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A One-Field Monolithic Fictitious Domain
Method for Fluid-Structure Interactions

Yongxing Wang*, Peter Jimack, Mark Walkley
School of Computing, University of Leeds, Leeds, UK, LS2 9JT

Abstract

In this article, we present a one-field monolithic fictitious domain (FD) method
for simulation of general fluid-structure interactions (FSI). “One-field” means
only one velocity field is solved in the whole domain, based upon the use of an
appropriate L2 projection. “Monolithic” means the fluid and solid equations are
solved synchronously (rather than sequentially). We argue that the proposed
method has the same generality and robustness as FD methods with distributed
Lagrange multiplier (DLM) but is significantly more computationally efficient
(because of one-field) whilst being very straightforward to implement. The
method is described in detail, followed by the presentation of multiple compu-
tational examples in order to validate it across a wide range of fluid and solid
parameters and interactions.

Keywords: Fluid-Structure interaction, Finite element, Fictitious domain,
Monolithic method, One-field fictitious domain method

1. Introduction

Numerical simulation of fluid-structure interaction is a computational chal-
lenge because of its strong nonlinearity, especially when large deformation is
considered. Based on how to couple the interaction between fluid and solid,
existing numerical methods can be broadly categorized into two approaches:
partitioned /segregated methods and monolithic/fully-coupled methods. Simi-
larly, based on how to handle the mesh, they can also be broadly categorized
into two further approaches: fitted mesh/conforming methods and unfitted /non-
conforming mesh methods [IJ.

A fitted mesh means that the fluid and solid meshes match each other at
the interface, and the nodes on the interface are shared by both the fluid and
the solid, which leads to the fact that each interface node has both a fluid ve-
locity and a solid velocity (or displacement) defined on it. It is apparent that
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the two velocities on each interface node should be consistent. There are typ-
ically two methods to handle this: partitioned/segregated methods [2 3] and
monolithic/fully-coupled methods [4} [5l [6]. The former solve the fluid and solid
equations sequentially and iterate until the velocities become consistent at the
interface. These are more straightforward to implement but can lack robustness
and may fail to converge when there is a significant energy exchange between
the fluid and solid [3]. The latter solve the fluid and solid equations simultane-
ously and often use a Lagrange Multiplier to weakly enforce the continuity of
velocity on the interface [6]. This has the advantage of achieving accurate and
stable solutions, however the key computational challenge is to efficiently solve
the large systems of nonlinear algebraic equations arising from the fully-coupled
implicit discretization of the fluid and solid equations. Fitted mesh methods can
accurately model wide classes of FSI problems, however maintaining the quality
of the mesh for large solid deformations usually requires a combination of arbi-
trary Lagrangian-Eulerian (ALE) mesh movement and partial or full remeshing
[7]. These add to the computational expense and, when remeshing occurs, can
lead to loss of conservation properties of the underlying discretization [8].
Unfitted mesh methods use two meshes to represent the fluid and solid sep-
arately and these do not generally conform to each other on the interface. In
this case, the definition of the fluid problem may be extended to an augmented
domain which includes the solid domain. Similarly to the fitted case, there are
also two broad approaches to treat the solid domain: partitioned methods and
monolithic methods. On an unfitted mesh, there is no clear boundary for the
solid problem, so it is not easy to enforce the boundary condition and solve the
solid equation. A wide variety of schemes have been proposed to address this
issue, including the Immersed Finite Element Method (IFEM) [9] 10} 1T}, 12, 13]
and the Fictitious Domain method (FDM) [14} [I5, [T6] 17, [I8]. The IFEM de-
veloped from the Immersed Boundary method first introduced by Peskin [19],
and has had great success with applications in bioscience and biomedical fields.
The classical IFEM does not solve solid equations at all. Instead, the solid
equations are arranged on the right-hand side of the fluid equations as an FSI
force, and these modified fluid equations are solved on the augmented domain
(occupied by fluid and solid). There is also the Modified IFEM [I3], which
solves the solid equations explicitly and iterates until convergence. The FDM
has a similar spirit to IFEM in that it treats the domain occupied by solid as
a fictitious/artificial fluid whose velocity /displacement is constrained to be the
same as that of the solid. The FDM approach usually uses a distributed La-
grange multiplier (DLM) to enforce the constraint [14] [T5] [T6] [17] whilst the
IFEM typically uses a pseudo body force which is evaluated from the known
deformation of the solid and introduced into the fluid momentum equation. Ref-
erence [I4] presents a fractional FD scheme for a rigid body interacting with
the fluid, whilst [I5] introduces a fractional step scheme using DLM/FD for
fluid /flexible-body interactions. In the case of monolithic methods, [16] uses
a FD/mortar approach to couple the fluid and structure, but the coupling is
limited to a line (2D) representing the structure. Reference [I8] uses a mortar
approach to solve fluid interactions with deformable and rigid bodies, and [I7]
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also solves a fully-coupled FSI system with hierarchical B-Spline grids. There
are also other monolithic methods based on unfitted meshes [20] 21].

It can be seen that the major methods based on unfitted meshes either avoid
solving the solid equations (IFEM) or solve them with additional variables (two
velocity fields and Lagrange multiplier) in the solid domain. However, physically,
there is only one velocity field in the solid domain. In this article, we follow
the one-field spirit and only solve one velocity variable in the whole/augmented
domain. We shall introduce a one-field FD method which can be categorized as
a monolithic approach using an unfitted mesh.

