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Abstract: This work is dedicated to the numerical modeling of collective swimming in an enclo-
sure. Collective swimming involves several complex physical phenomena such as fluid-structure
interactions and possible contacts and collisions between fishes. Collective swimming in an enclo-
sure necessarily leads to some collisions between fishes and the enclosure boundary. We present
here the whole numerical framework allowing to perform parallel numerical simulations of self pro-
pelled locomotion with collisions. Numerical simulations show that different swimming behaviors
could be observed for porous and impermeable enclosures.
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1 Introduction

The numerical modeling of fish like swimming has been largely studied over the last two decades [1, 2, 3, 4].
These numerical simulations can compliment some experimental observations [5, 6, 7] with quantitative
results, for instance by computing the power spent by the fish. The detailed comprehension of the involved
phenomena may also help engineers to conceive new generations of AUVs [8, 9] with enhanced efficiency and
maneuverability compared to those observed in other classical locomotion modes based on propellers.

Fish schooling is another way to save energy for the locomotion [10, 11, 12]. However, fish schooling
has been hardy considered numerically in the literature [2], the main difficult point being probably the
modeling of possible contacts and collisions between swimmers. Indeed, extra modeling efforts have to be
done, since, by definition, contacts occurs when no fluid remains near the contact point, and thus are not
included in the fluid governing model like the Navier-Stokes equations. This extra contact modeling, called
lubrication, is usually based on theoretical Stokes flow models for simple geometries like spheres and plane
walls [13, 14, 15]. Collision models with possible rebounds are usually based on soft-sphere collision [16].
In the past, we have developed local lubrication models allowing to consider collisions between spherical
and ellipsoidal geometries [17, 18]. The goal is here to extend these models for collisions between obstacles
with arbitrary geometries. More precisely, we will consider small fish schools, typically limited to three
swimmers, swimming in a circular enclosure. The contacts will thus be between fishes, and between fish
and the enclosure boundary. We will consider three-dimensional configurations with porous or impermeable
enclosures.

After having introduced the general problem under consideration, including the flow configuration and
the governing equations in §2, we will present preliminary numerical results for the swimming of three fishes
in porous and impermeable enclosure in §3. We finally present some conclusions and perspectives in §4.



2 Problem Statement

In this paper, we consider the multi-body interactions of self propelled swimmers in an enclosure, where the
general configuration is described in §2.1. We will introduce the complete model used to solve the fluid-
structure interaction, including the general model for the fluid in §2.2, the fictitious approach to take into
account the bodies in §2.3, the interface modeling in §2.4 and the fish geometry and swimming law in §2.5.
The model used to take into account lubrication and collision forces and torques is then introduced in §2.6.
The numerical methods used the solve the whole model are then briefly described in §2.7.

2.1 Flow configuration

A sketch of the flow configuration is given in Figure 1. We considered Ng self propelled bodies, in domains
{Qg) }Ns | swimming in a domain Q2 filled with a viscous and incompressible fluid (water). The domain Q%t
is inside an enclosure represented by the domain Qg. The domain Q% outside the enclosure, is filled with

the same fluid as in the domain Qi7*. The whole domain under consideration is = Qi UQzUQtUN 0.
The external boundary is defined by I'.,;. Other interfaces are also introduced. The interface between the

external domain Q%% and the enclosure Qf is %%, the interface between the internal domain Q% and the

enclosure Qp is I'%*, and the interface between the internal domain Q% and the i*" swimmers Qg) is Fg).
While the swimmers are impermeable, the enclosure can be impermeable or porous. The generation of an
unsteady flow in domains Qg and Q4" is obtained with a porous enclosure. In what follows, we consider a
three-dimensional configuration. We imposed a small distance between the bottom wall and the enclosure,
Opottom, and between the top boundary and the enclosure, 6;0p. The fluid domains QZ}” and Qiﬁ”t are thus
connected to form a single domain Qp, and we have Q = Qr U Qg UN, Qg)

The size of the three-dimensional domain is Ly X Ly X Lz. The general flow configuration is presented
in Figure 1.

The domains and interfaces introduced before depend on time, and are mathematically defined by level-
set scalar functions [19, 20]. Here, the i*" swimmer in domain Qg) is arbitrarily defined by wg) > 0 inside

the swimmer, by 1/1(53) = 0 on its interface Fg) and by 1/{(91) < 0 elsewhere. The enclosure is also arbitrarily
defined by a level-set g > 0 inside the enclosure, 1y = 0 on its interface, and g < 0 elsewhere.

