are denoted by L; and Ay, respectively.

First, we compute the numerical solutions up to time 7" = 0.0625. At the time, the numerical results
produced by the fractional step IB method are available in [12]. The results of both methods are reported
in Table 5.2, from which we find that the relative errors of the interface perimeter by the penalty 1B
method are much smaller than those obtained by the fractional step IB method in [12], and the maxi-
mum errors of the interface configuration and the fluid velocity field are comparable with that in [12].
The penalty IB method still can retain reasonable accuracy for a longer time; see the results of time
T =1 in Table 5.2. Moreover, from Figure 5.1 for h = 1/64 and T' = 20, we notice that the relative errors
of the interface perimeter and enclosed area by the proposed penalty IB method take a rather long time
increasing to 1072. This supports the theoretical finding (56).

Example 3. (Tank-treading to tumbling motion of a compound interface under shear flow) In this ex-
ample, we study the transient deformation from tank-treading to tumbling of an inextensible interface
enclosing a suspended solid particle in the simple shear flow with shear rate v = 1 and g = 1. The initial
configuration of the interface is given by X (s,0) = (0.25cos(s),0.5sin(s)) for 0 < s < 2. The penalty
parameters in the penalty IB method are taken as ¢ = 1077 and o¢p = k9 = 107. The mesh sizes are
chosen as h = 1/64, As = Aa =~ h/2 and the time step At = h/4.
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Figure 5.1. Relative errors of the interface perimeter Lj and enclosed area Ap by the penalty IB method with
h = 1/64 of Example 2 for 0 < ¢ < 20.

We first recall the filling fraction of the solid particle, which is given by ¢ := A, /Ao, where A, and
Ay are respectively the area of solid particle and the enclosed area of interface at the initial time. One
of the interesting motions of a compound interface under shear flow is the so-called tank-treading; see
Figure 5.2. The tank-treading motion of interface can be characterized by both the inclination angle § and
the tank-treading frequency f of revolution. The former is the angle between the long axis of interface
and the flow direction as that shown in Figure 5.2 and the latter is defined as f = 27/ [(u - 7)"'dl.
As it has been pointed out in previous literature [7] [9] [11] [12] [26] [29] that the inclination angle has
strongly dependent on the reduced area RA, which is defined as RA = 4w Ao /L2, but independent on the
dimensionless shear rate ~.

We now examine the elastic interface enclosing different solid particles. At first, we consider the
case of circular solid particle centered at the origin. Figure 5.3 and Figure 5.5 show the time evolution
of the motion for 0 < t < 20 with filling fractions ¢ = 0.08 and ¢ = 0.42, respectively. Clearly, the
former shows the tank-treading motion, while the latter displays the tumbling. This is consistent with
the observation in [27] that the compound interfacial dynamics will have the transition from tank-treading
to tumbling if the inclusion effect is strong enough. In other words, if the filling fraction ¢ of the circular
solid particle is above some critical threshold, then the interface will start to tumble rather than being
stationary. In [12], Lai et al. give a possible explanation for this point. By including a solid particle,
the energy dissipation enhances, so the compound interface behaves like an inclusion-free interface that
encapsulates a more viscous fluid. In some measure, the larger the inclusion is, the higher the viscosity
inside the interface will be. The large difference of viscosities of the fluids inside and outside of the
interface could eventually cause the transition of motion. Furthermore, we find that a different shape
of the enclosed solid particle, even with the same filling fraction, may also result in a different viscosity
inside the interface. For example, in Figure 5.6, we consider the interface enclosing a peanut-like solid
particle Y (o, 0) = (0.232sin(a), 0.38 cos() (0.0414+0.4004 sin’ () —0.2246 sin* () )) for 0 < o < 27 with
the same filling fraction ¢ = 0.08 as that investigated in Figure 5.3. However, in this case, the tumbling
motion occurs. It is also interesting to point out that although we may observe the tank-treading motion
in Figure 5.3, with a close inspection, we find that the inclination angle 8 of the compound interface shows
a tiny trembling as that depicted in Figure 5.4. This phenomenon can be observed in the inclusion-free
case as well.