In the one-field spirit, [22] introduces an Eulerian formulation by remeshing
and [23] presents a 1D model using a one-field FD formulation but does not
discuss how to compute the integrals arising from the two different domains.
There are other similar Eulerian formulations for FSI problems, such as the
eXtended Finite Element Method (XFEM) [24], local modification of elements
[25] and other fully Eulerian formulations [20] 27) 28] that are coupled with either
local adaptivity or ALE methods. However these formulations are not in the
spirit of one-field, usually the velocity of the fluid (including fictitious fluid), the
displacement of the solid and the Lagrange multiplier are solved monolithically,
which are three-field formulations (four fields if the moving mesh is solved for
as well).

The main idea of the method presented here is as follows. (1) One-field
formulation: we first discretize the control equations in time, re-write the solid
equation in the form of a fluid equation (using the velocity as a variable rather
than the displacement) and re-write the solid constitutive equation in the up-
dated coordinate system. (2) L? projection (isoparametric interpolation): we
then combine the fluid and solid equations and discretize them in an augmented
domain. Finally the multi-physics problem is solved as a single field.

The remaining sections are organized as follows. In section |2 the control
equations and boundary conditions for fluid-structure interactions are intro-
duced. Section [3] presents the weak form of the FSI system based on the aug-
mented fluid domain. Section[d]introduces a splitting scheme after discretization
in time. Section [5] and [6] discusses how to linearize the convection step and dif-
fusion step respectively. In section [7] the overall solution algorithm is presented
after discretization in space, which clarifies one of the main differences of the
proposed numerical scheme. In section [§] numerical examples are described to
validate the proposed method across a wide range of flows and material. Some
remarks and observations are discussed in section [J] and finally a brief summary
is presented in section

2. Governing equations for FSI

In the following context, Q{ C R? and Q3 C RY (with d = 2 in this arti-
cle) denote the fluid and solid domain respectively which are time dependent
regions as shown in Figure|l} Q = Q{ U is a fixed domain and I'; = 09{ Ny
is the moving interface between fluid and solid. All subscripts, such as i, j,



and k, represent spatial dimension. It implies summation over the spatial di-
mension if they are repeated in one term. For example, uf and u; denote the
s velocity components of fluid and solid respectively, szj and o}; denote the stress
tensor components of fluid and solid respectively, and (u$)" is a solid velocity
component at time t". Matrices and vectors are denoted by bold letters.
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Figure 1: Schematic diagram of FSI, @ = Qf uQg, T =P urV.

We assume an incompressible fluid governed by the following equations in
Q{ as shown in Figure

f
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We also assume an incompressible solid that is governed by the following
equations in 2f as shown in Figure
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In the above Tij; and Tfj are the deviatoric stress of the fluid and solid re-

spectively, pf and p* are the density of the fluid and solid respectively, pu/ is
o the fluid viscosity, and g; is the acceleration due to gravity. Note that (4)-(6)
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describe an incompressible neo-Hookean model that is based on [16] and is suit-
able for large displacements. In this model, u*® is the shear modulus and p® is
the pressure of the solid (p/ being the fluid pressure in ) We denote by x;
the current coordinates of the solid or fluid, and by X; the reference coordinates

of the solid, whilst F = g;] is the deformation tensor of the solid and DQt
J
represents the total derivative of time.
On the interface boundary I'y:

u{ = uj, (7)
olnd =ons (8)
i = Ti"

where n? denotes the component of outward pointing unit normal, see Figure
Dirichlet and Neumann boundary conditions may be imposed for the fluid:

ul =u; on TP, 9)

crlfjnj =h; on TN, (10)
Finally, initial conditions are typically set as:

uf

i—o = uf‘t:o =0, (11)

though they may differ from .

3. Weak formulation

I f f oo f
u; in pl in Q
Let (u,v), = fw uvdw, u; = {ulf i Q% and p = {ps in Q% . We then

perform the following symbolic operations:
(Eqa UI)Q{ - (Eq7 q)Q{ + (Eq'yvi)Qf - (Eq7q)Q;§ )

for independent test functions v; € H () and q € L?(Q).
Integrating the stress terms by parts, using constitutive equations and
@ and boundary condition , gives the following weak form for the FSI

system.
Find u; € H'(Q) and p € L3 () such that

f Duz v + Fi avi (9’Uj 8uj
[ Tig» - v -\ 9.
p Dt’ Q Y 8a:j Q P (933]' Q ij q Q
Duy; Ov;
s _ f s s _ o f Y (12)
+ (P P ) < Dt ,w)ﬂf + <n] Tijs axj)gf

= (Biuvi)FN +pf (giavi)Q + (pS - pf) (ngl)Qf )




s Yv; € HE(Q) and Vg € L? (). In the above, pf and Tij; are extended to be
defined over the whole of 2. Note that the integrals on the interface (boundary
forces) are cancelled out using boundary condition . This is not surprising
because they are internal forces for the whole FSI system considered here.

Remark 1 The fluid deviatoric stress T/; is generally far smaller than the

1w solid deviatoric stress 7,5, so we choose to neglect the fluid deviatoric stress TZ-J;
in €° in what follows. Note that the classical IFEM neglects the whole fluid
stress szj when computing the FSI force [9]. An equivalent way of interpreting

neglecting Tij;- in Q°f is to view the solid as being slightly visco-elastic, having

the same viscosity as the fluid.

