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method and the immersed boundary method with a second order predictor corrector
model for the structure. The effect of the lagrangian weight of the immersed boundary
method is also analyzed in the context of fluid structure interaction. Both curved and

Keywords: moving boundaries are considered, and several methods to calculate the lagrangian weight
Fluid-structure interaction are compared on relevant test-cases: the laminar flow around a cylinder at Reynolds
Lattice-Boltzmann method number Re = 100, the Poiseuille flow in a 2D channel and a 3D fluid-structure interaction
Immersed-boundary method test case: a deformable flapping flag immersed in a laminar flow. A convergence study
Lagrangian weight in space and time is performed and the three following parameters are investigated: the

Predictor-corrector

number of lagrangian markers along the boundary, the value of the lagrangian weight and
Large eddy simulation

the shape of the discrete delta function used in the immersed boundary. Finally, the novelty
of the paper is two-fold: a new expression of the lagrangian weight which is found to
reduce the error by 20% in the case of fluid-structure interaction, and the coupling of a
turbulence model with a second order predictor corrector model for improved stability
and accuracy. This numerical methodology is found here to be accurate for challenging
cases with high added mass effect and high Reynolds number flows.

1. Introduction

The need to accurately capture the motion of a solid in a fluid flow has proven necessary in a number of applications,
such as wind turbines, aircraft wing oscillations or biological flows. Fluid-structure interaction deals with the coupled dy-
namics between a complex fluid flow and a moving or deforming structure, for instance when a fluid flow exerts a load
onto a structure, which is significant enough to change the fluid flow. In literature two ways of coupling are encountered,
namely one-way or two-way coupling. In the one-way coupling method, we consider that the fluid is barely affected by the
small structural deformations which means that only the fluid pressure is transferred from the fluid domain to the struc-
tural domain. In the two-way coupling method, we consider that the fluid and solid domains are fully interacting, meaning
that the fluid also receives information from the structure solver, namely the displacement and velocity of the structure. In
this paper, we propose a two-way coupling between a Lattice-Boltzmann solver for the fluid and a finite element software
for the structure. To couple both solvers, we use the immersed boundary method (IBM) with an explicit coupling (or weak
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coupling), and we focus on the derivation of a new expression of the lagrangian weight in the IBM, and its effect on the
accuracy of the fluid structure interaction.

The immersed boundary method (IBM) is a useful tool in order to deal with moving or deformable solids in a fluid flow,
especially for complex geometries. Indeed, the fluid mesh does not need to be fitted to the solid body, making it possible
to handle complex moving and deformable shapes. The no-slip condition is enforced by imposing a fictitious force on the
immersed boundary between the fluid and the solid. Peskin [1] introduced the immersed boundary method in the 1970s in
order to simulate blood flow in a heart with flexible valves. He was followed by a number of authors who used the IBM for
numerous applications, including multiphase flows [2], turbulent flows [3] and porous flows [4]. As detailed in section 2.2,
the IBM is based on an interpolation of the macroscopic values followed by a spreading operation of the computed force.
If the interpolation and spreading operators are not strictly mathematically reciprocal, fluid can penetrate into the solid,
leading to a boundary slip error which is a well-known drawback of the immersed boundary method. A notorious effect of
this error is the overprediction of the aerodynamic forces [5,6] even if the overall fluid mass and momentum are conserved
in the domain. This issue has been investigated in the past, and several solutions have been proposed to overcome this
problem, which are listed below.

In 2005, Uhlmann [7] was the first to propose a predictive step yielding a more regular intermediate velocity field,
since there is no discontinuity related to the presence of a boundary in the predictive step. This improves the order of the
interpolation with the discretized interpolation kernel which explains the order 2 reported in many works in the literature.
He also derived a formula in order to find the number of lagrangian points to define the boundary, based on an evaluation
of the lagrangian weight, denoted by W}, hereafter, which can be seen as the volume of influence of each lagrangian marker.

To obtain a reliable method, the total force integrated in the eulerian space must be equal to the total force integrated
in the lagrangian space, as pointed by [1,7]. In the continuous space, this condition is not problematic, whereas when
evaluating both integrals numerically, one must compute the Eulerian weight, which is simply equal to Ax® following the
mid-point rule for the integral, and the Lagrangian weight, which cannot be computed directly because a dimension is
missing: only the boundary is known in the Lagrangian space, and not the whole volume, by definition of the IBM. It is thus
necessary to compute the Lagrangian weight in another way. There exist in literature many ways to tackle this problem, but
most of them are not general. Concerning the order of the method, Peng and Luo [5] performed a comparison of the IBM
with the interpolated bounce back scheme, as well as a grid convergence study, and concluded that the IBM is a first-order
method, which does not strictly satisfy the no slip boundary condition at the boundary. In 2007, Luo [8] stated that the
velocities on the Lagrangian points may not satisfy strictly the no-slip boundary condition, and they proposed a correction
called “the multidirect forcing technique”, which consists in iterating the boundary force until the interpolated velocity
matches the desired velocity at the boundary. Later on in 2009, Wu and Shu [9] considered that the IB force is regarded as
an unknown (more precisely the unknown variables are the velocity corrections at the boundary). These unknown variables
can be determined by enforcing the no-slip boundary condition, and solving a linear system. Although their approach is
accurate, it is cumbersome to implement and to solve at each iteration. Pinelli et al. [10] and Favier et al. [11] proposed
a correction factor €, which can be assimilated to the lagrangian weight computed by resolving a linear system in order
to ensure the reciprocity of the interpolation and spreading operators, which can be done by inverting a matrix or using a
conjugate gradient algorithm to obtain an approximated solution. Vanella and Balaras [12] proposed a moving-least-square
approximation to build the transfer functions between the eulerian and lagrangian grids and Kempe and Frohlich [13]
proposed an implicit correction based on a direct forcing approach of the IBM and on the Navier-Stokes equations. Seta et
al. [14] also developed an implicit correction of the boundary slip error based on a two-relaxation-time collision operator
in the Lattice Boltzmann framework. Akiki and Balachandar [15] expanded the area weights in scalar spherical harmonic
modes for only the lowest modes that equal the number of independent equations in order to find the lagrangian weights,
but this method adds complexity to the IBM algorithm making it more computationally demanding. In fact, introducing an
implicit algorithm or solving a linear system heavily increases the cost of the method.

Another way to improve the accuracy of the no slip condition is to calibrate the boundary force using a multiplying
coefficient, as proposed in 2019 by Tao et al. [16]. In 2020, a similar approach was reported by Peng and Wang [17] where
optimal values for the coefficients were derived (8/3 for 4-point delta function and 2 for 3-point delta function) from ideal
testcases such as Poiseuille flow. Nevertheless this approach cannot satisfy the no-slip condition perfectly. In order to over-
come this issue, Gsell et al. [18] recently proposed an analytical correction leading to a very small boundary slip error for a
negligible computational cost and without any major modification of the IBM. Zhou and Balachandar [19] did an analysis of
the spatio-temporal resolution of the immersed boundary method with direct forcing and investigated the importance of the
lagrangian weight in the IBM, which we will detail in section 2.2. They reported that the overprediction of the aerodynamic
forces in the IBM is due to the error of the velocity profile near the solid-fluid interface because of the spreading operation
and that it is linked to the value of the lagrangian weight which appears in the spreading operation. Finally, Qiuxiang et al.
[20] implemented the IBM in non-iterative and iterative ways and discussed the non-iterative version without and with a
velocity prediction step. They concluded that for numerical instabilities often encountered in low structure-to-fluid mass ra-
tio cases, the numerical stability can be improved by adding a small feedback coefficient with several iterations. In addition,
they also find that the iterative IBM with smaller feedback coefficient has better numerical stability.

