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Abstract

To simulate the dynamics of structural deformation and fracture caused by
fluid-structure interactions accurately and efficiently, a strong coupling between
the peridynamic model and the lattice Boltzmann method using the immersed
boundary method is developed here. In this novel method, the peridynamic
model predicts structural deformation and fracture, the cascaded lattice Boltz-
mann method serves as the flow solver, and the immersed boundary method
is to enforce a no-slip boundary condition on the fluid-solid interface. The
strong coupling is achieved by adding velocity corrections for the fluid and solid
phases simultaneously at each time step, which are calculated by solving a lin-
ear system of equations derived from an implicit velocity correction immersed
boundary scheme. Therefore, this new scheme based on the immersed bound-
ary method eliminates the need to iteratively solve the dynamics of the fluid
and solid phases at each time step. The proposed method is rigorously vali-
dated considering the plate with a pre-existing crack under velocity boundary
conditions, the sedimentation of an elastic disk, the cross-flow over a flexible
beam, and the flow-induced deformation of an elastic beam attached to a rigid

cylinder. More importantly, the structural deformation, crack formation, and
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fracture due to interaction with the fluid flow are captured innovatively.
Keywords: Peridynamics, immersed boundary method, lattice Boltzmann
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1. Introduction

The formation and propagation of cracks and the breakup and movement
of crack fragments in a fluid flow are of primary importance for many medical
and industrial applications, such as rupture of the aneurysm [I], microstruc-
tural damage of articular cartilage [2], and silt erosion in hydro turbines [3].
Considering the great challenges in the development of analytical solutions and
laboratory experiments for these complicated fluid-structure interaction (FSI)
problems, an accurate and efficient numerical tool is key to developing novel
FSI technologies and improving structure integrity of industrial systems.

As the continuity assumption underlying the classical continuum mechan-
ics [4H6] becomes invalid in the presence of solid cracks, some researchers at-
tempted to utilize other methods including the diffuse-interface model [7] and
the particle-based model [8]. Here, we will use the peridynamics theory to de-
scribe structural deformation and dynamic fracture, which is implemented as a
particle solver where the solid is discretized using a set of material points, and
the interactions between these points are expressed in an integral form [9HIT].
Hence, the continuity assumption is not required and the discontinuities such
as fractures are captured inherently [12]. Moreover, many constitutive models
have been developed for different materials, such as rubbery membranes [13],
composite structures [14], brittle and ductile materials [I5HI7]. To build a con-
sistent computational framework to model the dynamical processes of structural
deformation, crack formation and propagation, and final breakup, the peridy-
namic theory as a solid solver is then coupled with a flow solver via a partitioned

scheme for its flexibility [5] [, [18, [19].

A coupled immersed boundary-cascaded lattice Boltzmann method (IB-CLBM) [20]
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has been applied successfully for many complex FSI problems [I8, 2TH25]. The
CLBM is a promising flow solver, which has been applied in the simulation of
turbulent, multiphase [26], and thermal flows [27]. The immersed boundary
method (IBM) [28] tracks the fluid-solid interface with a moving Lagrangian
grid to effectively enforce the no-slip boundary condition on the interface [29-
32, thereby circumventing the time-consuming re-meshing procedure used in
conventional body conformal boundary schemes [33H38]. Moreover, it has been
demonstrated that the relaxed multi-direct-forcing (MDF') scheme can signifi-
cantly improve efficiency and accuracy of implementing the no-slip boundary
condition in an IB scheme [22].

Coupling of the fluid and solid solvers using a partitioned approach can be
achieved through a weak or strong scheme. We have previously developed a
weak scheme to couple the peridynamic model with the IB-CLBM solver [39]
by launching the two solvers sequentially. It has been demonstrated that this
multi-physics computational framework can predict the erosive impact of solid
particles in a flow correctly. Recently, a weak coupling scheme for the peridy-
namic model and an open-source solver based on the Navier-Stokes equations
has also been achieved by Dalla Barba and Picano [40, [41]. However, in the
above attempts, the solid-fluid density ratio should be much larger than unity
and a sub-evolution step of the peridynamic solver is needed to ensure the nu-
merical stability, as the numerical errors arise from the asynchronously satisfied
interface condition in the weak coupling scheme [42].

Here, we will develop a strong coupling scheme, so the concurrent solutions
of the fluid and solid phases will improve the temporal accuracy and numerical
stability, which is essential to capturing structural deformation, crack formation
and propagation, and breakup. The traditional strong coupling approach [29] is
computationally expensive due to the iterative solution of fluid flow and struc-
ture dynamics until convergence at each time step. To alleviate this drawback,
the IBM was used as an efficient bridge to connect the fluid and solid solvers
within a linear system of equations. These efforts have been pioneered by Wang

and Eldredge [43], Lacis et al. [44], Goza and Colonius [45], who demonstrated
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that the iterative solution of the fluid and solid phases at each time step is not
necessary.

Moreover, there are many iterative methods employed to solve the linear
system of equations based on the IBM. For example, in the flow solvers based
on the Navier-Stokes equations, the block-LU decomposition linear equation
was employed to solve the implicit coupling between fluid dynamics and rigid
body dynamics [44], and between fluid dynamics and thin elastic structures [45].
Wang and Eldredge [43] used a block Gauss-Seidel scheme to solve the strong
coupling between the fluids and rigid-body systems, and a relaxation scheme
based on the virtual fluid inertia was employed to reduce the number of itera-
tions.

In the current paper, the peridynamic model and the LBM are coupled
through a strong coupling scheme based on the IBM to model the flow-induced
structural deformation and fracture. Different from using the force corrections
like Wang and Eldredge [43], the velocity corrections for the fluid and solid
phases are calculated by solving a linear system of equations derived from an
implicit velocity correction scheme of the IBM. Moreover, the simultaneous
velocity corrections in the current method are solved iteratively with the efficient
relaxed MDF scheme of the IBM [22].

This paper is organised as follows. In Section [2] the peridynamic model and
the IB-CLBM are introduced, the strong coupling scheme is derived, and the
algorithm is summarised. In Section [3] the proposed method is validated rigor-
ously by the plate with a pre-existing crack under velocity boundary conditions,
the sedimentation of an elastic disk, the cross-flow over a deformable beam, and
the flow-induced deformation of an elastic beam attached to a rigid cylinder.

The conclusions are drawn in Section [l
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2. Methodology

2.1. The peridynamic theory

The peridynamic theory uses an integral equation to describe the relative
displacement and force between neighbouring material points and hence it in-
herently captures the discontinuities, such as crack and material damages [46].
The peridynamic theory is introduced briefly here, and more information can be
found in the literature, e.g. Refs. [11,/46]. Here, the variables of the peridynamic
model are marked with a subscript s.