135 4. Discretization in time

The integrals in equation are carried out in two different domains as
illustrated in Figure[ll We use an Eulerian mesh to represent 2 and an updated
Lagrangian mesh to represent €2° therefore the total time derivatives in these
two different domains have different expressions, i.e:

Dui - 8ui 6ul

= + in Q, (13)
Dt 3t jal‘j
and Dus 9
Uu; u; s
Dt = o Q°. (14)

Firstly, based on the above two equations and , we discretize (12)
in time using a backward finite difference. Then omitting the superscript n+ 1,
showing the solution is at the end of the time step, for convenience, we obtain:

pfwi—w o Oui Ny Qv 0u Oy
P\ Al 700, ) T\ 0wy ) Doy ) w7

w; — Ul ov;
+ ps - Pf ( t ,U’i) + (T;H > (15)
( ) At Q;-%—l J 89cj

Q1

= (hi,vi) pw + 07 (g1 v)q + (0° = p7) (g0, vi)g

s
n+1

Note that in the above we have replaced €,., by ; ,; for notational conve-
nience. Using the splitting method of [29, Chapter 3], equation can be
expressed in the following two steps.

(1) Convection step:

* ou*
o (“ . ”Z,vi> =0; (16)
xXi Q




(2) Diffusion step:
ey, g OuN () 0u (0
’ < At 71)Z>s)_~_<Twa$J‘)§z ( ' Oz 8xj7q Q

U — Uy 0v;
+(pspf)< X Z,'Ui> +(Tfj,8 ) (17)
@ Ti/ g,

= (hi,vi) pw + 07 (g5 01)g + (0° = p7) (g1, vi) o

ntl

The treatment of the above two steps is described separately in the following
uo subsections.

5. Linearization of the convection step

In this section, two methods are introduced to treat the convection equation:
Least-squares method and Taylor-Galerkin method, both of which can be used in
the framework of the proposed scheme. Some numerical results for comparison

us between these two methods are discussed subsequently in section 5. Because
the overall scheme is explicit, all non-linear terms are linearized using the values
from the last time step. Of course, the scheme can be made implicit with the
same linearized form by iterating within each time step starting from the value
at the last time step.

10 9.1. Least-squares method

Linearization of equation gives,

oul ou noul
(“*At<fa “a)>gz< iprs )Q 18)

For Least-squares method [30], we may choose the test function in the following

form: 5 5
g n OW;
v, = L(w;) = w; + At (wja;j—i—uj 3xj> , (19)
where w; € H} (). In such a case, the weak form of is:
(L (ui), L (wi))g = { ui’ + Atuf oz, — L(wi) ) (20)
Q

In our method a standard biquadratic finite element space is used to discretize
equation directly.

5.2. Taylor-Galerkin method
It is also possible to linearize equation as:

uf —u 1 0
i oy —an P = 1
< ; +2u33xj(u —i—u)v)Q 0 (21)



or

ul —ul ou?
T T L) =0. 22
< AT e, U)g 22
Rewriting as
ou?
e — Aty — 23
U, U; ug 6.’1); ) ( )
substituting into equation 7 and applying integration by parts we ob-
tain:
wf —ul o Oul > At ( , oulr navi)
——Ful ;| =—-——up =, u; , 24
( At 7oz, "), 2 \ *oxy 02 ), (24)

where the boundary integral is neglected because u]' is the solution of the previ-
ous diffusion step, which means no convection exists on the boundary after the
diffusion step. Finally the weak form of Taylor-Galerkin method [29], Chapter
2] can be expressed, by rearranging the last equation, as:

oup A (0 Oup D
Do = (= At v ) = e (up oo ) L (25
(ui,vi)g (ul t Oz ° )Q 2 (uk D), &CJ')Q )

6. Linearization of the diffusion step

As mentioned above, the overall scheme is explicit, so all the derivatives are
computed on the known coordinate (z§)" (denoted z!' for convenience). One
could also construct x?“ at each time step and take derivatives with respect to
1:?“, however we do not consider such an approach in this article. According
to the definition of 7% in equation @,

s ”+1_ s ax;ﬂrl 83)?+1
()" =n <8Xk ox, 0 (26)

The last equation, using a chain rule, can also be expressed as:

(rs)" " = s A 5
R —H oz} da *

: (27)
ozt [ Ox Oap ozt
+put = — 0w
oxry \0Xp, 0X,, oz}
and then (Tf-)m—l can be expressed by coordinate z' as follows:
n 9t 9zt oxnt! " dx !
()" = | S — 00 |+ g () e (28)
J oz} Ox} oz oz}



155

Using 27"t — 27 = w7 "' At, which is the displacement at the current step, the

last equation may be expressed as:

n41 ountt n+l gy ntl
s\ntl s du; uj du; uj s\"
T = u®At 1n + ~ + At ln — + (755
(73) ( Oz’ ox! oz} Ox} (73)

8un+1 8u74‘+1 81/?‘*‘1 n 8u’?+1
2 n J n J
+ At a;g (8) D7 + At 3;2 (Ti;)" + At (1) e

(29)

Finally, after linearization of the last equation, the weak form can be ex-
pressed as:

f u; — uj ] s f uf — (uf)" _
P < At 7”1)Q+(p p)< At , Ug o

n41

. 8ui+8uj ov; B % B %
s a{IJj 8%—’8:@ Q P 8$j Q axj’q Q

Al <8xj + Ox; + At@a:k A + At@xk oy, O, o,
Ou; ou?  Qu? Ou; Ov;
2 i s\n g 3 syn YUj i (30)
+ A (&m (7i2) oz + Oxy, (i) oz’ 8xj>ﬂs )

ou; n ou; Ov;
A 7 S' S n ¥ 7
+ At (al'k (Tk]) + (Tzl) axl ) al’j)ﬂs 1

= (hisvi)pn + 07 (g vi)g + (0° = 07) (9, 00)qs

u Ou™ oum™ ou? ov;
AP L AR () L - ()

" <H Oz, Oy, * dxy, (i) Oy ()" amj)Q

s
n+1

The spatial discretization of the above linearized weak form will be discussed
in the following section, along with the overall solution algorithm.