These recent works show that the boundary slip error in the IBM is still a crucial topic of an on-going research to
improve the reliability of the method, to which our work is contributing. By ensuring the reciprocity of the interpolation and
spreading operators, the lagrangian weight is crucial to impose accurately the no slip boundary condition at the interface.

2



Here, we propose a theoretical development in section 2.4.2 based on a Taylor expansion for the expression of the lagrangian
weight. It has the advantage of being independent of the mesh size ratio between the structure and the fluid, and can also
be applied to complex geometries regardless of the delta function. Its computational cost is negligible as no iterative method
or linear system resolution (i.e. matrix inversion) is needed. We also emphasize here quantitatively the importance of the
lagrangian weight for fluid-structure interaction, which affects the accuracy and stability of the coupling.

Another important aspect of this work is the explicit coupling used here. The simultaneous solution of structural dy-
namics and fluid dynamics is not possible with the explicit approach because each solver (fluid or solid) performs its
own iteration before exchanging data (forces or displacements) to the other. This staggering (or time lag) introduced in
the coupling can lead to an imbalance of forces exchanged at the fluid/solid interface, which causes numerical instabilities
detrimental to the stability. For this reason, Piperno and Farhat [21] proposed several prediction schemes for the structural
displacement to counter the time lag introduced in the explicit coupling. With this predictive step, the accuracy and stabil-
ity of the explicit coupling is improved and the numerical instabilities are decreased. Similarly to this idea, we use in this
work a predictor-corrector model proposed by Miranda [22] in 1989, which is inspired by the Newmark method, but which
presents better stability and accuracy properties. This results in an implicit-explicit method combining the computational
efficiency of the explicit method, and the enhanced stability of the implicit method. This predictor-corrector model is effec-
tive in reducing the time lag of the explicit coupling, and it can therefore be used in challenging configurations, involving
high added-mass effect for instance [23] or turbulent flows.

Very recently in 2022, Wang et al [24] performed a thorough analysis of the progress of the Lattice Boltzmann for fluid
structure interaction. One of their conclusions is that “the further efforts to extend the LBM to two-way FSI at high Reynolds
numbers and in 3D domain for realistic applications are highly desired”. By including a turbulence model in our work, and
validating our method on a complex 3D turbulent fluid structure interaction case, we address this recent issue. Indeed, LES
is not well established in the FSI context up to now and only a few articles mention it, including [25] to which we will
compare our results. They use an ALE formalism for their coupling scheme, meaning that the grid movement and refinement
has to be solved following the movement of the solid. An advantage of our method is that by using the IBM, the grid stays
fixed during the movement of the solid, hence we do not need to solve a supplementary equation for the movement of the
grid, and this added complexity is avoided.

To summarize, we propose a theoretical development based on a Taylor expansion of the lagrangian weight, which is
general and not restricted to any specific delta function, any lagrangian or eulerian grid size, or any specific geometry.
It is thus applicable to a wide range of cases. We then perform an analysis of the effect of this lagrangian weight on a
fluid structure interaction, which shows a reduction of the error by 20% in this case. Finally, we study a turbulent flow
around a moving object with high added mass effect, which demonstrates the accuracy and robustness of our method. We
also analyze two prediction schemes for the structural displacement to counteract the time lag introduced in the explicit
coupling. Both moving and deformable objects immersed in laminar and turbulent flows are considered and we investigate
the influence of the three following parameters:

o the resolution of the lagrangian mesh, i.e. the number of lagrangian markers along the boundary
e the value of the lagrangian weight
e the shape of the discrete delta function

The paper is organized as follows. First, the key features of the mathematical and numerical approach are given in
Sect. 2. In particular, the reciprocity of the interpolating and spreading operators is also discussed in this section, as well
as the details of the coupling between the structure and fluid solvers. A validation on both steady and moving boundary
test cases is then presented in Sect. 3, with a final test case consisting in a fully two-way coupled turbulent fluid structure
interaction configuration. Conclusions are then drawn in Sect. 4.

2. Mathematical description and numerical implementation

For the fluid, the Lattice-Boltzmann method (LBM) is used, which has been increasingly used in the past decades as
an alternative approach to the Navier-Stokes (NS) equations. The LBM relies on a mesoscopic description of the fluid flow
using particle distribution functions, and matches the solutions of the NS equations on a macroscopic level. Here, we use
the Hybrid Recursive Regularized (HRR) collision model which shows excellent stability and accuracy properties [26].

A brief overview of the Lattice-Boltzmann method is presented here, together with the immersed boundary method and
the correction of the no-slip boundary error.

2.1. Basic lattice-Boltzmann equations and collision model

The LBM is used with the D3Q19 lattice discretization as it is classically well-suited to simulate athermal weakly
compressible flows. The macroscopic quantities (density o, momentum puy, and momentum flux tensor Ilyg) are com-
puted as the zeroth order moment: p =), f;, the first order moment: puy = ;i fi and the second order moment:
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[yg =Y iCiaCipfi where the Greek letters o and B represent the cartesian coordinates. The Lattice-Boltzmann equation,
discretized in space, time, and velocities, is given by

fi@+ciA t+A) = fx 0+ (- %)f,-”eq(x, t) + %hi(x» t) (1)

This equation describes the evolution of a particle distribution function f that represents the probability density of
particles with velocity ¢ at time t and position x.

The equilibrium function is written using the HRR (Hybrid Recursive Regularized) collision model [26]. The HRR model
is used to enhance numerical stability, by enforcing a traceless lattice-Boltzmann tensor (by simply removing its trace). It is
observed to yield accurate and robust results for a broad range of applications and flow physics, e.g. [27-31].

J2ag@ By
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In equation (1), h; is the external source term representing the effect of the solid on the fluid. In the lattice space, we
follow Guo’s [32] work to take into account an external force so that h; is written:
At _ci—u ¢

u
Z)[ 2 +?Ci]~g (3)

hi = pwi(1 —
In the presence of an external force, following [32], the macroscopic velocity is also modified as:
At
— . fed
pu=3 cifi'+ g (4)
1
where g denotes the external macroscopic volumic force given by the IBM which will be defined in section 2.2.

2.2. Implementation of the immersed boundary method

The immersed boundary force is a fictitious force which takes into account the effects of the structure on the flow. The
solid boundary I' is geometrically described by a set of lagrangian markers X;, whereas the eulerian fluid nodes occupy the
volume €2 and are denoted by x;. Capital letters indicate the variables at the lagrangian markers and u* is the predicted
velocity without the presence of solid. The spreading operator S[G](x) of a function G is written as:

SIGl(x) = / G()d(x— X(r)AS(rydr (5)
r

where AS is the weight associated to the solid boundary element.
The interpolating operator I[¢](r) of a function ¢ on the boundary I" uses the same § function which will be described
in section 2.3:

1[<Z>](T)quﬁ(é\f)é(}\f—X(r))AX3 (6)
Q

The algorithm of the IB method is now described as derived in [18,33]:

1. Update of the position of the lagrangian markers X, and the velocity of the solid U¢
2. Algorithm of the LBM without solid on the eulerian fluid nodes to obtain u*

Start of the loop over lagrangian nodes:
3. Interpolation of p and pu™* on the lagrangian markers Xj:

Ip1(X1) =) pX))(X;j — Xi) AX® o
i

1ou*1(Xe) =) pu*®j)8(xj — Xi) AX® (8)
J

4. Computation of the immersed boundary force:

_ 2 d *
G= A—t(l[P]U — I[pu”]) (9)



Fig. 1. Immersed boundary method and representation of the delta function. (For interpretation of the colors in the figure(s), the reader is referred to the
web version of this article.)