The peridynamic theory formulates the motion of material points as

psd(xs,t) = Fpa(xs, 1) + Fy(x,, ), (1)
where p; is the density of material points; x; is the initial location of a material
point, which refers to the material points moving in the Lagrangian frame; d
is the displacement vector of the material point x¢ at time ¢. The acceleration
of each material particle d is related to the peridynamic long-range force term
of the peridynamics F,4 and an external body force density F;. A bond-based

peridynamic model is used to calculate F 4, i.e.
H
Fpa(xs,t) = Zf(ﬂyf)vx{; (2)

In Eq. , H represents the neighbourhood of the material point x,, and the
region is determined by a horizon radius § = 3.015A, where A is the size of
material points. Eq. shows that the long-range force F,q, exerted on the
material point x; by the other points x/ within H, is the integral of a force
density f(n,£) over the volume Vi, where § = x|, —x, and n =d’ —d [11].

A prototype micro-elastic brittle (PMB) material with a bond-based peri-
dynamic formulation [46] is used in this study. The force density takes the form

of
f(n,&) = cskn, (3)
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where the unit vector n points from x5 + d to x, + d’. For two-dimensional

structures, the bond constant c¢ is defined as
c=9E/mhé3, (4)
where E is the Young’s modulus, and h is structure thickness (h = A). The

scalar bond stretch s in Eq. is defined as

e -]
T

If the bond stretch s exceeds a critical value s., the bond breaks irreversibly and

()

k is set to be zero; otherwise, k is always kept to be one. The critical stretch s,

is obtained from

4G,
% =\ heot (6)

where G, is the fracture energy of the material. The accumulation of broken
bonds leads to material damage. The damage of a material point is assessed
with the ratio of the number of broken bonds to all the bonds of the material
point, which equals one when a material point loses all its bonds [39].

The Stormer—Verlet integration with second-order accuracy is employed here

to integrate Eq. as follows,

drtt =2dy —dy! 4+ 6t*dy, (7)

dn+1 _ dn—l
26t '

n_ an _
us_d‘s_

(8)

2.2. The immersed boundary-cascaded lattice Boltzmann method

In the IB-CLBM method, the IBM is used to enforce the no-slip boundary
condition on the fluid-solid interface, tracked with a moving Lagrangian grid x;,
and the CLBM solves the fluid flow in the computational domain discretized
with a fixed Eulerian mesh x. The Lagrangian variables are marked with the

subscript “/”, while the Eulerian ones have no subscript.



In the CLBM, the fluid is represented by a set of imaginary particles that
follow the collision-streaming procedures on a uniform lattice grid. The distri-

bution of imaginary particles evolves according to the following equation,
fa(x+eu0t,t+0t) = fo(x,1) + Qa(x,t) + Sadt, 9)

where f, is the distribution function of imaginary particles at the position x
with the discrete velocity e, at the time ¢; Q,, S, and Jdt are the discrete
collision operator, the discrete force term and the time step, respectively. The
D2Q9 discrete velocity set e = |e,)’ for two-dimensional flows [47] is

01 0 -1 01 -1 -1 1

0 0 1 0 -1 1 1 -1 -1
where the superscript “/” is the transpose operator, |-) represents a column
vector. The relaxation parameters w, of the collision operator is calculated

from the kinematic shear viscosity v of the fluid as follows,

v=_ci(wps—0.5), (11)
Wy = ws, (12)

where other relaxation parameters are set to unity, and ¢, is the sound speed
of the D2Q9 model, i.e. ¢, = 1/4/3. To minimize the compressibility effect in
the LBM, the Mach number Ma = u/cs is chosen to be smaller than 0.1, which
means the fluid velocity in lattice unit is always lower than 0.05.

The external force term F is incorporated in the central-moment collision
operator Q = |{2,), which is also related to the distribution functions f =
|fo) [@8]. The discrete forcing term S = |S,) is obtained from the external
body force F [48]. The forcing scheme of the CLBM proposed by Premnath and
Banerjee [48] takes the body force term into account through two steps, i.e. the

collision operation and the velocity refinement. The macroscopic density p and



110

unrefined velocity u* are calculated as

8
p(x,t) = Zfa(xat)7 (13)
a=0
8
o O () = 3 e, 1) (1)
a=0

The velocity u* is then refined with the velocity correction du(x,t) as
u(x,t) = u*(x,t) + du(x,1), (15)

where du(x, t) = Fdét/2p.
If a no-slip boundary is fulfilled, the fluid velocity u at the location of La-

grangian points x; should be the same as the solid velocity uy,
u(x, t) = w(xg,t). (16)

The fluid velocity at the Lagrangian points x; is interpolated from the surround-
ing lattices using

u(xg,t) = Zu(x, t)®(x — x;)0z2, (17)

X

where 0z is the lattice spacing. The 4-point regularised delta function @ [33] is

Be,y) = 55 0()D(L), (15)

and
é(3—2|r|+\/1+4|7"|—47"2), Ir| <1

(5—2r| — /=T + 12[r[—4r2), 1<|r]<2 (19)

¢(r) =

=

=)

, otherwise.

In order to achieve the no-slip boundary in Eq. (16]), according to the implicit
velocity correction scheme of the IBM [49], a velocity correction du; is applied
to each Lagrangian point x; and distributed onto the background Eulerian grid

to obtain the velocity correction du(x),

du(x,t) = Z duy(xg, t)P(x — x;)ds;, (20)



where ds; is the elemental surface of Lagrangian point [ in two-dimensional
simulations. The surface force density on the Lagrangian point Fi®(x;) can be
obtained from

~ 2pduy(xy,t)

Fif (i, 1) = Lot (21)

When the no-slip boundary condition in Eq. is satisfied, the velocity
u;(x;) should satisfy the following equation [49],

w(xp,t) = (w0 (X, + D 0y (X, ) P(X — X )G | B(x — x1)627, (22)

X Xm
where both [ and m represent the Lagrangian points. Considering all the La-

grangian points, Eq. can be expressed as a system of linear equations [49],

Ay =b, (23)
A, = Z B(X — X )P (x — x)5,022, (24)
Ym = 6um(xm)7 (25)
by =w(x) — Y u'(x)®(x — x;)627, (26)

x
where N is the number of Lagrangian points, A is a N x N sparse matrix.
y and b are column vectors of size N, whose elements are of size 1 x 2 for a
two-dimensional simulation. Thus, the unknown velocity correction du;(x;) can
be solved from

|6 (x;)) = A7 wy(x;) — Zu*(x)@(x — Xl)5132> . (27)

X

2.3. Effect of internal mass in the IBM

In the IBM, a solid body interacting with a fluid is represented only by its
surface 'y, and the solid interior 2, is filled with the same fluid. Therefore, a
moving body in a fluid is actually modelled with the moving fluid inside €.
For the fluid enclosed by I'y, the conservation of momentum shows,

d _
4 pfudV:/ F;b(xl)ds+/ 7 -nds, (28)
dt Jao, r, T,
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where n is the unit outward normal vector on the solid surface I'y, 7 is the
hydrodynamic stress tensor.