7. Discretization in space and solution algorithm

7.1. Spatial discretization

We shall use a fixed Eulerian mesh for {2 and an updated Lagrangian mesh
for Q0 ; to discretize equation . First, we discretize Q as Q" using PP el-
ements (the Taylor-Hood element) with the corresponding finite element spaces
as

VHQ") = span{py, - pnu} C H (Q)

and
LMQ") = span {¢1, -+ ,dnv} C L*(Q).
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The approximated solution u” and p* can be expressed in terms of these basis
functions as

N NP
u"(x) =Y ux)eix), p'x) =) p(xi)di(x). (31)
i=1 i=1

We further discretize €25, as Q5" (actually it is discretized once on €2
and then updated from the previous mesh) using P; elements (bilinear triangle
element) with the corresponding finite element spaces as:

VR ) = span {@, -, e} C H (25,1)

and approximate u” (X)}xeﬂsh as:

N® N® N*
u (x) = > " (x)pl(x) = D> > ulx;)e;(x5)e) (%), (32)
i=1 i=1 j=1

where x; is the nodal coordinate of the solid mesh. Notice that the above
approximation defines an L? projection P, from V" to V*": P, (uh(x)) =
u®’ (x).

Substituting , (32) and similar expressions for the test functions v", ¢"
and v*" into equation (30)) gives the following matrix form:

o o)) -(0) &

A =M/At + K + DT (M?*/At + K*) D, (34)

where

and
b =f+D"f* 4+ Mu*/At + D"M*Du"/At. (35)

In the above, matrix D is the isoparametric interpolation matrix derived
from equation (32]) which can be expressed as

PT 0
D = [ 0 PT:| ' Pij = wi(x5).
All the other matrices and vectors arise from standard FEM discretization: M
and M* are mass matrices from discretization of integrals in Q" (with shape
function ¢;) and Q" (with shape function ¢f) respectively, and similarly for

stiffness matrices K and K*. B is from discretization of integral — (p, %) in
J

(30). The force vectors f and f* come from discretization of integrals on the
right-hand side of in Q" and Q%" respectively. The specific expressions of
these matrices and vectors can be found in

10
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7.2. Owerall solution algorithm

Having derived a discrete system of equations we now describe the solution

algorithm at each time step.

n .

(1) Given the solid configuration (x*)" and velocity field u™ = { Elllli))n ZZ gi
at time step n.

(2) Discretize the convection equation or and solve it to get an inter-
mediate velocity u*.

(3) Compute the interpolation matrix and solve equation using u* and
(u®)" as initial values to get velocity field u™*?.

(4) Compute solid velocity (u®)"™" = Du”™! and update the solid mesh by
(x*)" = (x%)" 4+ At (u®)"", then go to step (1) for the next time step.

Remark 2 The choice of Py element for an updated domain 2° is convenient,
because the form of the bilinear shape functions stays the same when updating
the nodal coordinates using (x*)"™" = (x*)" + At (u®)" .

Remark 3 When implementing the algorithm, it is unnecessary to perform
the matrix multiplication DTK*D globally, because the FEM interpolation is
locally based. All the matrix operations can be computed based on the local
element matrices only. Alternatively, if an iterative solver is used, it is actually
unnecessary to compute DTK*D. What an iterative step needs is to compute
(DTKSD) u for a given vector u, therefore one can compute Du first, then
K* (Du), and last DT (K*Du).

8. Numerical experiments

In this section, we present some numerical examples that have been selected
to allow us to assess the accuracy and the versatility of our proposed numer-
ical scheme. We demonstrate convergence in time and space, furthermore, we
favourably compare results with those obtained using monolithic approaches
and IFEM, as well as compare against results from laboratory experiment.

In order to improve the computational efficiency, an adaptive spatial mesh
with hanging nodes is used in all the following numerical experiments. Readers
can reference [31], 32] 33, [34] for details of the treatment of hanging nodes. The
Least-squares method (section is used to treat the convection step in all
tests unless stated otherwise.

8.1. Oscillation of a flexible leaflet oriented across the flow direction

This numerical example is used by [I5, 16} [I7] to validate their methods. We
first use the same parameters as used in the above three publications in order
to compare results and test convergence in time and space. We then use a wide
range of parameters to show the robustness of our method. The computational
domain and boundary conditions are illustrated in Figure

11
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Figure 2: Computational domain and boundary conditions, taken from [I6].

Fluid Leaflet
L=40m w = 0.0212 m
H=10m h=08m

pf =100 kg/m? | p* =100 kg/m?
pf =10 N-s/m? | p* =107 N/m?

Table 1: Properties and domain size for test problem
with a leaflet oriented across the flow direction.

The inlet flow is in the x-direction and given by u, = 15.0y (2 — y) sin (27t).
Gravity is not considered in the first test (i.e. g = 0), and other fluid and solid
properties are presented in Table

The leaflet is approximated with 1200 linear triangles with 794 nodes (medium
mesh size), and the corresponding fluid mesh is adaptive in the vicinity of the
leaflet so that it has a similar size. A stable time step At = 5.0 x 107%s is
used in these initial simulations. The configuration of the leaflet is illustrated
at different times in Figure