5. Spreading of the force on the surrounding eulerian fluid nodes

g2(xj) =SICIx)) =Y G(Xi)8(xj — Xi) ASy (10)
k

End of the loop over lagrangian nodes
6. Update of u (eq. (4)) and f (eq. (1)) in the LBM with the previously computed force

The main advantage of the immersed boundary method is that the motion of the solid can be described with a single
mesh and a moving frontier across this original mesh. Thus, there is no need to deform the mesh nor recreate a new mesh
during the computation, which are well-known computationally expensive procedures.

2.3. Discrete delta function

In the interpolation or spreading operators, §(x) is a mollifier or a smooth approximation to the Dirac delta function. It
is the discrete equivalent of the Dirac delta function which serves to transport information from the lagrangian space to the
eulerian space and vice versa. In Fig. 1, the dotted square line represents the application field of the § mollifier function,
the blue domain represents the solid and X} is the lagrangian marker where the density and velocity fields are interpolated
from the surrounding fluid nodes.

The delta function needs to verify the two following conditions:

/a(x—xo)dx:l (11)
Q
/(x —x0)¥8(x — x0)kdx =0 (12)
Q

In other words, the moments of order k of the function § all cancel except for k = 0, where the moment is equal to 1.
This formulation yields an error O ((x — xo)™*1) which allows to fix the accuracy of the method.
We consider and compare three delta functions. The first one is:

(14 cos(Zh)), || <d,

b =
®) 0, Ir|>d.

(13)

This delta function is chosen for its simplicity and d is the radius of the delta function, set to 1.5 here, but more
sophisticated formulas can be used such as the second one which is a four-point discrete delta function:

23 =2Ir|+/1+4Ir| — 4r2, Ir| <1,
sy ={3G-2lr—/-7+12r| —4r2, 1<|r|<2 (14)

0, Ir| > 2.0
Finally, the third one is the one initially chosen by Roma et al. [34], and in numerous other works that followed:
1A +V-3r2+1, Ir| <0.5,
8(r)= %(5—3|r|—w/—3(1—|r|)2+1, 05<|r|<15 (15)
0, [r| >1.5



In 2012, Breugem [35] compared different delta functions regarding the “grid locking” phenomenon, which is the appear-
ance of undesired high-frequency oscillations in the force when the interface moves over the Eulerian grid [36]. He found
that these oscillations originate from variations in the interpolated prediction velocity when the Lagrangian grid moves with
the particle over the Eulerian grid. Uhlmann [7] showed that the amplitude of the spurious oscillations decreases when the
width of the regularized Dirac delta function is increased. Breugem [35] showed that the regularized Dirac delta function
of Roma et al. [34] with a width of three Eulerian grid cells is considered as effective for suppressing grid locking and its
compact support as computationally efficient.

Here, as explained in the introduction, we use a predictive step which consists in solving the fluid without the presence
of the solid points, which yields a more regular intermediate velocity field. The grid locking phenomenon is hence reduced
since there is no discontinuity related to the presence of a boundary in the predictive step, and we will compare the
accuracy of the three previous delta functions in this work.

2.4. Computation of the Lagrangian weight

After interpolating the fluid velocity on the immersed boundary, the force is distributed over the fluid volume using the
same delta function, an operation referred to as spreading. Nevertheless, this procedure can lead to boundary slip error,
and thus flow penetration. This error can be attributed to a dimension problem, which is inherent to the IBM: while the
fluid is described as a volume (3 dimensions in the general case), the structure is described only through its boundary (2
dimensions in the general case). Thus, eulerian and lagrangian spaces do not have the same number of dimensions, and a
dimension is missing in the lagrangian space to compute the term ASj in the spreading step (see equation (10)).

We call the lagrangian weight Wy, for each lagrangian marker k:

Wy = AgATAs = ASy (16)

It can be seen as a volume of influence of each lagrangian marker. Some authors (including Uhlmann [7]) have chosen
to set Wy =dx3 [37], but the original idea of [1] is that the total force integrated numerically in the eulerian space must be
equal to the total force integrated numerically in the lagrangian space:

> fidd =)W (17)
i k

Thus, one must consider the Eulerian weight, which is simply equal to Ax3 following the mid-point rule for the integral,
and the Lagrangian weight, which cannot be computed directly because a dimension is missing: only the boundary is known
in the Lagrangian space, and not the whole volume, by definition of the IBM. It is thus necessary to compute the Lagrangian
weight in another way. Moreover, as Wy and dx> belong to two different discretization spaces, there is no reason why they
should be equal.

2.4.1. Linear system resolution

To compute the vector W, we will enforce the condition that the interpolation and the spreading are reciprocal oper-
ations. In other words, for a given function ¢ defined in the lagrangian space, spreading it and interpolating the obtained
eulerian field must give back the same function. For each lagrangian marker | = 1...N, this is written by:

qb(l):Z<Z¢>(k)8(xj—xk)Wk>6(xj—Xl)AxAyAz (18)
j k
where j is an indice in the eulerian space, and [ and k are indices in the lagrangian space. This can be rewritten as:
o) = AxAyAzY " AyWio (k) (19)
k
with:
AJ<I=Z3(Xj—Xk)3(Xj - X)) (20)

J

The matrix A defined by its generic term Ajy in the previous equation is thus constructed by the product of each inter-
polation kernel k defined at the kth lagrangian marker with the other kernels | defined at the other lagrangian markers .
Finally, if we are looking for the non dimensional weight %}/Az' it can be shown that the solution of the problem for a
constant function ¢ (having the same values for all lagrangian markers) can be found by solving [10,11]:

AW =1 (21)



where [ is a vector of ones of length the number of lagrangian markers. The solution of the system is done either by direct
inversion of the matrix A, or by an iterative method, a stabilized biconjugate gradient. The two methods are tested in Pinelli
et al. [10] and Favier et al. [11] as well as in the present article, and have been shown to produce results in good agreement
with literature for general cases despite the hypothesis on the constant function ¢.

2.4.2. A new theoretical development of the Lagrangian weight

As proposed by [18], it is possible to find an analytical solution of this problem: by considering that the curvature of the
boundary is negligible and that the value of the force is small, one can linearize the expression (18) in the vicinity of each
lagrangian marker (see [18] for details). Using the properties of the discrete delta function [ré(r)dr=0 and [§(r)dr =1,
we can find that:

I[S(G)](Xm)=G(Xm)/8(r)2dr (22)

and that the corrected force noted G* which ensures the reciprocity of the interpolation and spreading operators, i.e.
I[S(G)](Xm) = G(Xyy), is given by G* = %G, with the correction parameter x defined by « = f&(r)zclr [18]. Hence this
parameter k only depends on the employed regularized Delta function and can be calculated analytically or numerically.
This approach is equivalent to defining a discretized lagrangian weight written as follows:

1
Y8 — Xp)?

We can see here that in order to calculate the lagrangian weight of the lagrangian point k, we perform a sum on its eulerian
support, i.e. the surrounding fluid nodes j of lagrangian point k.