For the structure immersed in a fluid, if the gravity force is neglected, the
only source of external body force Fy(x5) in Eq. is the hydrodynamic force
applied on the structure surface by the surrounding fluid

/ Fy(x.)dV = / 7 - nds. (29)

Qs T,
It is difficult to accurately calculate the velocity gradient at the fluid-solid in-
terface in the IBM. Therefore, in order to avoid using the stress tensor 7 in
the motion equation Eq. , considering Eq. , Eq. can be written in an

integral form,

; d ,
/ [psd(xs) - de(xs)} dv = pff/ udV — / Fib(x;)dS.  (30)
Q. dt Ja, r,

The first term on the right-hand side of Eq. is called the internal mass
effect [50], which presents the momentum change of the fluid inside Q.

When the no-slip boundary is successfully enforced on the fluid-solid inter-
face I's, the linear momentum of the incompressible flow in €2, is equal to that
of the imaginary flow that follows the structure movement exactly [50], i.e.

/udV:/ usdV. (31)
Q. Q

Although the derivation was made for a rigid body [50], it is also applicable
for deformable structures. The variation of the mean velocity of the imaginary

fluid in 'y can be expressed as,

d du,
= uSdV:/ 2 dV+/ u, (V- u,)dV. (32)
dt Q. Qg Qs

Thus, under the condition that the imaginary flow inside 2 is incompressible,

i.e. V-u, =0, there is the relationship as

A wav = / d(x.)dV. (33)
dt QS QS

However, it must be noted that similar equality cannot be achieved for the an-

gular momentum, which indicates the model may be less accurate if the angular

10
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motion of the structure is more pronounced, as tested by Lacis et al. [44], Suzuki
and Inamuro [50].

Substituting Eq. into Eq. , the following equation is obtained,
s —ib

| (o= pn)dx) = Pratox) + 5 x| av = 0 (34

where Flib (x5) is the hydrodynamic force volume density,
/ F, (x,)dV = / F{*(x,)dS. (35)

Qs s

It is assumed in Eq. that the hydrodynamic force on the surface of structure
is only applied on the surface layer of the structure. According to the the method

of Huang et al. [51], Huang and Sung [52], the strong form of Eq. is used

to describe the solid motion,
o —ib
(ps — pr)d(xs) = Fpa(xs) — F (x5). (36)

Moreover, it should be noted that the current method to alleviate the internal
mass effect holds only over the solid subdomain €2, as the above derivation is
built upon the integration over 2s. By dropping the integral of Eq. , the
internal mass effect is distributed onto the entire solid subdomain €, which
means the detailed local variation of deformable structures may be affected.
Meanwhile, in addition to Huang et al. [51], Huang and Sung [52], we will show
in Section [3] that the current method is effective and accurate for a wide range
of problems, although the impact on localised deformation needs to be fully

quantified, which will be discussed in the future.

2.4. Derivation of the strong coupling scheme

In this section, the strong coupling condition on the fluid-solid interface will
be presented. In the current approach, the coupling condition is applied on the
surface layer of the structure, which means that the peridynamic material points
located on the structure surface are tracked by the Lagrangian points of the IBM

to represent the instantaneous fluid-solid interface. Using this strategy, the

11
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communication between the material and Lagrangian points is straightforward
as they are moving on the Lagrangian frames.

When the no-slip boundary is successfully enforced, the Lagrangian points
of the IBM conform to these surface material points to assure the kinematic
equilibrium,

X ZXsf—l—dsf, (37)

w(x;) = ugy, (38)

where the surface material points are marked with the subscript sf.

For the structure immersed in a fluid, it is assumed that the hydrodynamic
force acting on the surface of structure by the surrounding fluid is applied on
the surface material points x5 as indicated in Eq. . Therefore, the hydro-
dynamic force volume density in Eq. is

531

F, (xsr) = Flb(XZ)vv (39)

where V; is the volume of material points. In this work, the size of material
points A is the same as the lattice spacing dx of the CLBM, which results in
V, = 0x2. For the internal material points x;, F; (x5i) = 0. Thus, the equation

of motion for the material points x,; can be expressed as
(s = pp)dg; = Fpg. (40)

By substituting Eq. (7)) into Eq. (8], the acceleration &Zf can be discretised
as

in 2 n—1 n n
di ~ (A 4 bt - 7). (41)

Substituting Eqs. ([41), (39), and into Eq. (36)), the discretised move-

ment equation of the surface material points x,r can be written as

2(p8 - pf) n—1 n n
|y oty —diy) = (42)
n 2p . — n *n
’Fp’d> — &‘2 diag(ds;)A L u'(x;) — Zu (x)®P(x — xl)5x2> ,

12
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where the function diag(ds;) is to create a diagonal matrix of size N x N with
ds; on the main diagonal. The Stormer—Verlet integration in Egs. and
calculates the displacement a time step ahead of the velocity term, which means
dy; and ugfl are obtained at the time step n — 1 with Eqgs. @ and . Thus,
dy; can be used directly to update A and F7, at the time step n. Moreover,
u}'(x;) on the right-hand side of Eq. can be replaced with uf, accord-
ing to Eq. . Therefore, the only unknown variable uyy, which guarantees
the no-slip boundary condition over the fluid-solid interface, can be calculated
implicitly by solving Eq. .
Moreover, the matrix A in Eq. can be expressed as follows,

A = Adiag(dsp,), (43)
A =) B(x — %) 0(x — x)02°, (44)

and the inverse of the matrix A can be calculated as
A~! = diag(ds;; )AL (45)

Substituting Eq. into Eq. , diag(ds;) on the right-hand side of Eq.
can be eliminated to yield,

2(ps — pf)
ot?

—1 n n _
Ayt sty - dly) =

(46)
ugy — Z u"(x)P(x — xl)5x2> .