In this example, we also find that in the tank-treading regime, as the filling fraction increases, both
the inclination angle and the tank-treading frequency will decrease. Moreover, the compound interface
with larger reduced area has larger inclination angle and tank-treading frequency when the filling frac-
tion is small. These observations are depicted in Figure 5.7. Finally, we investigate the critical value of
filling fraction versus the reduced area for the tank-treading to tumbling transition. In Figure 5.8, above
the critical value, the interface motion will transit from tank-treading to tumbling. One can easily see
that as the reduced area increases, the critical filling fraction increases too. These results are consistent
qualitatively with those reported in [12] and [27].
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Figure 5.3. (Example 3) The motion of a compound interface in a shear flow with initial configurations X (s,0) =
(0.25 cos(s), 0.5sin(s)), 0 < s < 27, and Y (e, 0) = (0.1 cos(),0.1sin(ex)), 0 < a < 27, and filling fraction ¢ = 0.08.
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Figure 5.4. (Example 3) The inclination angle 6 of a compound interface in a shear flow with initial configurations
X (s,0) = (0.25cos(s),0.5sin(s)), 0 < s < 27, and Y (o, 0) = (0.1 cos(e), 0.1sin(ex)), 0 < o < 27, and filling fraction
¢ =10.08 for 0 <t <20 (left) and 13 < ¢t < 15 (right).

t=1/256 t=1 t=3
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Figure 5.5. (Example 3) The motion of a compound interface in a shear flow with initial configurations X (s, 0) =
(0.25 cos(s),0.5sin(s)), 0 < s < 27, and Y (a,0) = (0.23cos(e),0.23sin(e)), 0 < a < 27, and filling fraction
¢ =0.42.
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t=1/256 t=1
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Figure 5.6. (Example 3) The motion of an interface enclosing a peanut-like solid particle in a shear flow with initial
configurations X (s,0) = (0.25cos(s),0.5sin(s)), 0 < s < 2w, and Y (e, 0) = (0.232sin(a), 0.38 cos()(0.0414 +
0.4004 sin? () — 0.2246 sin*())), 0 < o < 27, and filling fraction ¢ = 0.08.
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Figure 5.7. (Example 3) The inclination angle 0 (left) and tank-treading frequency f (right) versus filling fraction
¢ in the tank-treading regime for two different reduced areas RA = 0.84 and RA = 0.95.
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Figure 5.8. (Example 3) The critical filling fraction ¢ for tank-treading to tumbling transition versus reduced area
RA.

Example 4. (Tank-treading to tumbling motion of a compound interface under shear flow by varying
the kinematic viscosity p) In this example, we investigate the dynamical transition from tank-treading
to tumbling of an inextensible interface enclosing a suspended solid particle in the simple shear flow
with shear rate v = 1 by varying the kinematic viscosity p. The initial configuration of the interface
is given by X (s,0) = (0.25cos(s),0.5sin(s)) for 0 < s < 27 enclosing a solid particle whose boundary
is parameterized by Y («,0) = (0.1cos(«),0.1sin(e)) for 0 < a < 27. The filling fraction is ¢ = 0.08.
Again, we take the penalty parameters in the penalty IB method as € = 1077 and o9 = kg = 107, and
the mesh sizes are chosen as h = 1/64, As = Aa = h/2 and the time step At = h/4.

For the kinematic viscosity u = 1, the tank-treading motion of the compound interface has been
clearly observed in Figure 5.3. The dynamical behavior of 4 = 0.1 is very similar to the case of yu = 1.
If we decrease g from 0.01 to 0.001, however, we can find that the transition from tank-treading to
tumbling motion occurs; see Figure 5.9 and Figure 5.10. Obviously, the compound interface is easier to
tumble when the kinematic viscosity p is getting smaller.