What we propose in this paper is a new calculation of the lagrangian weight, which does not only take into account the
eulerian support of the current lagrangian point k, but also those of the neighboring lagrangian points 1. The curvature of
the boundary is hence taken into consideration, making the method applicable to a wide variety of cases. To do so, we use
again the condition that for a given function ¢ defined in the lagrangian space, spreading it and interpolating the obtained
eulerian field must give back the same function. For each lagrangian marker [ = 1...N, this is expressed by equation (18). As
for the LBM, Ax = Ay = Az, we can write it as:

P =AY "> 8 — X)s (X — XpWi (k) (24)

j ok

Wi (23)

We then perform a Taylor expansion of the function ¢ and the lagrangian weight W around the lagrangian point k, with
I its lagrangian neighbor, and | Xy — X|| the distance between the two lagrangian points.

a
800 =60 +1Xe ~ Xl 5% + 01Xk~ Xi) (25)
% ,
WI<:WI+|Xk—Xl|87 +o(| Xk — Xi17) (26)

We now assume that the solid boundary is discretized with a sufficiently fine mesh, meaning that points k and [ are close
enough so that Wy, vary little. We also assume that ¢ vary little on this mesh, which excludes functions with discontinuities
at the wall (presence of attached shocks on the boundary for instance). Based on these assumptions, we can neglect the
first order in both Taylor developments, and obtain by non-dimensionalizing by Ax3:

) =Wip() Y > " 8(xj — Xi)s (X — X1) (27)
k j
1

T 8 — Xpd(x; — X))

Here, we do not consider that the normal distance between a lagrangian point and an eulerian point is constant along
the boundary. Thus, the assumptions are less restrictive than in [38] because the curvature of the boundary is not neglected.
This new expression of the lagrangian weight can be used regardless of the solid and fluid mesh size, and of the chosen
delta function. Its computational cost is negligible and we analyze its effect on the global precision of the IBM hereafter.

Wi (28)

2.4.3. Empirical solution

[19] performed a detailed analysis of the spatio-temporal resolution of the immersed boundary method with direct
forcing and one of their findings is that as the number of lagrangian markers is increased, the largest volume-weight possible
must be less than a critical value, obtained to maintain stable solutions for a spherical particle with uniform distribution
of markers on the surface. They hence increased the value of the lagrangian weight until stability issues appeared, but we
found that this stability criterion does not necessarily lead to the value of W computed as in section 2.4.2. This discrepancy
may be due to the fact their stability condition is correct only for spherical particles, which is quite restrictive.
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Fig. 2. CSS coupling between ProLB and Calculix.

2.5. Finite element method: predictor-corrector model

For fluid-structure interaction cases, we couple the fluid LBM solver to Calculix [39] which is an open source three-
dimensional finite element solver for the structure. The explicit solver is used here with the Hilber-Hughes-Taylor method
[40], which is an extension of the Newmark method. It is derived from the implicit-explicit time integration method pro-
posed by Miranda et al. [22] in 1989 which consists in the following steps:

Predictive step:

~ 1

%H=dm+Awn+za—2mAﬂ% (29)

Vi1 =va + (1 —y)Atay (30)
Time discrete equation of motion:

May 1+ (1 +a@)Cpy —aCvy + (1 +a)Kdp1 — aKdy = Gy (31)

Corrective step:

doi1 =dpy1 + BACan (32)
Vol = V1 + Y At@piq (33)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, and d,, v, and a, are respectively the
displacement, velocity and acceleration of the solid nodes. G, are the fluid forces calculated with the IBM. The parameters
o, B and y control the accuracy and the stability of the method. Second-order accuracy can be achieved if they are set to:

1
B=-(1-ay (34)
4
1 (35)
=——0«
V=3
1
—><a=<0 (36)
3
For o = 0, the method reduces to the classical Newmark method and for o = —% there is maximum high frequency

dissipation in the structure. This method proposes a predictive step which is analogous to an explicit step, and a corrective
step analogous to an implicit step. By doing so, it combines the advantages of both time integration methods: it achieves
the goal of increased stability in the implicit step, and the computational efficiency in the explicit step.

2.6. Explicit coupling algorithm

An explicit coupling between ProLB and Calculix is implemented: at each time step, ProLB sends the forces on each
lagrangian marker to Calculix, which in return sends the displacement of the lagrangian markers to ProLB. The algorithm
is schematized in Fig. 2 in which G, is the lagrangian force on each node, and u, represents the displacement of each
lagrangian node. The red numbers refer to the operations performed during the coupling. This type of coupling is called
“Conventional Sequential Staggered” algorithm (CSS) and was used for aeroacoustic applications in the 1990’s by Piperno
and Farhat ([41,42]). There exists a large variety of more sophisticated coupling algorithms in literature, including implicit
[43] or semi-implicit [25] coupling algorithms, but for the present case the explicit CSS coupling was sufficient to obtain
stable and accurate results.
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Fig. 3. Computational setup of the 2D cylinder case.

2.7. Turbulence modeling

For the turbulent flow modeling, because of the high computational cost of DNS (Direct Numerical Simulation) and the
low fidelity accuracy of RANS (Reynolds Averaged Navier Stokes), LES (Large Eddy Simulation) has become a very popular
numerical technique. To account for the unresolved scales of motion in the turbulent case, a subgrid model is used, and
more precisely a variant of the Smagorinsky model called the “shear-improved Smagorinsky” proposed in [44]. In this model,
the sub grid scale (SGS) Reynolds stress depends on the local strain rate and leads to the eddy viscosity assumption. The
eddy viscosity arising from this model is calculated by:

ve = (C2A%)?(IS| - ) (37)

with Cs the Smagorinsky constant, Ax the local grid spacing and |S| the norm of the rate of strain tensor. The correcting
term S is the norm of the low-pass filtering (in time) of the rate of strain tensor. This filtering is explained in details in
[44] and is independent from the test case. In the LBM, the turbulent viscosity is taken into account in the calculation of
the relaxation time 7:

v+ 1

+ - At 38
z *3 (38)

with v and v; the molecular viscosity and turbulent viscosity respectively.
3. Validation of the base LBM-IBM solver

The results presented hereafter will show that the value of the lagrangian weight used to perform the spreading highly
impacts the accuracy of the fluid-structure interaction.

To examine the accuracy and reciprocity properties of the different methods, we consider different test cases of increasing
complexity.

3.1. Sensitivity analysis of the IBM: effects of Lagrangian & Eulerian grid size, time step, delta function and weight of the Lagrangian
markers

The laminar flow around a cylinder at Reynolds number Re = 100 is first considered. The computational domain is
quasi 2D and is shown on Fig. 3. The mesh is cartesian uniform, D = 0.4 is the cylinder diameter and we perform a grid
convergence study on Ax which is the eulerian mesh size. We fix the velocity at the inlet, top and bottom walls, and we
fix the density at the outlet.

The L2 error erri»(F) of a quantity F is 1 by:

Fref (tn) — Frum(tn))?
err”(F):\/Zn( Zf((F) e ))2( ’ 9

where n is the number of considered time-steps, F.s is the reference solution, and Fpym is the numerically computed
solution. A number of authors have studied the flow around a cylinder at Reynolds 100 in the past, and despite its apparent
simplicity, there is no clear consensus on the exact value of the mean aerodynamic forces for this test-case, as illustrated

9



Table 1
Comparison of the results by different studies for
a cylinder at Re = 100.