Finally the water domain Qp is defined by ¥r < 0, where ¥p = max(¢g, max; 1/15;1)). We thus have
1 = 0 on all interfaces, and ¢ > 0 inside the swimmers and the enclosure.

2.2 Modeling and governing equations

The velocity field is w = (u, v, w) € R3 where u, v and w denote the velocity components in the z, y
and z directions respectively, and p € R is the pressure field. The viscous part of the stress tensor is

T
D(u) = w The incompressible Navier-Stokes equations in domain Qp are:
ou 1 1
E—F(’UIV)’U,:—;V])—F;VQ[LD(’U/)—FQIH QF, (1)

with initial conditions u(x,t = 0) = wup and p(x, t = 0) = py, boundary conditions on the external
boundary for both velocity u(x, t) and pressure p(x, t) on £ € I'***  and boundary conditions on the
structure boundaries (swimmers and enclosure).

On the fluid-swimmer interface, we have:

u(z, t) =4y (2, t) on Ty, (3)
~(1)

where the velocity ug’(x, t) will be described later on. On the fluid-enclosure interface we impose

u(xz,t)=0onT'g. (4)
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Figure 1: Sketch of the flow configuration.




2.3 Fictitious domain approach: the Volume Penalization method

One of the main difficulties in the numerical resolution of the Navier-Stokes equations (1) and (2) with
internal boundary conditions (3) and (4) is that the interfaces Fg) and the domain Qp are time dependent.
Several approaches to take into account unsteady interface condition (3) can be envisioned.

This first class of methods is based on body-fitted grids. In these methods, degrees of freedom are put
on the interfaces, and it is thus possible to impose directly the interface condition (3). Mesh deformation
can be handle with arbitrary Lagrangian-Eulerian (ALE) method. These methods are accurate, but require
mesh adaptation and a mesh partitioner for parallel computations.

A second class of methods, adopted in this study, is based on fictitious domain approaches. In these
approaches, the interfaces and associated domains do not covered the same mesh nodes at each time step:
the interface can cross a fixed mesh, and no interface markers are thus required. Simple meshes like Cartesian
ones can be used. The drawback is that the accuracy at interfaces can be degraded, and an extra work has
to be performed to acurately model the interfaces.

In fictitious approaches, an extra term is added in the momentum equations (1) to take into account the
condition (3) and (4). The condition on the fluid-structure interface is modeled with an extra term s.

The system (1)-(4) is thus recasted in a system written in the whole domain 2

ou 1 1 .
EJr(u V)u 7*;VP+EV'2,LLD(’U,)+S in €, (5)

V. ou=0 inQ, (6)

Among the most popular fictitious approches are the Immersed Boundary Methods (IBM) originally
introduced in [21] and later on used in several studies [22, 23, 24], and the Volume Penalization (VP)
method introduced in [25] and used for instance in biolocomotion problems [2, 3, 4]. Another approach
combining IBM and VP has been developed in [26]. In this study, the VP method is used with

3—2)\ 9 () u) — AEXEU. (7)

Here, Xs = (1/}5 ), i.e. xg) = 1 inside i*"the swimmer , and xg) = 0 outside. Similarly7 xE = H(Yg). As

perviously defined in (3), ug) is the velocity inside the i*” swimmer. Parameters AW s’ and Ag are linked to

the porosity of the bodies. Since we will consider impermeable swimmers, we chose a large value for )\g), and

we impose )\g) = 10%. The enclosure can be either porous and impermeable, and we thus chose A = 108 for

impermeable enclosure, and A\ = 10 for porous enclosure. The computation of ﬁ(sf) will be detailed in §2.5.

2.4 Interface tracking

All bodies (swimmers and enclosure) are defined with markers on their interfaces. The surface of the ‘"

swimmer F(i) is approximated by a mesh (i.e. with markers), and a Lagrangian transport is used for any

mesh point z( ).

dz®

where ﬁ,(f) is the restriction of ﬁ(sf) on the swimmer mesh boundary.

The signed distance function is recovered computing the minimal distance to the interface:
¥s(z) = min [l —y|25(z). 9)
yels

where S(x) denotes a sign function applied on a point @, with S(x) > 0 inside the body, and S(x) < 0
outside. This sign function can be computed with simple geometric arguments, from the outward normal to
the body.



Figure 2: Geometry of the swimmers.

Figure 3: Swimming law applied to the midline (backbone).

2.5 Swimmers model

The geometry of the undeformed swimmers is inspired by a simplified fish body, see Figure 2. The swimming
law is defined by a deformation of the swimmer midline, also called the backbone.