X

n 2pf A —
Fpa) = WA '

Then, Eq. can be transformed into the linear equation,

A*y* =b", (47)
where
A*_%%qu’ (48)
vt = |u?f>7 (49)
b* Psp—fpf % A n_ d?;1> n 5;;?_& ’ng> + Zu*(x)q)(x — Xl)5x2>

13



The stability condition to obtain convergent results is derived using the
standard von Neumann stability analysis by assuming the displacement d} of

material point j at the time step n as
n _ In_ikj
dj - ¢ € ’ (51)

where ¢ is an imaginary number. The stability analysis requires that |q§| <1 for
all frequency values of k. By replacing the velocity u; with the displacement d;

according to Eqs. @ and , and substituting F, with Eq. below,

H
dr —a»
= cﬁvp, (52)
p

the strong coupling in Eq. can be rewritten in the form below,

X |Ps — Pf n+1 n n—1 1 dZ - d?

v (53)

n+l _ gn—1
dj dj

. 2p5 o *n » 2
557 ;u (x)®(x — x;)dx >

0tV

Due to the matrix A is usually a diagonally dominant pentadiagonal matrix,
Eq. is simplified by replacing A with ||A||oI, where ||A||o is the infinity
norm of A and I is the unit matrix. Under the assumption of the velocity of

fluid flow u*™ = 0, and aided by Eq. , Eq. becomes,

0B~ b+ 1) - o= -1 - 1), -
where
o= p85;2pf ||AH007 (55)
5= e Y p(costhlp =) = DV 1A (56)
PG
_ 205
TSy (57)

Enforcing the condition |¢| < 1 to the solutions of Eq. for all k values

14
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results in

2(ps — pf)
Czp ‘gjprl

ps > py- (59)

ot < (58)

Since there is always [£;,| > A in the peridynamic simulations, the critical

time step dt. for a two-dimensional simulation can be estimated by

Sty = 2(ps — pf) (60)

emd?
2.5. The relaxed multi-direct-forcing scheme

Eq. needs to be solved to obtain the unknown velocity ug;. It should be
pointed out that a direct solution of Eq. requires to calculate the inverse
of the matrix A*, which is computationally expensive. In our simulations,
the Lagrangian points track the moving fluid-solid interface, which means the
matrix A* is time-varying and its inverse need to be updated at every time step.
Therefore, the direct solution is not an efficient choice.

Our previous paper [22] demonstrated that the relaxed MDF scheme, which
is based on the relaxed Richardson iteration, not only avoids the calculation of
matrix inverse, but also improves the efficiency and accuracy of the traditional
MDF scheme. The relaxed MDF scheme is implemented following the two steps:
firstly, the relaxed Richardson iteration equation is obtained from the original
linear system and a relaxation parameter is determined; secondly, the iteration
is performed through the interpolation and distribution operations as described
by Eqgs. and .

To ensure the convergence of the Richardson iteration, the matrix A* should
be positive-definite and symmetric, which is the case for matrix A according
to Eq. . Since ps > py in our simulations, A* calculated from Eq.
shares the same characteristics as A. Therefore, Eq. can be solved with

the relaxed Richardson equation as follows,

y*k+1 _ (I _ OJA*) y*k, + LUb*, (61)

15
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where w is the relaxation parameter and k is the iteration counter. To accelerate
the convergence rate, the relaxation parameter w can be set as
w=|[A7] Ic;l,
1A floe = B—LLV,| Al + 1. .
Pr

It is straightforward to solve Eq. with the interpolation and distribution
operations in Egs. and as matrix A is formed by a combination of
these two operations (see Eq. (24))). However, A* and b* in Eq. are more
complicated than A and b in Eq. . Thus, the strategy of implementing the
relaxed MDF scheme should be modified accordingly to solve the new strong
coupling equation, i.e Eq. efficiently.

By substituting Eq. into Eq. (61)), y**™! can be expressed as

y*k+1 — (1 _ w)y*k +w <b* _ prA *k) (63)

P
Then, substituting Eq. for b* in Eq. yields

Zu x—xl)5a:2>—|-

ps Ot
By substituting Eq. into Eq. 7 the following relationship between duj (x;)

*k+1 :(1

y y+w

(64)

and uf; is obtained,

ps —pr Vs otV

ding(os0) 90 (x)) = P00

(65)

-1
sf —ugp0t —diy >
which can be rearranged to make it suitable for an iterative scheme as follows,

. n,k Ps — Pf Vs n n— wk otV
diag(ds;) ’ciul (xl)> = o ot ( dy; —d; 1> —y 5t) i)
(66)
Finally, by substituting Eq. and Eq. into Eq. , there is the rela-

tionship

y = (L w)y ™ b (A S ea) +

> ur(x)d(x — xl)axzﬂ . (67)

16



where the interpolation and distribution operations can be expanded from the

matrix A as follows,

u?}kﬂ = (l—w)u:}k-i—w Z u*(x) + Z U (%, ) B (X — X )05 | B(x—x7)022.
) xm (68)
Therefore, Eq. can be solved iteratively using Egs. and .
In Egs. and the unrefined velocity u*(x) should always be stored
for the iterations. To reduce memory consumption during the simulation, the

cumulative correction procedure used by Zhang et al. [22] is employed. First,

Eq. is modified as follows,

nk _ Ps—Pf Vs nk nk—1
Au” = — o7t (5751( oF —ugr ) (69)
where
Au?’]c = 5u7’}C - 5u7’k71, (70)
— V. ot V.
At =P P Vs (d” I, "’Odt) RAERLE N 71
u, pfét (581 sf sf usf + 2Pf (SSZ pd ( )

Then, Eq. is transformed into a cumulative form to eliminate u*(x),

uzj’ck+1 = (1—w)u:}k+w Z [u"’k(x) + Z Auln’k(xm)cl)(x - xm)ésm] d(x—x;)02?,

(72)

where
u™k(x) = u*(x) + Z 5u7’k_1(xm)¢>(x — X )08m, (73)
u™’(x) = u*(x). (74)

The cumulative iteration in Egs. and can be conducted following

17
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the steps below,

Distribution: Au®*(x) = Z Auf (x)®(x — x;)ds;, (75)
Xy
w1 (x) = uf(x) + Au”(x); (76)
Interpolation: u**!(x;) = Z u" (%) (x — x;)622, (77)
ufj}” =(1- w)u’;f + wuftl(x)), (78)
ki1 Ps =P Vs oy g
Aul ——Tg(usf —usf), (79)
2p
Fly () = Fiy, () + 5 Auy ™ (x); (80)

where FY, ;(x;) is zero and u; is calculated with Eq. (40). The strong coupling
interface is achieved by adding velocity corrections simultaneously for the fluid
and solid with Eqgs. and 7 respectively. After the cumulative iterations
described by Egs. 7 are concluded, the last velocity correction Auy is
distributed to the nearby fluid domain according to Eqgs. and . Then the
hydrodynamic force on the IB points Ffb(xl) is distributed to the fluid domain

to finalise the iteration,
F(x) = Z Fi’(x))®(x — x;)ds1. (81)
X

2.6. The computational algorithm
The algorithm of the strong coupling partitioned approach is summarised as
follows:
1. Flow solver: CLBM
(a) Perform the fluid evolution according to Eq. (9));
(b) Calculate the macroscopic fluid variables using Egs. and .