Authors Cq xSt
Braza et al. [45] 128 0.29 0.16
Zhou et al. [46] 1.48 0.31 0.162
Bourguet et al. [47] 132 032 0.164
Gsell et al. [38] 137 0.34 0.164

Velocity Magnitude
7.8e-03 02 04 06 08 1 12 14 1.6e+00

—— A 4 s e—

Fig. 4. Instantaneous velocity field and streamlines around the cylinder at Re = 100.

Table 2
Comparison of the accuracy and computa-
tional cost of the boundary slip correction

methods.
Method errp(u) Cpu time
Wy le~ 1
Bicgstab 5e7 1.6
Inverse matrix ~ le~> 225

in Table 1. The reference value used to compare with our results is taken as the average of the literature results of Table 1:
1.36, 0.315 and 0.162 respectively for drag force, peak lift coefficient and Strouhal number.

An instantaneous velocity field is shown on the Fig. 4. The velocity should be equal to zero on the immersed boundary
of the cylinder, so the velocity slip error at the boundary gives an insight on the penetration of the fluid into the solid. In
Table 2 which presents the L2 error on the velocity at the boundary, we compare in terms of accuracy and computational
time the different methods presented in sections 2.4.1 and 2.4.2 to prevent the boundary slip error, namely the method
using a matrix inversion (inverse matrix), the approximated solution using a biconjugate gradient method (bicgstab), and
the analytical solution (Wjy, see eq (28)). Fig. 5 compares the velocity profiles in the wake of the cylinder located at 0.8D
behind the cylinder obtained with the different methods.

The three methods give almost identical results, with less than 1% discrepancy between the velocity profiles. The bound-
ary slip errors are between 1le—* and 1e~>, showing that the penetration of fluid in the solid is negligible. The computational
time of the analytical method is the same as the baseline method, whereas the inversion of the matrix is the most expensive
method, as expected. Indeed, for this simple 2D test case, the computational cost of the N x N matrix inversion is more than
twice the one of the base method, meaning that for more complex flows and geometries involving a much higher number
of lagrangian markers N, the cost will increase drastically. We will now compare the results in terms of mean aerodynamic
forces, and frequencies to the reference solution.

3.1.1. Grid and time step convergence study

Following Luo et al. [5] and Zhou et al. [19] for instance, who pointed out that the accuracy of the IBM depends on the
eulerian grid resolution, we perform a grid convergence study in Table 3.

With case 15, the results show a 3.5% error on the drag force by decreasing the time step and the grid size sufficiently.
This is in accordance with [19] which stated that an extremely high eulerian grid resolution and small time step have to
be used to obtain high precision simulation results, and that the boundary slip error on velocity is proportional to the time
step when the time step is relatively small. Indeed, as reported in [38], this error scales with the Courant number C = Uo%.
(See Table 4.)

10



1.6 T T T
bicgstab method
analytical kappa method
14 inverse matrice methog' —*— |
1.2 1
g |
Z 08 .
Q
<)
o)
s 0.6 1
04 R
0.2 1
0 L L L L L L L
0 0.1 02 03 04 05 06 07 08 0.9 1
y(m)
Fig. 5. Velocity profiles along the y axis in the wake of the cylinder.
Table 3
Grid convergence.
Case  AX As Cq cpax St errp(Cq)  errpp(C"™)  errpa(St)
1 0.08 0.0837 2.07 0.6 0.134 0.52 0.9 017
2 0.04 0.0628 174 047 0.156 0.28 0.49 0.037
3 0.02 0.02512 156 0.395 0.163 0.15 0.25 0.006
4 0.01 0.01256 145 0.36 0.164 0.066 0.14 0.012
15 0.005 0.00628 1408 0.33 0.166 0.035 0.047 0.02
Ref - - 136 0.315 0.162
Table 4
Effect of the time step.
Case  Ax As dt Ca e St errp(Cq)  errpp(C"™ errp(St)
5 0.04 0.0419 0.00046188 1.68 0.425 0.153 0.24 0.35 0.055
13 0.04 0.0419 0.00015396 1.64 0.425 0.152 0.2 0.35 0.06
6 0.02 0.0209 0.00023094 152 0.385 0.165 0.12 0.22 0.018
14 0.02 0.0209 7.698e-05 145 0.36 0.162 0.06 0.14 0
Ref - - - 1.36 0.315 0.162
Table 5
Effect of the type of discrete delta function.
Case  AX As § function  Cg Cnax St errp(Cq)  errpp(C"™)  errpa(St)
5 0.04 0.0419 eq. (13) 1.68 0.425 0.153 0.23 0.35 0.055
7 0.04 0.0419 eq. (14) 1.8 0.5 0.152 0.32 0.59 0.06
8 0.04 0.0419 eq. (15) 1.68 0.42 0.154 0.23 0.33 0.05
Ref - - - 136 0.315 0.162

3.1.2. Discrete delta function

For the case 5 corresponding to an error of 23%, we test three different shapes of discrete delta functions. (See Table 5.)

We find here that a flatter function gives a bigger error on the no-slip condition (hence on the aerodynamic forces). In-
deed, a narrow support of the delta function gives a sharper and more accurate description of the boundary. Both equations
(13) and (15) yield more accurate results. Some authors [35,36] also choose different delta functions to reduce the grid
locking effect, but as already discussed in this paper, the predictive step allows us to alleviate this drawback.

3.1.3. Number of Lagrangian markers

We analyze the effect of the markers density along the immersed boundary, in the general case where they are uniformly
distributed (see Table 6). Indeed, a non-uniform distribution of markers can yield a better computational efficiency [15] but

it is case-dependent, and thus less applicable in a general framework.

11



Table 6
Effect of the number of lagrangian markers.

Case  AX As Nb markers  Cy Cpax St errp(Cq)  errpp(C"™)  errpa(St)
2 0.04 0.0628 20 1.74 0.47 0.156 0.28 0.49 0.037
5 0.04 0.0419 30 1.68 0.425 0.153 0.24 0.35 0.055
9 0.04 0.03925 32 1.68 0.428 0.153 0.23 0.36 0.055
10 0.04 0.0314 40 1.66 0.416 0.153 0.22 0.32 0.055
3 0.02 0.02512 50 1.56 0.395 0.163 0.15 0.25 0.006
6 0.02 0.0209 60 1.52 0.385 0.165 0.12 0.22 0.018
11 0.02 0.01256 100 148 0.395 0.163 0.09 0.25 0.006
4 0.01 0.01245 100 145 0.36 0.164 0.066 0.14 0.012
12 0.01 0.00628 200 144 0.38 0.165 0.059 0.2 0.018
Ref - - - 136 0.315 0.162
Table 7
Effect of the weight of the lagrangian markers.
Case AX As Wi Cq e St errp(Cq)  errpp(C"™)  errpp(St)
14 0.02 0.0209 1 145 0.36 0.162 0.066 0.14 0
16 0.02 0.0209 2.35 142 0.35 0.162 0.044 0.11 0
4 0.01 0.01256 1 145 0.36 0.164 0.066 0.14 0.012
20 0.01 0.01256 2.35 141 0.345 0.165 0.037 0.095 0.055
Reference - - - 136 0315 0.162
Table 8
Stability limit with the weight of the lagrangian markers.
Case  AX As As/Ax Wi Cq M st
18 0.04 0.0314 0.785 2.2 X X X
19 0.04 0.02512 0.62 1.8 X X X