We consider a backbone deformation in the plan (0,z, y) of swimmer in Figure 2, where point O is at
the front head of the swimmer and x positive to the right. We consider also that the midline for the steady
body is 0 < x < ¢, y = 0, where the length of the swimmer is /.

Many fishes impose a periodic swimming law [5]:

y(z, t) = a(x) sin(kx — wt), (10)

where k = 27/ is the wavenumber, corresponding to wavelength A, w is the circular frequency of oscillations,
and where a(z) = A/2(co + c1x + c2x?) is the envelop. Different swimming laws can be found in [27] and
[28]. To mimic a thunniform like swimming, we impose A = 1.2, ¢ = 0.02, ¢; = —0.12 and ¢; = 0.2 for a
unit length fish with 0 < 2 < 1. Several midline deformations are presented in Figure 3 over one stroke.



The body velocity of the " swimmer is
) (x, t) = wi(x, t) + ul(w, t) + @s(w, t) Vo € Qy, (11)

where @(x, t) is the linear velocity, u’(x, t) is the angular velocity and u(z, t) is the deformation velocity.
While the deformation @ (x, t) has to be imposed by swimmer muscles, the linear and angular velocities are
the results of the loads generated by the fluid on the body, and are computed from the Newton’s laws. In
this study, we consider the fish as an Euler-Bernouli beam, i.e. each orthogonal section to the undeformed
midline remains orthogonal to the midline during the deformation. In order to remove extra forces and
torques generated by the deformation, a Procrustes analysis is performed. Indeed, the deformation should
not introduce any linear and angular displacements. We thus compute the linear and angular displacements
induced by the imposed deformation, and subtract them to obtain the final admissible deformations. The
deformation velocity w(x, t) can be easily computed following surface markers in a Lagrangian way, after
having performed the procrustes analysis. To recover u(x, t) in {2, interpolation is performed from body
mesh values at the boundary I'y.

As already mentioned, the linear and angular motions of the i*" swimmer are obtained from the Newton’s
law

du;

mi g (12)
dJiwi -
it (13)

where m; and J; are the mass and inertia matrix of the i** swimmer, F; and T} are the external forces and
torques applied on the i**" body surface, and @; and w; denote the linear and angular velocities.

In the absence of contact and collision, when the body in not in a close vicinity of another one, the
external forces and the torques are limited to hydrodynamic effects, F; = nyd and T; = Tihyd, and are
computed by

= [ T pmda, (14)
S

e = — /<,) r; A T(u, p) n; dz, (15)
F 7

3
S
where T(u, p) = —pI + u(Vu + Vu?) is the stress tensor, n; is the unit outward vector to Fg), and

ri=x— wg) with af;g) the center of mass of the it swimmer.
The (local) rotation velocity is given by uf = w A ;.

2.6 Lubrication and collisions models

The lubrication and collision models are based on the ones recently introduced in [17] and [18]. The contact
and collisions on the i*" body are modeled with extra forces F£°! and torques F°*. The external forces and
torques acting on the i'* body are thus F; = F¥¢ 4 Fl and T, = T/ + Tl

2.6.1 Lubrication model

The lubrication model is introduced to correct the hydrodynamic forces Ehyd and torques Tfyd when the
body is close to an other interface. In this case, not enough grid points are usually available in the gap
between the two bodies, leading to inaccurate force and torque computations. Mesh refinement can push
back this problem, but sooner or later we will still have to deal with it. We can make use of the Local



Lubrication Correction model (LLCM) introduced in [17, 18]. This model writes

| L /1““) T(u, p)n; de + F, (16)
S

2

™ = _ /(_) r; AT (u, p)n; dz + T}, (17)
G

s

where F!*® and T are the local lubrication force and torque exerted on the i*" body.
If a collision model is used, the lubrication forces and torques are negligible with respect to the collision
ones, and we thus do not take them into account in what follows.

2.6.2 Collision model

The collision model used in this work is based on the soft-sphere approach introduced in [29, 30]. This
collision model, later on used in [18], is accurate, at the price of a large increase of CPU costs. In this paper
we use a simplified and faster local collision model to compute F°! and Tt

We introduce a collision tensor T¢. The computation of forces and torque are thus

Fi= - [ (% p)+ T nida, (18)
Ty

T - 7/(_) ri A (T(x, p) + T) m; dee, (19)
Ts

The tensor is T = ZkN:SO T¢°! where the indice k = 0 is for the enclosure body.
For any given point « in the computational fluid domain, the collision tensor corresponding to the k**

body writes
T = 8 ((u(mk) —u(z) @ W) (1 ~ Lann (2”"’3’“_“’”_5» : (20)

|z, — x| 2 12¢
where ® denotes the tensor product and T, = arg mi(r)lc) |l — y||. If the distance ||T; — x| is quite
yel'y
_ )
small, the quantity \(I;Z:z\)l can be approximated using the level set function — sz(sk)l\' The parameter
S

B has to be tuned to reach a desired collision force, and we impose 8 = 1 in this study. The later term
(1 — % tanh (%)) is an activation term that is almost equal to zero for ||Z) — x| > €, almost equal

to one for || T — x|l < 0 and varies continuously between these values.