Previously published numerical results are qualitatively similar to those in
Figure [3[ but show some quantitative variations. For example, [16] solved a
fully-coupled system but the coupling is limited to a line, and the solid in their
results (Figure 7 (1)) behaves as if it is slightly harder. Alternatively, [I5] used
a fractional step scheme to solve the FSI equations combined with a penalty
method to enforce the incompressibility condition. In their results (Fig. 3 (h))
the leaflet behaves as if it is slightly softer than [16] and harder than [I7]. In [I7]
a beam formulation is used to describe the solid. The fluid mesh is locally refined
using hierarchical B-Splines, and the FSI equation is solved monolithically. The
leaflet in their results (Fig. 34) behaves as softer than the other two considered
here. Our results in Figure |3| are most similar to those of [I7]. This may be
seen more precisely by inspection of the graphs of the oscillatory motion of the
leaflet tip in Figure 4] corresponding to Fig. 32 in [I7]. We point out here
that Taylor-Galerkin method has also been used to solve the convection step
for this test, and we gain almost the same accuracy using the same time step
At = 5.0 x 10~%s. Having validated our results for this example against the

12
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Figure 3: Configuration of leaflet and magnitude of velocity on the adaptive fluid mesh.

work of others, we shall use this test case to further explore more details of our
method.

We commence by testing the influence of the ratio of fluid and solid mesh
sizes r,=(local fluid element area)/(solid element area). Fixing the fluid mesh
size, three different solid mesh sizes are chosen: coarse (640 linear triangles with
403 nodes 7y, ~ 1.5), medium (1200 linear triangles with 794 nodes r,, ~ 3.0)
and fine (2560 linear triangles with 1445 nodes r,, = 5.0), and a stable time
step At = 5.0 x 10~ %5 is used. From these tests we observe that there is a slight

13
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Figure 4: Evolution of horizontal and vertical displacement at top right corner of the leaflet.

difference in the solid configuration for different meshes, as illustrated at t = 0.6s
in Figure 5. Significantly however, the difference in displacement decreases as
the solid mesh becomes finer. Further, we found that 1.5 < r,, < 5.0 ensures
the stability of the proposed approach. Note that we use a 9-node quadrilateral
for the fluid velocity and 3-node triangle for solid velocity, so r,, =~ 3.0 means
the fluid and solid mesh locally have a similar number of nodes for velocity.

[disp| disp] disp]

0.40159 0.44653 046712
0.35697 I 0.39691 ' 041522
0.31235 0.3473 0.36332
| £ 0.29769 031142
ozoms . 0.24807 - 0.25951
- 0.22311 - »
P £ 0.19846  0.20761
J 41049 - 0.14884 - 0.15571
- 0.13386

0.089243
0.044621
0

0.099229
0.049614

0.10381
R 0.051903
& <

(a)coarse (b)medium (c)fine

Figure 5: Configuration of leaflet for different mesh ratio 7,
and contour plots of displacement magnitude at ¢ = 0.6s.

We next consider convergence tests undertaken for refinement of both the
fluid and solid meshes with the fixed ratio of mesh sizes r,,, =~ 3.0. Four different
levels of meshes are used, the solid meshes are: coarse (584 linear triangles
with 386 nodes), medium (1200 linear triangles with 794 nodes), fine (2560
linear triangles with 1445 nodes), and very fine (3780 linear triangles with 2085
nodes). The fluid meshes have the corresponding sizes with the solid at their
maximum refinement level. As can be seen in Figure [f]and Table[2] the velocity
is converging as the mesh becomes finer.

In addition, we consider tests of convergence in time using a fixed ratio of
fluid and solid mesh sizes r,, ~ 3.0. Using the medium solid mesh size and the
same fluid mesh size as above, results are shown in Figure [7] and Table[3] From
these it can be seen that the velocities are converging as the time step decreases.
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u
0.52068
l 0.46166
0.40264
£ 0.34362

. 0.2846
| 0.22558
! 0.16656
0.10754
0.04852
-0.0108

(a) Coarse

u
0.53779
I 0.47695
0.4161
£ 0.35525
- 0.2944
1 0.23355
- 0.17271

0.11186
0.051011
-0.0098366

(c) Fine

u
0.53565
l 0.47508
0.41451
- 0.35393
£ 0.29336
1 0.23279
£ 0.17222
0.11164
0.05107
-0.0005023

(b) Medium

u
0.53969
' 0.47865
0.4176
£ 0.35655
- 0.2955
I 0.23446
- 0.17341

0.11236
0.051316
-0.0097313

(d) Very fine

Figure 6: Contour plots of horizontal velocity at t = 0.5s.

Between different mesh sizes

Difference of maximum

horizontal velocity at t = 0.5s

coarse and medium

0.01497

medium and fine

0.00214

fine and very fine

0.00190

Table 2: Comparison of maximum velocity for different meshes.

u
0.54936
l 0.48747
0.42557
0.36368
£ 0.30178
% 0.23989
£ 0.17799
0.11609

0.054199
-0.0076972

(a) At =2.0x 10735
(breaks down at t = 0.61s).

0.53565

l 0.47508

0.41451

- 0.35393

: 0.29336

™ 0.23279

r 0.17222

0.11164

0.05107
-0.0095023

(c) At = 5.0 x 10" 5.

v —
0.54082
l 047974
0.41867
- 0.3576
- 0.29653
023546
£ 0.17438
0.11331
0.052241
-0.0088308

(b) At =1.0 x 10~ 3s.

o S—
053302
' 0.4727
0.41238
- 0.35206
- 0.29175
023143
- 017111
0.11079
0.05047
-0.0098491

(d) At =2.5 x 10 5.

Figure 7: Contour plots of horizontal velocity at t = 0.5s.
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265

Difference of maximum

Steps sizes compared horizontal velocity at ¢t = 0.5s

At=20x10"2%and At=1.0x 1073 0.00854
At=1.0x 102 and At =5.0 x 10~ 4 0.00517
At=50x10"%*and At =25x 1074 0.00263

Table 3: Comparison of maximum velocity for different time step size.