In literature, there is no clear consensus on the optimal lagrangian markers spacing with respect to the eulerian spacing.
As mentioned by Su et al. [48], the optimum marker spacing needs to be proportional to the grid spacing, which is also what
we report here, but the value of the proportionality coefficient, generally close to 1, varies from one study to the other. In
his original paper, Uhlmann [7] suggested that As = Ax by default which means that the Lagrangian points spacing should
be equal to the Eulerian grids step. Su et al. [48] and Kang and Hassan [49] adopted As = Ax =1/1.5, while Silva et al.
[50] used As/Ax < 0.9. Jiang [51] in 2019 indicated that As can be further controlled by another parameter, the ratio of
As/drf, in which drf is the diffuse range of the regularized delta function. Later on, [19] uses the minimum number of
lagrangian markers and the largest time step possible to achieve the best computational efficiency, which leads to a value of
the coefficient larger than 1, while Qiuxiang et al. [20] use a markers spacing equal to half of the lattice spacing in order to
avoid fluid volume leakage. These differences come from the fact that many versions of the IBM exist, and their sensitivity to
the relative spacing of lagrangian markers is different for each formulation. In our case, we find that the maximum number
of lagrangian markers allows the best accuracy, to the detriment of the computational efficiency, which is corroborated by
the fact that a higher number of lagrangian markers enhances the boundary definition, and therefore the no slip condition.
Nevertheless, when applying the lagrangian weight, the number of markers is limited by a stability threshold, meaning that
we can not increase the number of markers indefinitely. This is the subject of the next section.

3.1.4. Weight of the Lagrangian markers

In order to find the optimal values of the lagrangian weights, we proceed as follows: we find the value of the lagrangian
weight using the new analytical formula (see section 2.4.2, eq (28)) and we compare it to the value obtained with the
matrix inversion (see section 2.4.1), knowing that methods should give similar results. If the solid mesh and the fluid lattice
are uniform, which is the case here, each lagrangian marker has approximately the same number of surrounding fluid nodes.
For this reason, the local value of the lagrangian weight W) does not vary much, and for the test we can use the same
mean value of Wy, for all lagrangian markers. The results are presented in Table 7 and 8.

In Table 8, we observe that when the markers are too close from each other, i.e. when As/Ax < 0.785 with As the
lagrangian grid spacing and Ax the eulerian grid spacing, the code eventually crashes. This can be attributed to the fact
that when two markers are too close to each other, their respective discrete function gets identical, and thus two lines of
the linear system defined in section 2.4.1 are identical, which leads to an ill-defined problem.

This stability criterion is illustrated in Fig. 6 which shows the drag force as a function of time, with and without the
weight. Oscillations appear at the beginning of the computation when the lagrangian weight is taken into account, but
the oscillations decrease over time so that the final value of the drag force is similar (but different) with and without the
lagrangian weight in the end as we can be in Fig. 7. However, if the lagrangian weight is higher than a certain threshold,
the stability limit is reached and the computation crashes.
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In summary, the most efficient method to compute the lagrangian weight is to use the analytical method (eq. (28)),
which leads to a slip error on the boundary of less than a few percent. However, this lagrangian weight must not exceed
a certain stability threshold which appears when the lagrangian spacing is decreased to less than 0.785 Ax. Also, unlike
what is reported in [19], by comparing cases 4 and 20, we find that the lagrangian weight has a significant influence on the
computation of the total forces as it decreases the error by 3%.

3.1.5. Discussion

This section highlights the two cases for which we obtain the best results in terms of accuracy and proposes guidelines
on how to use the IBM.

Our findings here are that a high grid resolution is necessary in order to obtain accurate results, as well as a small time
step, which are in agreement with the results of [19]. Nevertheless there exists in literature discrepancies in the errors
reported by various authors, due to the large diversity of numerical formulations of the IBM encountered. For instance, Luo
et al. [5] studied the flow around a cylinder at Re = 100 and showed that the interpolated bounce-back method is more
accurate than the immersed boundary method which is a first order method, although interestingly both methods exhibit
a second-order rate of convergence in L2-norm in space. More recently in 2020, Zhou et al. [19] studied the flow around
a sphere at Re = 100 and found an error of the drag force which decreases as the fluid and solid grid spacing is reduced.
Here, we also find that the error scales as the Courant number, and we obtain an error of 3.5% on the drag force with the
configuration shown in the Table 9.
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Table 9
Optimal parameters for the IBM method applied to the flow around a cylinder at Re = 100.

Case AX As Wy Cqeul C"%eul St err;2(Cq) errp (C"%) errpo(St)
15 0.005 0.00628 1 1.408 0.33 0.166 0.035 0.047 0.02

20 0.01 0.01256 235 141 0.345 0.165 0.037 0.095 0.055
Reference - - - 136 0315 0.162

Velocity Magnitude
13e-03 02 03 04 0506 07 08 09 1 1.1 12 1.3 14 1l.6e+00

e —

Fig. 8. Contours of fluid velocity in a straight channel at Re = 100 simulated with the IBM.

Table 10
Comparison of the local and global Wj.
Ax As Wi Q (kg/s) errp2(Q)

0.0025  0.0025  local 0118298  0.0141
0.0025  0.0025 global 0118259  0.0145

We also find that a sharper discrete delta function gives better results than a flatter delta function, because the immersed
boundary is more accurately captured with a sharp function. As for the numbers of lagrangian markers, our study shows
that the optimal configuration is to use a similar fluid and solid grid spacing. In fact, if the number of lagrangian markers is
too high, we reach a stability limit and the computation crashes as explained previously. On the other hand, if the number
of lagrangian markers is too low, we observe fluid leakage across the boundary due to a poor definition of the boundary.
Our best setting here is hence to use a lagrangian grid spacing set as 0.8 < As/Ax < 1.2 with As and Ax the lagrangian
and eulerian grid spacings respectively. Finally, the weight of the lagrangian marker can be computed with the analytical
expression, whose assumptions are less restrictive than the analytical or empirical approaches presented in section 2.4.2. In
their study, Zhou et al. [19] concluded that the lagrangian weight has little impact on the eulerian force, but we showed
here that the solution with the weight reduces the error by a few percent. The two cases which gave the most accurate
results here are case 15 which is the one with the highest grid resolution, and case 20 which is the case with the analytical
solution (eq. (28)) for the computation of the lagrangian weight. We will show in the reminder of the paper that the precise
computation of the lagrangian weight is highly important when the fluid is coupled to a moving and deformable structure.

3.2. Poiseuille flow

This second test case focuses on the Poiseuille flow in a straight channel with walls which are simulated with the
immersed boundary method. The Reynolds number in the channel is equal to Re = 100, so that the flow is laminar and we
compare the velocity profile to the theoretical profile obtained from the Poiseuille flow solution:

V() = V(1 = ) (40)

with Ve the maximum velocity in middle of the channel, R the channel radius and r the local radius along the profile.

The channel is included in a larger simulation domain, and the top and bottom walls of the channel are simulated with
the IBM (in dotted red lines in Fig. 8), whereas periodic conditions are imposed at the top and bottom boundaries of the
larger simulation domain. A constant velocity is applied at the inlet, which is why the velocity profile needs to develop in
space to reach a parabolic profile at the end of the channel. We chose to use the analytical solution to compute Wj here
because of its ease of implementation and computational efficiency. In order to check that using a constant value of Wy
on all points is accurate, we plot the values of W) found with the analytical solution (see section 2.4.2) on all lagrangian
points on Fig. 9.

We compare the flow rate Q obtained with a local value of W on each lagrangian point (meaning each lagrangian point
k is assigned its lagrangian weight Wy), to a global value W used on all points (equal to the mean value of all W}), and we
check the accuracy of the global and local approaches.