2. Solid solver: Peridynamic model

(a) Calculate the internal forces F}; according to Eq. ;
(b) Obtain the displacement and velocity of all the material points d?+!

and u? using Egs. ([40), (7) and (8).
3. Update the locations of Lagrangian points x]' according to Eq. (37).
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4. The strong coupling interface: the relaxed MDF-IBM
(a) Calculate the matrix A with Eq. , then update the relaxation
parameter w according to Eq. ;
(b) Set k =0, u’(x) = u*(x), Y ;(x;) = 0, and calculate Au(x;) using
Eq. ;
(c) Perform the distribution operation as described by Egs. and
(76);
(d) Perform the interpolation operation using Egs. (77)-(80);
(e) Advance k to k+ 1 and repeat Steps While k < L, where L,,
is the total number of iterations;
(f) Distribute the last velocity correction Au}* to the fluid domain as
described by Egs. and ;
(g) Distribute the surface force FJj, ;(x;) to the fluid domain using Eq. (81).
5. Update the location and velocity of material points d?}rl, ug, with the
obtained FJ, ;.

6. Advance the time step to n + 1, and repeat Steps

As shown above, the fluid and solid solvers are launched only once at Steps
and [2] respectively in a single time step, and the strong coupling interface is

solved iteratively with the relaxed MDF-IBM at Step [4

3. Numerical examples

3.1. Plate with a pre-existing crack under velocity boundary conditions

In this section, the behaviour of a two-dimensional plate with a pre-existing
crack is simulated to validate the peridynamic model for structural deformation
and crack capture. As shown in Fig.[l] the length and the width of the plate are
respectively L = 50 mm and W = 50 mm, and the origin of coordinates xOy is
at the bottom left corner of the plate. A horizontal crack of length D = 10 mm
is initialized in the centre of the plate. The plate is discretized with 500 x 500
material points. The plate is subjected to velocity boundary conditions along

its upper and bottom edges, U, = £20 m/s. The velocity boundary condition
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is applied at two additional boundary layers R. as shown in Fig.[l} There are
500 x 3 material points over each boundary layer R.. The material properties of
the plate include the Young’s modulus E = 192 GPa, Poisson’s ratio v = 0.33,
solid density p, = 8000 kg/m?. The time step is 5t = 1.3367 x 1078 s.

Re

e

R.

Figure 1: The schematic of a plate with a pre-existing crack.

Firstly, the breakage of bonds between material points is not allowed. Under
the stretching of upper and bottom boundaries, the crack opens gradually and
forms an ellipse-like shape. The displacement of material points near the initial
horizontal crack at the time ¢ = 16.7 us is plotted in Fig. The results
match well with those from Madenci and Oterkus [I1]. Then, crack generation
is allowed by using the critical stretch s, = 0.04472. The initial crack keeps
growing toward the left and right boundaries of the plate as shown in Fig.
The horizontal location of the right tip of the growing crack is recorded in Fig. [4]

which is in good agreement with the results of Madenci and Oterkus [11].
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Figure 2: Vertical displacement D, of the material points near the initial crack at the time

t = 16.7 pus when failure is not allowed.

Damage

Figure 3: Crack growth at three instants, ¢t1 = 10.0 us, to = 13.4 us, t3 = 16.7 ps, when

failure is allowed.
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Figure 4: Variation of the horizontal location X of the right tip of the growing crack when
failure is allowed. Damage here is quantified as the ratio of the number of broken bonds to

the total number of bonds for each peridynamic material point.

8.2. Sedimentation of an elastic disk under gravity

An elastic circular disk placed in a viscous fluid falls freely under gravity
g of 980 cm/s? as sketched in Fig The diameter of the disk D is 0.25 cm.
The density of fluid py is 1.0 g/cm®. The kinematic viscosity of fluid v¢ is 1.0
cm?/s. The width and height of the computational domain are W = 2.0 cm and
H = 5.0 cm, respectively. A no-slip boundary is applied at all the four edges
and a fixed reference pressure p = 0 at the upper boundary. Initially, both the
velocities of fluid and solid are set to be zero, the initial pressure of the fluid is
p = 0, and the distance between the disk centre and the upper boundary L is 1.0
cm. The number of lattices over the disk diameter is 100, which corresponds to
0z = 2.5x 1073 cm. The Poisson’s ratio for the disk v, is 0.33. The solid density
ps is larger than the fluid density py so that the disk can move downwards under
the gravity and buoyancy forces. In addition, the performance of the current

method as ps approaches to py will be demonstrated in this case.
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Figure 5: A schematic of the sedimentation of a disk under gravity.

The sedimentation of a circular disk with different densities p, = (1.05, 1.1,
1.5, 2.0)p; and the Young’s modulus £ = 1 x 10* g/(cm-s?) is simulated to
validate the ability of the present numerical scheme for the cases with a density
ratio close to unity. The variation of the vertical velocity of the disk V,, is
recorded in Fig. @ Meanwhile, as the scheme of Feng and Michaelides [53] can
compensate the internal mass effect of rigid objects, which has been verified
by multiple publications [21I} 50, 53], the vertical velocity variation of a rigid
circular disk is also presented for assessing the current approach to mitigating
the internal mass effect. It can be seen in Fig. [6] that for both rigid and elastic
disks the settling velocity keeps increasing until it reaches the stable terminal
velocity V;. The specific values of V; are displayed in Table[2] where the empirical

results are calculated using the following equation [54]:

1174 D\? D\*
) 0091 17244 (=) —17302( =) |.
n<D> 0.9157 + 1.7 <W> 730 (W”

It is clear that the terminal velocities of both rigid and elastic disks agree well

(ps — pf)gR2

.Vi -
dpyvy

with the empirical results.