‘Es :loe
Ar=10"

t/T7=0.2

7 =10’

- -4
‘ At—Z.Oxlﬁs 107
’ At=5.0x10"

y

'—ﬁ: —10°
Ar=5.0x10""

D" =10 Green/n .
t/T=1.2

(c) Re = 100, i° = 10% and Fr = 0. (d) Re =100 and g° = 10°.

Figure 8: Parameters sets and results, At = 5.0 x 10~ *s for Group (b)~(d).

Finally, in order to assess the robustness of our approach, we vary each of
the physical parameters using three different cases as shown in Figure A
medium mesh size with fixed r,, &~ 3.0 is used to undertake all of these tests.

The dimensionless parameters shown in Figure E are defined as: p" = Z—;, ne o=
s § . . .
‘)}‘W,Re = 2 UH and Fr = %—f;’ where the average velocity U = 10 in this

example. The period of inlet flow is T' = 1.

It can be seen from the results of group (a) that the larger the value of shear
modulus ° the harder the solid behaves, however a smaller time step is required.
For the case of i* = 10°, the solid behaves almost like a rigid body, as we would
expect. From the results of group (b) it is clear that the Reynolds Number (Re)
has a large influence on the behaviour of the solid. The density and gravity have
relatively less influence on the behaviour of solid in this problem which can be
seen from the results of group (¢) and group (d) respectively.
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8.2. Oscillating disc surrounded by fluid

This example is taken from [35] and used to validate the conservation of
mass and energy using the proposed method. The computational domain is a
square [0, 1] x [0, 1] with a homogeneous Dirichlet boundary conditions imposed
for velocity, whilst the pressure is fixed to be zero at the left-bottom corner of
the square. A soft solid disc is initially located in the middle of the square and
has a radius of 0.2. The initial velocity of the fluid and solid are prescribed by
the following stream function

U = Uysin(az)sin(by),

where ¥y = 5.0 x 1072 and a = b = 27. The whole system then evolves from
this initial condition.

We first use the same parameters as used in [35]: pf = p* = 1.0, pf = 1073
and p® = 1.0, then we switch to p® = 2.0 and p° = 10, and undertake the
tests with the other parameters unchanged. Three different initial meshes for
the square (coarse: 20 x 20, medium: 40 x 40 and fine: 80 x 80) and 2-level
adaptive refinement near the interface based on these initial meshes are used.
The solid mesh has a similar number of nodes with the fluid mesh near the
interface. A snapshot of the velocity norm on the medium adaptive mesh, and
the corresponding deformation of the disc at ¢ = 0.5, are plotted in Figure [0
The energy of this FSI system is computed as follows.

-
| |
.
i
y
3
[ |
]
[ ]

}‘ Ivelocity|
0.18316
[velocity| l 0.16335
0.44687 0.14355
0.39722 012974
0.34757 1 0.08413
i 0.29791 0.064325
£ - 0.24826 0.04452
E & 0.19861 0.024715
- 0.14896 0.0049101
ut 0.099304
! 0.049652

0

(b) Deformation of solid.

(a) Velocity norm.

Figure 9: Velocity norm and solid deformation at ¢ = 0.5
for p* = 1.0, At = 103 (medium mesh).

Kinetic energy in Q:
p! 2
B =% [ . (36)
Q

Kinetic energy in €2:

s _ of
Bu@) =02 [l (37)

t
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Viscous dissipation in :

Potential energy of solid:

sy _ M
Ep () = 7/ (trppr — d). (39)
o
Analytically, the total energy
E = Ep(Q) + Ex(Q7) + Eq(Q) + Ep(€25) (40)

should be a constant. This is considered in the plots of Figure When the
fluid and solid have the same density, the maximum variation of total energy is

o5 around 1.6% (t = 0.26), as shown Figure [10| (a), and when their densities are
different (p* = 2.0), as shown in [10[ (b), the maximum variation of total energy
is around 2.2% at t = 0.31. For the case of p* = 10 we have a similar result,
with the maximum variation of total energy being about 4.9% at ¢t = 0.6 using
the same time step At = 1073,

0.03 0.03
---------------------- Rt R LT
0.025f oo T 0.025 E\
N \ L 8 total
\ E "
002t \ E @) total 0.02 %% E (@)
\ | % \
By \ P 3> k N
$ 0015 R o N 2 0.015 N B
2 X 2 \
} B E@
Ef© NeanP TN d s
0.01 dg ) g e N 0.01 — Vo g s
N 2 ‘E " ) B
Sy S # p—
0.005 z /Ep(ﬂo) 0.005 7 k( ) - ~ K
s oLz T =
% 0.2 0.4 0.6 0.8 1 0 02 04 0.6 038
Time (s) Time (s)
(a) pf =p* =1.0. (b) pf =1.0, p* = 2.0.

Figure 10: Energy evolution of an oscillating disc, At = 10™2 (medium mesh).

280 We further verify the convergence of both energy and mass, which is clearly
demonstrated in Figure

8.8. Oscillation of a flexible leaflet oriented along the flow direction

The following test problem is taken from [36], which describes an implemen-

tation on an ALE fitted mesh. It has since been used as a benchmark to validate

285 different numerical schemes [I7],[18]. The geometry and boundary conditions are
shown in Figure

For the fluid, the viscosity and density are puf = 1.82 x 107% and pf =

1.18 x 1073 respectively. For the solid, we use shear modulus p* = 9.2593 x 10°

and density p® = 0.1. The leaflet is discretized by 1063 3-node linear triangles
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(a) Energy convergence.

(b) Mass convergence.