Example 5. (Motion of multiple compound vesicles in a shear flow) In this example, we demonstrate
that the proposed penalty IB method can be applied to the problems of multiple vesicles as well. We
explore the motion of a group of three identical compound vesicles aligned initially on the z-axis (cf.
Figure 5.11) under a shear flow, in which each vesicle is composed of an inextensible interface enclosing
a solid particle. The initial configurations of the inextensible interfaces and boundaries of particles are
given by

X1(s,0) = (0.2cos(s) — 0.45,0.4sin(s)) and Yi(«a,0) = (0.08 cos(a) — 0.45,0.08 sin(a)),
X5(s,0) = (0.2cos(s),0.4sin(s)) and Yy(a,0) = (0.08 cos(cx),0.08sin(c)), (67)
X3(s,0) = (0.2cos(s) + 0.45,0.4sin(s)) and Yj3(a,0) = (0.08 cos(a) + 0.45,0.08 sin(cx))

for 0 < s, < 2m. Thus, at initial time, one can calculate that the spacing between each pair of interfaces
is 1/20 and and the filling fraction ¢ = 0.08. We examine the motion of these three compound vesicles
under the shear flow (u,v) = v((1/7)sin7y,0) in the fluid domain [—2,2] x [—1, 1], where « is the shear
rate. In the simulation, we take v = 6.25, the kinematic viscosity y = 1, the penalty parameters ¢ = 10~
and op = ko = 107, and the mesh sizes are chosen as h = 1/64, As = Aa ~ h/2 and the time step
At = h/4. The numerical results are depicted in Figure 5.11, from which we can observe that the group
of compound vesicles turns to slant-aligned about time ¢ = 2.5 due to the shear flow and then they start
to separate. Once they separate, the shear flow will drive the left vesicle toward the lower left corner and
the right vesicle to the upper right corner, and the middle one still stands at the origin and displays a
tank-treading motion.

We remark that in this example, the computational cost of the proposed penalty method is mainly
devoted to solving the the linear system of the velocity approximation at each time step, since the
approximations of all other variables can be directly obtained in terms of the approximation of velocity,
as that described in Section 3.
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Figure 5.9. (Example 4, u = 0.01) The motion of a compound interface in a shear flow with initial configurations
X (s,0) = (0.25cos(s),0.5sin(s)), 0 < s < 27, and Y (e, 0) = (0.1 cos(a),0.1sin(e)), 0 < o < 2, and filling fraction
¢ = 0.08.

6 Concluding remarks

In this paper, we have proposed a novel penalty IB formulation for simulating the transient Stokes
flow with an inextensible interface enclosing a suspended solid particle. The main idea of the proposed
approach was based on the penalty techniques by modifying the constitutive equation of Stokes flow to
weaken the incompressibility condition, relating the surface divergence to the elastic tension o to make the
interface nearly inextensible, and connecting the particle surface-velocity with the particle surface force
F to regularize the particle’s rigid motion. The advantage of these regularized governing equations is that
when they are discretized by the standard centered difference scheme on a staggered grid, the resulting
linear system can easily be reduced by eliminating the unknowns p;, o, and F', directly. Thus, we just
need to solve a smaller linear system of the velocity approximation uy. This advantage can be preserved
and even enhanced when such approach is applied to the transient Stokes flow with multiple compound
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Figure 5.10. (Example 4, p = 0.001) The motion of a compound interface in a shear flow with initial configurations
X (s,0) = (0.25cos(s),0.5sin(s)), 0 < s < 2w, and Y (e, 0) = (0.1 cos(a),0.1sin(e)), 0 < o < 2, and filling fraction
¢ = 0.08.

vesicles. Moreover, we have proved that this smaller linear system is symmetric and negative-definite,
which enables us to use efficient linear solvers.

One of the advantageous features of the proposed penalty IB method is that the discretization scheme
is unconditionally stable in the sense that an appropriately defined energy functional associated with the
discrete system is decreasing and hence bounded in time. Another important feature of the approach is
that the difference of local stretching factors for two successive time steps is of first order in time step
At, and the length of the elastic interface may not be always increasing as much as expected when time
step advances. We have performed a number of numerical examples to test the accuracy and stability
of the IB discretization scheme. The tank-treading and tumbling motions for inextensible interface with
a suspended solid particle for different shapes and filling fractions in the simple shear flow have been
extensively studied. The simulation of the motion of multiple compound vesicles has been performed as
well. Numerical results illustrate the superior performance of the proposed penalty IB method.
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Finally, we remark that the present penalty IB approach can be easily extended to Navier-Stokes flow

by treating the nonlinear advection terms explicitly in the time integration.
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