By comparing the movement of the rigid disk with and without compensating
the internal mass effect, i.e. the lines noted by “InM” and “No InM” respec-
tively in Fig. [6] it can be found that the internal mass effect is pronounced in

the acceleration phase as stated by Suzuki and Inamuro [50]. Throughout both
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the acceleration phase and the steady falling phase, the movement of the elastic
disk simulated by the current method agrees well with that of the rigid disk
(InM), for which the internal mass effect is dealt with appropriately. Specifi-
cally, for the case with ps = 2.0p; and a larger Young’s modulus £ =1 x 108
g/(cm-s?), which means the elastic particle is more rigid, the variation of the
vertical velocity is almost identical to that of the rigid disk (InM). Thus, for
the case with insignificant particle rotation, the current method for minimizing
the internal mass effect is appropriate. For the elastic disk with a small solid
density ps and a small Young’s modulus E, a relatively significant oscillation
during the acceleration phase is observed, which was not reported in any previ-
ous computational or experimental study. This may be caused by the spurious
stress computation in the immersed boundary method, and further study will
be needed to understand and mitigate the unphysical oscillations under small

solid density and Young’s modulus.
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Figure 6: Variations of the vertical velocity of the disk Vj: (a) ps = 1.05p5; (b) ps = L.1py;
(c) ps = 1.5py; and (d) ps = 2.0py.

Table 2: Terminal vertical velocity Vi of different disks at t = 0.4 s.
Rigid Disk Elastic Disk

palts Empirical Equation [54] InM [53] E =1 x 10?

1.05 -0.228 -0.229 -0.233

1.1 -0.456 -0.459 -0.464

1.5 -2.278 -2.285 -2.286

2 -4.556 -4.461 -4.454

The contours of the velocity and vorticity fields near the disk with E = 1x10%

g/(cm-s?) and ps; = 2.0ps are presented in Fig. [7] The influence of the number
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of iterations L,, of the relaxed MDF scheme is investigated by employing L,, =
1, 2, and 5 for the case in Fig.[7] To assess the accuracy of the no-slip boundary
at the fluid-solid interface quantitatively, the dimensionless numerical boundary

error is defined as
1 on lufy —u ()|
N [[VEl| ’

where u”(x;) is the fluid velocity interpolated using Eq. , uyy is the velocity

Er = (82)

of the surface material points obtained after L,, iterations. It can be seen from
Table [3 that the difference between Vj, values in the cases with L,, = 1 and
L,, =5 is only 0.6%, and the numerical boundary error Er drops by 78% when
x%0 Ly, increases from 1 to 5. It is clear that the relaxed MDF scheme works well

to solve Eq. @ efficiently.

U (cm/s) V (cm/s)

‘ I 1.8
14
1

0.6

0.2
-0.2
-0.6
-1
-1.4
-1.8
22
-26
-3
-34
-3.8
-4.2

Vorticity (1/s)

Figure 7: Contours of the horizontal velocity U, the vertical velocity V', and the vorticity of

the flow field at time t = 0.4 s.

Table 3: The influence of the number of iterations L., on the convergence of the relaxed MDF

scheme.
Iteration times L,, 1 2 5
Terminal vertical velocity V, (cm/s) -4.456 -4.454 -4.450
Numerical boundary error Er 3x107* 1.35x107* 6.55 x 107°
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8.8. Cross-flow over a deformable beam

A deformable beam is fixed at the bottom of the channel filled with a viscous
fluid as illustrated in Fig. [§] where Point A represents the tip of the beam. The
fluid and the beam are at rest initially. Then the beam starts to deform and
bend toward the outlet boundary when the fluid moves in at the inlet. The
length and height of the computational domain are L = 4 cm and H = 1 cm,
respectively. The thickness and height of the beam are ¢ = 0.04 cm and b = 0.8
cm, respectively. The influence of gravity and buoyancy is ignored here. The
half-way bounce back boundary condition is applied at the bottom edge and the
symmetrical boundary condition at the top edge. At the inlet boundary, the
velocity profile is prescribed as u = 1.5(—y? + 2y) cm/s and v = 0, and at the
outlet boundary a constant pressure p = 0 is imposed. The density and dynamic
viscosity of the fluid are p; = 1.0 g/cm® and puy = 0.1 g/(cm-s), respectively.
The density, Young’s modulus and Poisson’s ratio of the beam are set to be

ps = 7.8 g/em3, E =105 g/(cm-s?) and pu, = 0.33, respectively.

L

Inlet a Outlet

yﬂ

O x y
b—>
L/4

Figure 8: A schematic of the deformable beam in a cross flow.

In the simulations presented in Fig. |§|, the beam is discretised using (5 x
103, 10 x 203, 20 x 403, 40 x 803) material points to yield different material point
sizes, i.e. 0z = (1,2,4,8) x 1072 cm, respectively. The numbers of Lagrangian
points tracking the fluid-solid interface for different spatial resolutions are 203,
408, 818, 1638, respectively. The bottom end of the beam with a height of 36z
is fixed and placed below the bottom boundary of the computation domain to

impose a velocity constraint. With the time step ¢t = 2x107% s and the iterative
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times of the relaxed MDF scheme L,, = 2, the horizontal movement of Point
25 A against time ¢ is shown in Fig. [0} The horizontal displacement of Point A,
ie. D, in Fig. P4 indicates the bending magnitude of the beam. It shows that
the tip of the beam firstly bends toward the outlet boundary and then springs
back a little to an equilibrium location. As shown in Fig. [0} the horizontal
displacement and velocity of Point A are in a good agreement with the results
20 reported by Han et al. [55], where an Eulerian-Lagrangian-Lagrangian method

designed for FSI problems with thin structures was employed.

Han2020

------- 5x=8*10" cm
e 5x=4*10° cm
—— —— 5x=2*10°cm
———— - 8x=1*10°cm

Ux (cm/s)

1 75 7 2.5 3
t(s)

(a) The horizontal velocity, Us.

Han2020
-------- 5x=8*10° cm
——— 5x=4*10° cm

| — — —— 5=2*10"cm
e I Y — 5x=1*10"cm

0 05 1 75 7 25 3
t(s)

(b) The horizontal displacement, D,.

Figure 9: The time history of the horizontal motion of Point A. The results are compared

with the benchmark values presented by Han et al. [55].

The horizontal displacement of Point A at the time ¢ = 3.0 s is also recorded
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in Table Different from Han et al. [55], the current method with a coarse mesh-
ing can result in a more significant bending. As the grid resolution increases, the
influence of 0 becomes smaller. In addition, to study the temporal convergence
of the current method, four different time steps (6t = (2,4,8,16) x 1075 ), are
also presented in Table 4| with dz = 2 x 1072 cm. A finer temporal resolution
produces a slightly larger horizontal displacement. These results indicate that

the current method converges with a refined spatial and temporal resolution.

Table 4: Horizontal displacement of Point A at ¢ = 3.0 s for different ét and dx.