Figure 11: Convergence of energy and mass, p° = 2.0, At = 5.0 x 10”4,

N u-n=0
—>
—
55 [>U=513
—>
—>
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1 I < H\ p=0
—
—
55 |—
—
—
— u-n=0
4.5 1.0 4.0 10.0

Figure 12: Computational domain and boundary condition for oscillation of flexible leaflet.

HH

(a) Leaflet displacement and fluid pressure. (b) Mesh refinement near the structure.

Figure 13: Contour plots of leaflet displacement and fluid pressure at t = 5.44s.

with 666 nodes, and the corresponding fluid mesh locally has a similar node
density to the leaflet (1, =~ 3.0). First the Least-squares method is tested and a
stable time step At = 1.0 x 10735 is used. Snapshots of the leaflet deformation
and fluid pressure at t = 5.44s are illustrated in Figure In Figure the
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Figure 14: Distribution of pressure across the leaflet on the three lines in Figure |13| (b).

distributions of pressure across the leaflet corresponding to the three lines (AB,
CD and EF) in Figure |13| (b) are plotted, from which we can observe that the
sharp jumps of pressure across the leaflet are captured.

The evolution of the vertical displacement of the leaflet tip with respect to
time is plotted in Figure [I5(a). Both the magnitude (1.34) and the frequency
(2.94) have a good agreement with the result of [36], using a fitted ALE mesh
and of [I7], using a monolithic unfitted mesh approach. Taylor-Galerkin method
is also tested using At = 2.0 x 10~ s as a stable time step, and a corresponding
result is shown in b). This shows a similar magnitude (1.24) and frequency
(2.86). These results are all within the range of values in [I7, Table 4]. Note
that since the initial condition before oscillation for these simulations is an
unstable equilibrium, the first perturbation from this regime is due to numerical
disturbances. Consequently, the initial transient regimes observed for the two
methods (Least-squares and Taylor-Galerkin methods) are quite different. It
is possible that an explicit method causes these numerical perturbations more
easily, therefore makes the leaflet start to oscillate at an earlier stage than when
using Least-squares approach.

1.5 1.5

1 1

0.5f

Vertical displacement
: =)

Vertical displacement
o

3 3
Time (s) Time (s)
(a) Least-squares method. (b) Taylor-Galerkin method.

Figure 15: Displacement of leaflet tip as a function of time.
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8.4. Solid disc in a cavity flow

This numerical example is used to compare our method with the IFEM,
which is described in [TT}, [35]. In order to compare in detail, we also implement
the IFEM, but we implemented it on an adaptive mesh with hanging nodes, and
we use the isoparametric FEM interpolation function rather than the discretized
delta function or RKPM function of [9, [10].

The fluid and solid properties are chosen to be the same as in [35]: pf =
p* = 1.0, uf = 0.01 and p* = 0.1. The horizontal velocity on the top boundary
of the cavity is prescribed as 1 and the vertical velocity is fixed to be 0 as shown
in Figure [I6] The velocities on the other three boundaries are all fixed to be 0,
and pressure at the bottom-left point is fixed to be 0 as a reference point.

Uy = 1,uy, =0 (1,1)

1
(0,00 =
Figure 16: Computational domain for Figure 17: Adaptive mesh for
cavity flow, taken from [35]. cavity flow.

In order to compare our method with IFEM we use the same meshes for fluid
and solid: the solid mesh has 2381 nodes and the fluid mesh locally has a similar
number of nodes (adaptive, see Figure . First the Least-squares method is
used to solve the convection step, and the time step is At = 1.0 x 1073, Figure
shows the configuration of the deformed disc at different stages, from which
we do not observe significant differences of the velocity norm even for a long
run as shown in Figure [1§| (b). Then Taylor-Galerkin method is tested, and we
achieve almost the same accuracy by using the same time step (not shown in
the Figure).

We also test different densities, and the cases of p* = 1.0 and p* = 100. For
our proposed method we can use p® = 100 or larger in order to make the solid
behave like a rigid body without changing time step (again, not shown here due
to lack of space). This is not possible for the IFEM for which the simulation
always breaks down for p® = 100, however small the time step, due to the huge
FSI force on the right-hand side of the IFEM system.

8.5. Falling disc in a channel with gravity

The final test that we present in this paper is that of a falling disc in a
channel, as cited by [10, 18] for example, in order to further validate against the
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Figure 18: Velocity norm for a soft solid (u° = 0.1) in a driven cavity flow
using our method (left) and IFEM (right).

s IFEM and a monolithic method respectively. The computational domain and
parameters are illustrated in Figure (a) and Table @ respectively. The fluid
velocity is fixed to be 0 on all boundaries except the top one.

W <+—
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(a) Computational domain (b) Contour of vertical velocity at t = 1s (fine mesh)

Figure 19: Falling disc in a channel with gravity.

There is also an empirical solution of a rigid ball falling in a viscous fluid
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350

355

Fluid Disc
W =2.0cm d=0.125 cm
H=40cm h=0.5cm
pf =1.0 g/ em? p° =12 g/em?
u! =1.0 dyne-s/cm? | p® = 10% dyne/ cm?
g =980 cm/ s? g =980 cm/ s?

Table 4: Fluid and material properties of a falling disc.

[18], for which the terminal velocity, us, under gravity is given by

s __ . f 2
wup = W <ln (f) —0.9157 + 1.7244 (%)2 ~ 17302 (2)4> . (41)

where p* and pf are the density of solid and fluid respectively, u is viscosity
of the fluid, g = 980 cm/ s? is acceleration due to gravity, L = W /2 and r is
the radius of the falling ball. We choose u® = 10% dyne/cem? to simulate a
rigid body here, and p* = 10'2 dyne/ cm? is also applied, which gives virtually
identical results.