The Fig. 9 shows that the value of W obtained with the analytical solution does not vary much along the immersed
boundary, and Table 10 shows that the L2 error on the flow rate using the two methods vary by 0.04%. For this reason,
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Fig. 10. Velocity profile with and without the lagrangian weight compared to the analytical profile.

we decide to use a constant value of W on all points, equal to the mean value of all lagrangian weights W;. We compare
the results to the analytical profile with and without the lagrangian weight calculated with the analytical solution (see
section 2.4.2), and we also perform a grid convergence study.

The Fig. 10 presents the velocity profiles obtained at the middle of the channel for various simulations, intentionally
under-resolved to better highlight the errors. We can observe that the simulation with the coarse grid and without the
lagrangian weight gives the largest errors on the velocity at the side of the channels as well as in the middle of the channel.
When the lagrangian weight is taken into account, the error on the velocity in the middle of the channel is reduced, but
the error at the side of the channel is still present. This is due to the fact that the position of the immersed boundary
is somehow not known exactly, because of the error of interpolation and smoothing of the velocity field by IBM, as also
reported by Seta et al. [14]. Special treatments exist to fix this issue, for instance an implicit method introduced by Seta et
al. [14] (see section 1 for more details).

When a finer is used together with a computation of the lagrangian weight W, this error in the near wall region can be
reduced to a value of less than 1%, as illustrated in Fig. 11.

The L2 error on the mass flow is summarized in Table 11. We can observe that the correct setting of the lagrangian
weight reduces the error on the mass flow by a factor of 3 approximately, and that using a fine mesh with the lagrangian
weight gives the smallest error on the velocity.
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Fig. 11. Grid convergence study on the Poiseuille flow.

Table 11
L2 error on the mass flow with and without the
lagrangian weight.

Case AX As W err2(Q)
1 0.0025 0.0025 1 0.042

2 0.0025 0.0025 2 0.014

3 0.00125 0.00125 2 0.0083

As a final remark, we agree with [19] that while the far field solution is relatively insensitive to the resolution near the
immersed boundary, the solution near the boundary is first order with respect to the grid size. Nevertheless, we report the
lagrangian weight has a significant effect on the boundary slip error on velocity, even for steady fluid flows. In fact, the
lagrangian weight effectively corrects the boundary slip error at the interface, but on the other hand, it does not correct
IBM’s main flaw which is the velocity gradient at the wall. This is in agreement with Peng’s work [37] who found that
the sharp fluid- solid interface is diffused by the regularized delta-functions, which results in a smaller velocity gradient
near the interface. Indeed, the method assumes that the velocity field and its gradient are continuous across the wall, but
the second assumption is generally not verified for typical velocity profiles at the wall. For this reason, the accuracy of the
immersed boundary method is highly dependent on a high eulerian grid resolution to capture the near-wall solution (i.e.
the velocity gradient near the wall). A very small time step is needed as well because the velocity slip error scales with the
Courant number.

3.3. Fluid structure interaction case: influence of the Lagrangian weight on a 3D flapping flag in a uniform flow

The 3D flapping flag is a well known reference benchmark case used for the validation of fluid-structure interaction
solvers [52-56]. The laminar flow at Reynolds number Re = Yl - 200 around a square flag of length L in a computational
domain of 8 L x 8 L x 2 L is studied. A Dirichlet condition on the velocity is applied at the inlet and upper and lower
boundary conditions, and a Dirichlet condition on the density is applied at the outlet and periodic boundary conditions are
applied at the lateral surfaces in the spanwise direction. We use a 3D body with thickness h=0.01 L to model the flag, and

the minimum lattice spacing is equal to 0.01 L. On the flag, the grid spacing is equal to 0.013 L. The mass ratio 5}2 is equal

to 1, the Young modulus E is set to 1.008e+6 % and the Poisson ratio is equal to 0.4. The flag is initially set at an angle
of 0.1t from the xz plane, the leading edge of the flag is pinned, and the other edges are freely moving. The solid and fluid
time step is set to 1e-3s. Gravity is neglected, and we compare the time histories of the aerodynamic forces (the drag and
lift profiles), as well as the trailing edge position of the flag, to the literature data.

The Fig. 12 shows the profiles of the lift and drag coefficients, without the lagrangian weight, and the Fig. 13 shows the
same profiles but with the lagrangian weight calculated with the analytical solution (see section 2.4.2).

A first comment is that without the lagrangian weight, the aerodynamic profiles present a larger error than with the
lagrangian weight, which corroborates our findings that the lagrangian weight is highly important when studying a fluid-
structure interaction case. Because the lagrangian weight effectively corrects the error of the unknown quadrature in the
lagrangian space, the boundary slip error can be corrected, and the forces sent to the structural solver are correctly com-
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Fig. 13. Aerodynamic forces as a function of time, with Wy.

puted. With the lagrangian weight, the aerodynamic profiles match quite well to the reference data as can be seen in Fig. 13.
The drag forces are nevertheless slightly overestimated as has already been reported in our first test case. To decrease fur-
ther this error, a finer mesh can be used.

A second analysis of these results is that we obtain a lower level of high frequency noises in the aerodynamic forces
compared to most previous literature studies [55,53]. This can be attributed to several reasons including the use of an
improved collision model for the LBM solver, the HRR model, which is known for its stabilizing properties on the fluid
flow alone. Also, the formulation of the IBM we are using here, together with an appropriate computation of the lagrangian
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weight certainly plays a role in the smoothness of the time signals we obtain. A third reason is the stabilizing properties of
the Hilber-Hughes-Taylor method used for the structure solver.

The presence of these instabilities in the coupling of fluid and structure schemes is a well-known issue which has been
investigated by numerous authors in the past [57-59]. Although several implicit coupling methods are employed in literature
to overcome this problem [43,25], here the use of a relatively simple weak coupling (defined in section 2.6) between the
fluid and structure solvers is nevertheless sufficient to obtain robust and accurate results.

Fig. 14 shows the time history of the trailing edge position of the flag compared the reference.

We observe an excellent agreement with literature, both in terms of flapping frequency and amplitude. We can also
observe in Fig. 15 the Q criterion around the flapping flag at time t = 16.2s showing the characteristic hairpin-like structure
shed at each flapping [56]. The flow pattern seems qualitatively consistent with the results obtained by Huang et al. [52],
with the formation of the structures at the flag side edges which are then shed by the trailing edge. The vortex shed from
the trailing edge and the vortices from the side edges are joined together to form a hairpin-like structure similar to the one
obtained by [52] and later on by Tian et al. [53].

To summarize here, the lagrangian weight corrects the error inherently introduced in the quadrature of the lagrangian
space, and produces more accurate results. Its importance is particularly highlighted when the fluid is coupled to the
structure. We also obtain very satisfactory results in terms of robustness, as the time instabilities usually encountered
in fluid structure interaction are reduced. This is due to the stabilizing properties of the fluid, structure, and IBM solver
formulations we are using here. Thus, the weak coupling used here is found to be robust enough to be used in a 3D
complex model. The computational efficiency of a weak coupling is highly interesting compared to a strong coupling which
often needs implicit correction and subcycling iterations in order to converge.

3.4. Turbulent fluid structure interaction case: elastic beam attached to a fixed cylinder at Re = 10 000

This last test case deals with a high Reynolds number turbulent flow around a fixed cylinder to which is attached a
flexible beam as can be seen on Fig. 16. The Reynolds number is 10 000, meaning that the boundary layers at the cylinder
separate laminarly and large vortices are observed in the wake, originating from the shedding process as shown on Fig. 17.