St=2x10"Cs

§z (1073 cm) 8 4 2 1

D, (cm) 0.5421 0.5225 0.5131 0.5073
dz=2x107% cm

5t (1076 s) 16 8 4 2

D, (cm) 0.5089 05112 0.5124 0.5131

With 6t =2 x107% s, 2 = 2 x 1073 c¢cm and L,, = 2, the contours of the
horizontal velocity and the pressure of the fluid domain at different instants
(t = (0.1,0.8,3.0) s) are presented in Figs. [10] and The streamlines of the
flow at ¢ = 3.0 s in Fig. show that the cross-flow is blocked successfully by
the bending beam and a stable recirculation zone appears in the downside of

the beam.
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Figure 10: Horizontal velocity contour of the flow at three instants, i.e. t = (0.1,0.8,3.0) s.
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Figure 11: Pressure contour of the flow field at three instants, i.e. ¢ = (0.1,0.8,3.0) s.
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Figure 12: Streamlines of the flow field when the beam deformation and flow reach a steady

state at t = 3 s.

The dynamic deformation and fracture of the beam under the hydrodynamic
force are presented in Fig. For different critical bond stretches, i.e. s. =
0.02, 0.1, the corresponding fracture energies are G = (0.173,4.32) x 103 J/m2,
respectively. A smaller s, means that the material damage happens more quickly
under the same loading, so Fig. shows that the beam with s, = 0.02 ex-
periences a complete rupture, while Fig. shows only slight damage at the
bottom left corner of the beam with s, = 0.1. According to the vector plot
at the time ¢ = 0.56 s as shown in Fig. the ruptured beam cannot block
the flow and instead moves with the flow. This demonstrates the advantages of
the current strong coupling approach clearly: firstly, the beam bending and its
interaction with the fluid are correctly captured; secondly, the coupling with the
peridynamic model also allows us to predict crack formation and propagation

in the beam as well as breakup of the beam.
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Figure 13: Crack formation and breakup (indicated by the damage of peridynamic material
points) of the bent beam with different critical bond stretches s. = 0.02,0.1, and the corre-
sponding vector plots of the fluid presented at ¢ = 0.04,0.32, 0.56s. Damage here is quantified
as the ratio of the number of broken bonds to the total number of bonds for each peridynamic

material points.

8.4. The flow-induced deformation of an elastic beam attached to a cylinder

The flow-induced deformation of an elastic beam attached to a rigid cylinder
was originally considered by Turek and Hron [56]. The problem is widely used as
a benchmark example to test the numerical schemes for fluid-flexible structure
interaction problems [56H59]. The initial configuration of the problem is shown
in Fig. The elastic beam of size (3.5D,0.2D) is attached to a fixed rigid
circular cylinder with the diameter D = 0.1 m. The size of the computational
domain is L x W = 25D x 4.1D. The structure made up of the cylinder and

beam is placed asymmetrically. The no-slip boundary condition is applied for
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the upper and bottom boundaries, and the zero-gradient boundary condition
for the outlet. At the inlet boundary, the parabolic inflow velocity profile is
prescribed as Uy, = 1.5Uy/W (1 — y/W), where U is the mean velocity.

No-slip
D
Uin 02D
— 4.1D
3.5D
2D )
v | No-slip
——
“ T 23D

Figure 14: Initial configuration of the vortex-induced vibration of a deformable beam.

The density and kinematic viscosity of the fluid are p; = 1.0 x 103 kg/m?
and v¢ = 0.001 m?/s, respectively. The physical properties of the beam include
the density ps, the Young’s modulus E, and the Poisson’s ratio v. For the bond-
based peridynamic model, the Poisson’s ratio v is always 0.33. The Reynolds
number is defined as Re = UD/v in the simulations. The cases of Turek and
Hron [56] are considered in this work, (1) FSI1: ps = 1.1ps, E = 1.4 x 10°
Pa, Re = 20; (2) FSI2: ps = 10ps, E = 1.4 x 10° Pa, Re = 100; (3) FSI3:
ps = L.1ps, E = 5.6 x 105 Pa, Re = 200. It should be noted that due to the
density ratio limitation, i.e. ps/py > 1, in the current method, the solid density
ratio ps/py = 1.1 in FSI1 and FSI3 is chosen to be close to 1.0 used by Turek
and Hron [56]. There are 100 lattices over the diameter of the rigid cylinder.
As the size of peridynamic points is the same as that of lattices of the CLBM
in this work, i.e. A = §z, the number of material points to discretize the beam
is 353 x 20. The left end of the beam with the length 36z is extended into the
cylinder to ensure a fixed left end for the beam. The distribution of Lagrangian
points on the jointed structure is displayed in Fig. The Lagrangian points
along the cylinder surface are distributed evenly and the spacing ds is close to
0x (0s = 0.997dz). The time steps 6t for the cases of FSI1, FSI2, and FSI3 are
(2.5, 1.25, 1.25)x 1075 s, respectively.
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Figure 15: The distribution of Lagrangian points on the structure’s surface. The Lagrangian
points are denoted by the symbol ® and the peridynamic material points by O. Furthermore,

the material points inside the cylinder are marked by ©.

As the fluid passes through the fixed cylinder, the attached flexible beam
will deform. For a large Reynolds number, there will be vortexes shedding at
the wake of the cylinder, so the beam is expected to oscillate periodically. The
growth and oscillation of the beam deformation can be witnessed in Fig.
where D, is the vertical displacement of Point A. Moreover, the influence of the
internal mass is clearly demonstrated by comparing the results with and without
compensating the internal mass effect, see the results denoted by InM and No
InM in Fig. It can be seen that for FSI1 the beam firstly deflects downward
slightly and then moves upwards until becoming steady at the location D, =
0.9376 mm. Point A of the case FSI1 reaches a steady terminal location which
is hardly affected by the internal mass effect, apart from a slight discrepancy at
t = 3.1s. On the other hand, for FS2 and FSI3, the influence of the internal mass
effect is significant and continuous, lasting from the early-stage deformation
growth to the final periodic oscillation.