Three different meshes are used: the disc boundary is represented with 28
nodes (coarse), 48 nodes (medium), or 80 nodes (fine). The fluid mesh near the
solid boundary has the same mesh size as that of the disc, and a stable time step
t = 0.005s is used for all three cases. A local snapshot of the vertical velocity
with the adaptive mesh is shown in Figure (b). From the fluid velocity
pattern around the disc we can observe that the disc behaves like a rigid body
as expected. In addition, the evolution of the velocity of the mid-point of the
disc is shown in Figure 20} from which it can be seen that the numerical solution
converges from below to the empirical solution.

0.3
0.3567

0.34 -

-===---=-- CcOArse mesh

0.32 £ e medium mesh

fine mesh
0.3

vertical velocity

0.26 -

0.24 -

Il Il 1 I Il Il
0.4 0.5 0.6 0.7 0.8 0.9 i
time (s)

0.2

Figure 20: Evolution of velocity at the center of a falling disc.
(The blue solid line represents the empirical solution from formula (41)),
for interpretation of the reference to color, the reader is referred to the web version.)
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9. Discussion

In this section, some further remarks and notes concerning the proposed
method are discussed.

9.1. Treatment of the convection equation

Both the Least-squares method and Taylor-Galerkin method add artificial
diffusive terms in their formulations to stabilize the numerical scheme. Like all
such stabilisation approaches this necessarily has an influence on the accuracy,
especially for large Reynolds numbers. In such cases a balance is required be-
tween minimizing the artificial dissipation and maintaining a stable time step
size that is acceptable. In our applications, the Reynolds number is around
100 ~ 500, except for two extreme test cases in section whose Reynolds
numbers are 1000 and 5000 respectively (Figure [8| (b)). Even then, in these
cases a minimal amount of diffusion is observed provided we use a small time
step (5 x 107%). Alternatively, an upwind scheme or a discontinuous Galerkin
method could be a better choice. However, we have not yet implemented such
methods on the adaptive mesh with hanging nodes.

9.2. The Lagrangian update of the solid

Updating the solid based upon its velocity could lead to distorted elements,
either in its interior or at its boundary. Should this occur there are advanced
mesh update techniques to improve the quality of solid mesh [37] or discrete
remeshing may be used [7]. However all of the tests undertaken in this article
have been performed based upon published benchmarks using incompressible
solids and a small time step, and we have not encountered the problem of
significantly distorted elements. In other applications our simple Lagrangian
approach may not be adequate and so ALE techniques, possibly including mesh
quality improvement, may also be required.

9.8. Contact between solids and boundaries

In many applications moving solids may run into boundaries (either external
or of other moving bodies). In this article, we have only considered standard
benchmark problems for which contact does not arise. Hence, through the use of
a small time step and an adaptive algorithm to refine the mesh when the solids
are near each other or near the boundaries, we have not needed to implement a
contact test or a contact model. In the future, we do intend to consider adding
a contact model in order to further generalize our method.

9.4. Conditioning of the linear system
If p* > pf, and neglecting Tifj, the discretized linear equation system is
guaranteed to be well-conditioned. However, this restriction is too stringent
to be a necessary condition. For example, we have implemented and tested a
number of cases for which p® < p/ and the solid rises in a stable manner due to

buoyancy.
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9.5. Approximation for pressure

It is well known that the pressure jumps across the interface between the fluid
and solid, and that a high resolution is therefore needed near the interface in
order to capture this jump. In this article, we use an adaptive mesh refinement
near the interface to reduce the error caused by our continuous approximation
(P3P element) for this discontinuous pressure. An alternative or additional
choice is to use P2 (P; 4 C) elements (the shape function of pressure is enriched
by a constant) in order to capture an element-based jump of pressure. We intend
to test this element in the future.

10. Conclusion

In this article we introduce a one-field FD method for fluid-structure interac-
tion, which can be applied to a wide range of problems, from small deformation
to very large deformation and from very soft solids through to very rigid solids.
Several numerical examples, which are widely used in the literature of IFEM and
FD methods with DLM (DLM/FD), are implemented to validate the proposed
method.

The one-field FD method combines features from both the IFEM and DLM/FD.
Nevertheless, it differs from each of them in the following aspects. Firstly, our
one-field FD method solves the solid and fluid equations together while the clas-
sical IFEM does not solve the solid equations. Although the implicit form of
IFEM can iteratively solve the solid equations, this is different from our one-
field FD method which couples the fluid and solid equations monolithically via
a direct matrix addition as shown in formulas and . Secondly, while
both our one-field FD method and DLM/FD solve solid equations, the former
solves for just one velocity field in the solid domain using FEM interpolation,
while the latter solves one velocity field and one displacement field in the solid
domain using Lagrange multipliers. In summary therefore we believe that the
one-field FD method has the potential to offer the robustness and range of oper-
ation of DLM/FD, but at a computational cost that is much closer to that of the
IFEM approaches. Expressed another way, we contend that our approach has
all of the advantages of IFEM techniques but the additional robustness usually
associated with more complex monolithic solvers.

Appendix A. Expressions of M, M?, K, K°, B, f and f*

In this appendix, the specific expressions for the mass matrices M and M?,
stiffness matrices K and K, matrix B and the force vectors f and f* in equations

, and are presented.
(1) M: (k,m=1,2,---N")

M = pf [Mn

M22:| s (M), = (Ma2),, = 9k, m)n -
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K3, can be expressed by changing the subscript 1 to 2 and 2 to 1 in the
formula of Kj3;.
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