This test case follows the work of [60], and the dimensions are the following: L = 25 m, H = 041 m, r = 0.05 m, | =
0.35 m, h = 0.02 m. The coordinates of point C are (0.2 m;0.2 m). There are 40 nodes in the Z-direction in order to create
a 3D geometry to observe the turbulent behavior. We consider a fluid-to-density ratio of 1, meaning that the added mass
effect is important and the explicit coupling is numerically challenged with this configuration. Indeed, when a solid body
moves through a fluid or when a fluid flows around a solid structure, the fluid particles in the vicinity of the body or
structure are set in motion. As a result, the fluid exerts forces on the solid, and these forces contribute to the effective mass
experienced by the structure. The added mass effect hence refers to the phenomenon where a fluid exerts an additional
mass on a solid structure and it is particularly significant when the fluid density is comparable to the solid density which
is the case here. Explicit coupling schemes have been known to struggle with high added-mass effect as pointed out by
[23] and [61]. Nevertheless the methodology proposed here effectively deals with this added mass effect as well as with the
numerical instabilities that can be produced because of the time lag inherently present in the explicit (or weak) coupling.
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Different prediction schemes are compared for the prediction in time of the velocity of the solid points, namely a first order
and a second order scheme. Here, we will show how this affects the numerical instabilities, and compare our results to [25].
The physical and numerical parameters are summarized in Table 12 and the lagrangian weight is equal to 2 for this case.
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Table 12
Physical and numerical parameters of the 3D turbulent
deformable test case.

Re = 10000
Fluid density (of) 103 kg/m>
Fluid kinematic viscosity (vy) 2x107° m?/s
Solid density (ps) 10% kg/m?
Solid Poisson ratio (vg) 0.4
Solid Young’s modulus (Es) 5.6 x 10° Pa
Solid-to-fluid density ratio (os/pf) 1
Fluid velocity (U) 2m/s
Mesh size (dxs/dxf =1) 0.002 m
Time step (dt) 1.15x 10% s

Table 13
Strouhal numbers compared to the reference.

Present solver  Breuer 2012 [25]

Primary Strouhal number 0.185 0.175
Secondary Strouhal number 0.101 0.103

Fig. 17 shows the Q criterions in the flow on a x-y plane colored by the velocity magnitude. Large vortices are created
from the shedding process and transition to turbulence occurs in the free shear layers. As pointed out in Breuer et al. [25],
this shedding process is attributed to Kelvin-Helmhotz instabilities and a transition to turbulence in the free shear layers.
For the turbulence modeling, we use a Large Eddy Simulation model based on the Smagorinsky model (see section 2.7)
which is adapted to the separated shear layer turbulence modeling.

The lift signal is depicted on Fig. 18 and compared to [25]. Because of the turbulent behavior of the case, a perfect
superimposition of the signals is not expected. Nevertheless, we obtain a similar order of magnitude between the two
signals. To more precisely compare our results, we perform a Fast Fourier Transform (FFT) to obtain the main frequencies of
the lift signal.

The weak coupling is known to induce numerical instabilities in the coupling because of the time lag introduced between
the fluid solver and the solid solver. This is for example noticeable in [25] in the time history of the lift coefficient. To
enhance the stability of the coupling, Piperno and Farhat [57,41] proposed in the 2000s several prediction schemes for the
advancement in time of the structural points to counter the time lag introduced by the explicit coupling. Based on this
idea, we compare here two prediction schemes for the advancement in time of the velocity of the solid points. The first
one is a first order scheme in which the velocity is very simply retrieved by v, = % and the second one is a second
order scheme presented in section 2.5 and which comes from a predictor-corrector model. We compare the FFT of the time
history of the lift force for both models in Fig. 19.

Two main frequencies are found in Fig. 19 whose corresponding Strouhal numbers are given in Table 13. A first remark is
that the FFT of the 2nd order model is less noisy than the 1st order model as expected, meaning that the numerical noise is
decreased with the predictor-corrector model. The weak coupling proposed here combined to the predictor corrector model
for the structure can therefore be used for challenging cases with high added mass effect and high Reynolds number flows.

It is also interesting to notice in Table 13 that we obtain a primary frequency leading to a Strouhal number of 0.185
compared to 0.175 for [25] for their fixed case, and a secondary frequency leading to St = 0.101 compared to 0.103 for
[25] for their oscillating case. Similarly to our previous work [6], we observe that the primary frequency is linked to the
natural vortex shedding frequency observed on a fixed cylinder at certain Reynolds numbers, and the secondary frequency
is related to the oscillating motion of the beam. The difference with [6] is that we now include a finite element solver

20



4

A
v Velocity Magnitude
3904 05 1 15 2 25 3

35 4 47e+00

I | I

Fig. 17. Iso-surface of Q-criterion colored by velocity magnitude.

g ==.Present
......... Breuer & al

Lift coefficient

-2.0
120 130 140 150 160 170 180

Fig. 18. Lift signal.

21



FFT of the lift signal

—— oOrder 1
Order 2

1.50

125

1.00

Amplitude

0.75
0.50

\
VA »A PN DM

0.00

Frequency

Fig. 19. FFT of the lift signal.

making it possible to study deformable solids, contrarily to [6] which was restricted to forced movements of rigid structures
such as translating or oscillating cylinders. The lock-in phenomenon which happens when the vortex shedding frequency
is close to the natural frequency of vibration of a structure could be interesting to study for future works as it can lead to
large and damaging vibrations.

4. Conclusions

In this work, we analyze the effect of the lagrangian weight of the immersed boundary method in the context of fluid-
structure interaction configurations. We also compare two prediction schemes for the structural displacement to counteract
the time lag introduced in the explicit coupling. The second order predictor corrector scheme is found to be stable and
accurate and is coupled to a LES turbulence model for our last application on a high-Reynolds number flows around a
moving object with a high-added mass effect. Turbulence is thus taken into account in fluid structure interaction, which has
rarely been studied so far [24].

We use different methods to compute the lagrangian weight, namely a matrix inversion, an approximated solution using
a biconjugate gradient method and a new analytical solution. Relevant test-cases are proposed, from fixed boundaries to a
two-way fluid-structure interaction test case to assess the influence of the lagrangian weight on large range of configura-
tions. Several findings can be drawn from this study:

e A new theoretical development of the lagrangian weight is proposed, whose implementation is straightforward and with
the advantage of being independent of the mesh size and the delta function.

e The lagrangian weight corrects the error inherently introduced in the quadrature of the lagrangian space, and produces
more accurate results. Its importance is particularly highlighted when the fluid is coupled to the structure for which the
error is decreased by 20%-30%.

e The second order predictor corrector model for the structural displacement can be used with the explicit coupling for
challenging cases such as high-Reynolds number flows and high added-mass effect. The advantage of the explicit cou-
pling (i.e. computational efficiency) can therefore be preserved and used for complex cases generally demanding implicit
coupling for stability reasons.

e The coupling of a LES turbulence model to the FSI framework is validated with the explicit coupling proposed here.

This work provides insight and useful guidelines for the use of the immersed boundary method. The novelty is to propose
a detailed analysis of the immersed boundary method in the context of fluid structure interaction, and to couple a predictor-
corrector model to the Smagorinsky model for complex cases involving high Reynolds number flows and high added-mass
effect for which the fluid-to-solid density ratio is equal to 1. Future works include the application to human aortic valve
configurations for which turbulence is important and the density ratio is close to 1.
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