Table [5| shows the detailed comparison of the displacements D, and D, of
Point A in FSI1, FSI2, and FSI3 with the results published by Turek and Hron
[56] and Kollmannsberger et al. [59]. The displacement is given in the form of
“< Mean > 4+ < Amplitude >< Frequency (Hz) >”, where the mean value
i8 (Dmaz + Dimin)/2, the amplitude is (Dymaz — Dmin)/2, and the frequency
is obtained with a Fourier transformation of D, and D,. It seems that when
the internal mass effect is considered (InM) in the current method, an excellent

agreement is achieved in all the three cases despite the slight difference in p;.
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When the internal mass effect is not considered (No InM), the results of FSI1
show little difference, while for FSI2 and FSI3, the reductions in the frequency
of D, are 10.5% and 9.3%, respectively, and the increases in the amplitude of
D, are 9.7% and 23.0%, respectively. The periodical movement of Point A is
compared in detail with the results from Turek and Hron [56] in Fig. It is
obvious that the influence of the internal mass is much more significant for FSI3
(Re = 200) than for FSI2 (Re = 100). These results are consistent with the
conclusion drawn by Suzuki and Inamuro [50] for unsteady body motions, i.e.
the internal mass effect becomes more and more pronounced as the Reynolds

number increases.

Table 5: The displacement of Point A in comparison with the previously reported data.

FSI1 D, (1072 m) D, (1073 m)
Turek and Hron [56] 0.0227 0.8209
Kollmannsberger et al. [59] 0.0229 0.810

Current method (InM) 0.0159 0.9376
Current method (No InM)  0.0078 0.9350

FSI2 D, (1073 m) D, (1073 m)
Turek and Hron [56] —14.58 £12.44[3.8]  1.23 4 80.6[2.0]
Kollmannsberger et al. [59] —15.1 + 12.8[3.8] 1.20 £ 83.4[1.9]
Current method (InM) —15.6 + 12.9[3.5] 1.28 £ 84.2[1.9]
Current method (No InM)  —18.4 +14.9[3.4]  1.33 + 92.4[1.7]
FSI3 D, (1073 m) D, (1073 m)
Turek and Hron [56] —2.69 £ 2.53[10.9]  1.48 £ 34.38[5.3]
Kollmannsberger et al. [59] —2.88 +£2.71[11.0]  1.48 + 35.1[5.5]
Current method (InM) —2.53 +2.33[10.6]  1.48 +33.1[5.4]
Current method (No InM)  —3.70 £ 3.43[10.0] 1.60 £ 40.7[4.9]

Fig. shows that the vorticity contours of FSI2 when the beam oscillates
periodically at four different instants, i.e. ¢ = 12.12,12.27,12.40, 12.54s, which

are marked in Fig. The corresponding velocity magnitude contours of the
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beam and the velocity vectors of the surface material points are displayed in
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Fig. It can be seen that the beam deforms very smoothly.
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Figure 16: Time history of the vertical displacement of Point A.
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Figure 17: Variation of the displacements D, and Dy of Point A, comparing with the results

of Turek and Hron [56].

37



Journal Pre-proof

Vorticity (1/s): -30 24 -18 -12 6 0 6 12 18 24 30

Figure 18: Vorticity contours of the flow field in FSI2 at four different instants.
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Figure 19: Velocity magnitudes of the beam and velocity vectors of surface material points in

FSI2 at four different instants.

To demonstrate the effectiveness of the present approach to capturing the
crack and breakup of structures in a flow field, a critical bond stretch s. =

0.05 (G. =7.56 J /m2) is assumed in the peridynamic model to allow material
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damage. The growth of crack and the movement of the broken beam in the
flow field of FSI2 are shown in Fig. [20] At the time of 6.07s, the up left end
of the beam is slightly damaged. At the time of 6.82s, a complete breakup at
the joint of the beam and the rigid cylinder can be clearly seen. The broken
beam is then detached from the rigid cylinder and moves with the fluid towards
the outlet. At the time of 7.82s, there is a significant change in the vorticity
contour of the flow field, where the size of the vortex attached on the upside of
the beam becomes much smaller, and new vortices appear in the gap between

the rigid cylinder and the broken beam.

11

Vorticity (1/s): -30-24 -18-12 -6 0 6 12 18 24 30 Damage: 0.05 0.15 0.25 0.35

Figure 20: Crack formation and breakup (indicated by the damage of peridynamic material
points) of the oscillating beam in FSI2 at the four different instants, and the corresponding
vorticity contours of the flow field. Damage here is quantified as the ratio of the number of

broken bonds to the total number of bonds for each peridynamic material point.

The current method is implemented with the graphics processing unit (GPU)
parallel computation. All the simulations in this work are carried out on a

host CPU (Intel(R) Xeon(R) E5-2630 v4 (2.20GHz)) and a single device GPU
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(NVIDIA Tesla V100-SXM2-16GB). It can be seen from Table [f] that for the
case FSI2, the fluid solver LBM consumes the most time of 7.8 s for a total of
1 x 10% steps, while the computational time for the peridynamic model is almost
negligible due to the small number of material points. It should be noted that
updating the matrix A and w is relatively time-consuming, 2.9 s for 1 x 104
steps, while the total computational time consumed is about 15.1 s. The details
of implementing the fluid solver LBM and the relaxed MDF-IBM on a single
GPU can be found in Zhang et al. [21] 22] 60], and the GPU implementation

of the peridynamic model can refer to the work of Liu and Hong [61].

Table 6: Computational time consumed in FSI2.

Solvers CLBM PD Update A and w IBM (L,, = 5)
Number of nodes 1,027,911 7,060 1017 x 1017 1017
Time for each solver (s/10* steps) 7.8 0.5 2.9 3.1

CPU: Xeon(R) E5-2630 v4 (2.20GHz)

Time in total (s/10* steps) 15.1
GPU: Tesla V100-SXM2-16GB

4. Conclusions

A novel strong coupling partition approach for the peridynamic and IB-
CLBM models is developed to simulate complex fluid-structure interactions ac-
curately and efficiently. In addition to describing structure deformation, our
method can capture crack formation, propagation, breakup of structure. The
strong coupling is achieved by adding velocity corrections for the fluid and solid
phases simultaneously at each time step, which are calculated by solving a lin-
ear system of equations derived from an implicit velocity-correction IB scheme.
Therefore, this new strong coupling scheme based on the IBM eliminates the
need to iteratively solve the dynamics of the fluid and solid phases at each time
step. Moreover, instead of using the time-consuming matrix inversion calcula-
tion, the simultaneous velocity corrections are solved with the efficient relaxed

MDF scheme of the IBM. Our method is validated rigorously by a range of
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cases including the plate with a pre-existing crack under velocity boundary con-
ditions, the sedimentation of an elastic disk, the cross-flow over a flexible beam,
and the flow-induced deformation of an elastic beam attached to a rigid cylin-
der. Moreover, the dynamics of crack formation and breakup of structures in
a flow field are inherently captured. Therefore, this novel FSI model exploiting
strong coupling of the peridynamic and IB-CLBM models has shown its poten-
tial in simulating complex FSI problems involving structural deformation and

fracture.
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