2.7 Numerical methods

The Navier-Stokes equations are discretized on a uniform Cartesian meshes with finite differences. We use
second order discretization for all terms expect an upwind third order scheme for the convective terms. The
discretization in time follows the fractional step method introduced in [31] and [32].

More details can be found in our previous papers [2, 26, 3, 4].

3 Numerical results

3.1 Simulation parameters

The size of the computational domain Q is Lx = Lz = 40cm and Ly = 6 cm. The uniform Cartesian mesh
is Nx X Ny x Nz = 401 x 61 x 401, i.e. approximatively 10 millions of nodes. The uniform discretization
step is h = 1mm. The time step is obtained from a classsical CFL conditions with C'FL = 0.45, i.e.

At =CF Lm. Numerical simulations are performed over the temporal horizon ¢ € [0, 120] s.



0.1

-0.1
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Figure 4: Temporal evolution of the three-fish group trajectories for 0 < ¢ < 120 s for porous and impermeable
enclosures. Each color represents one fish. Black lines represent the enclosure.

The circular enclosure has a diameter D = 30 c¢m, with width equal to 1cem and height equal to Ly —
Obottom — Otop. Here we chose 0;0p = 0, and dportom = 2h.

In what follows, we consider a group of three swimming fishes. The length of the fishes is 7.6 cm, and the
associated wavelength is A = £. The fishes swim with random frequency f = w/27 in the range [3.5, 4.5] Hz
following the swimming law (10).

The activation zone ¢ for the collision is € = 2h.

The external boundary conditions on I'** are the following:

- periodic boundary conditions are used for both velocity and pressure (for Poisson equation) on lateral
boundaries (left-right and front-back from Figure 1(c)).

- Non-slip boundary condition is imgosedaon the bottom wall, i.e. u = 0, and slip boundary conditions

U w

are imposed on the top boundary, i.e. o = oy = 0 and v = 0, homogenous Neumann boundary conditions
9p _

are used for the Pressure on top and bottom boundaries, i.e. 5y = 0
The fluid under consideration is water, with dynamic viscosity p = 0.001 Pa/s and density p = 1000 kg/m?>.
The density of the swimmers is p, = 1000 kg/m3.

3.2 Results

We present here preliminary results obtained for a small group of fishes, limited to three swimmers. This is
sufficient to observe different kind of contacts, for instance fishes-enclosure and fish-fish.

The temporal evolution of the three-fish group trajectories for 0 < ¢ < 120 s for porous and impermeable
enclosures are presented in Figure 4. While fishes tend to stay near the enclosure for the impermeable case,
their motions seem to be more irregular for the porous case.

Snapshots of the fish position with the Q-criterion representation of the flow are plotted in figures 5
and 6 for the impermeable and porous enclosures. It can be seen in figure 6 that a flow is created outside the
porous enclosure. In each figure, a focus is given over one collision between two fishes. For the impermeable
case, the fishes are easily bypassed, without really taking off from the enclosure. For the porous case, one
of the two fish leaves the enclosure. Finally, classical V' —shaped wakes generated by the fishes are visible in
figures 5 and 6 .



(d)yt=21s

Figure 5: Snapshots for the impermeable enclosure. @Q-criterion representation of the flow.
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Figure 6: Snapshots for the porous enclosure. @Q-criterion representation of the flow.
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4 Conclusion and Future Work

We have developed a numerical framework to simulate fluid-structure interaction with collisions. While
the fluid is classically modeled using the incompressible Navier-Stokes equations, the bodies are taken into
account using the Volume Penalization method allowing to use a fixed Cartesian mesh. Simple and robust
numerical schemes can thus be used, with a special care at the interface. The collisions are modeled with
a collision tensor that is taken into account for the computation of the forces and the torques exerted on
the body. This tensor only depends on local geometric and kinematic quantities. Several parameters have
however to be tuned. The next step is to automatically calibrate these parameters on some experiments.
Finally, we will study in details the influence of the porosity of the enclosure on the swimming behavior for
several fish school sizes.
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