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Chapter 1 Introduction

1.1 About the boundary methods in computational fluid mechanics

Complicated or moving boundaries are common in normal life as well as various
engineering applications. For example, free surface of the sea, flapping wings of a bird or
beating tail of a fish and rotational propeller of an aircraft. Owing to the development of
the computer technique, computational fluid dynamics (CFD) is becoming more and more
important to study various flow phenomena in addition to the experiment. To perform the
computational simulation for the problems concerning complicated or moving boundaries,
dealing with the boundaries is a crucial point.

The treatment of the boundary in simulation is based on the scheme by which the
movement of fluid is described. To describe the movement of fluid mathematically, there
are the Eulerian method and the Lagrangian method as two different approaches. In the
Eulerian method, the flow is expressed as a field in which observing points are fixed inside.
By obtaining the physical quantities such as the velocity of fluid instantaneously passing
these observing points, the movement of fluid is clarified. In the Lagrangian method, on
the other hand, the flow field is not fixed, the flow is expressed by tracing the movement
of fluid particles. Generally, in the numerical simulation of fluid flow, the Eulerian method
is more popular than the Lagrangian method. While when there is free surface or moving
boundary in a flow field, the Lagrangian method is also frequently used. Before simulation,
it is necessary to discretize the simulation field, for example the structured meshes in the
finite difference method. In the Eulerian approach, the discretized meshes are fixed during
the simulation and the grid vertices could be regarded as the observing points for a flow.
While in the Lagrangian approach, the grid vertices could be regarded as corresponding to
fluid particles, thus could be made to move with the fluid particles. Therefore, the
movement of a free surface or a moving boundary could not be directly captured by using
the Eulerian approach and some additional processes to describe the movement of
boundary need to be introduced. In contrast to this, in the Lagrangian approach, since the
grid vertices are considered as the fluid particles, the moving boundary could be directly

captured by tracing the grid vertices corresponding to the moving boundary. However, as
1



the grid vertices move, remeshing is needed at each time step during the simulation, when
in case of such as surface with large vibration or breaking wave, large movement of the
corresponding grid vertices arises and the computation may be unavailable because of the
collapsing of the mesh (MBI ) F-#mEEZ: B 23,1995). To improve this drawback of
the Lagrangian method, Arbitrary Lagrangian-Eulerian (ALE) method was proposed. In
the ALE, the moving velocity of the mesh that is independent of the velocity of the
corresponding fluid particles is employed to prevent an excessive deformation of the mesh.
To achieve that, a referential description of the fundamental equations is required. A
conclusion about the properties of the ALE method as well as the Eulerian and Lagrangian
methods is listed in Table 1.1.

Although describing the moving boundary by the Lagrangian and ALE methods is
relatively straightforward, both of them need the remeshing during simulation. By using
the Eulerian method, the remeshing could be avoided while additional processes are
required to describe the moving boundary indirectly, such as height function, line segment,
marker particle, density function and so on. Since by the Eulerian method the description
of the moving boundary is not constrained by the mesh, it is relatively easier to deal with
large deformation. However, the accuracy of computation is said to be generally lower due
to a lower level of satisfaction of conservation near a moving boundary (EUE 7t (A 71 55
FEEB R, 1995) .

Among such several strategies, the immersed boundary method that belongs to the Eulerian
approach is a promising approach to deal with the complicated or moving boundary
problems in CFD, in which the effect of a boundary is imposed by introducing an extra
force into a fluid flow. Remarkable development has been made since it was proposed and
numerous applications have been performed. While despite of the obtained achievement,
applications of the immersed boundary are found usually confined to the problems with
relatively low Reynolds numbers or relatively simple movement, applications including
moving boundary with relatively complicated configuration or self-induced movement is
also limited. The difficulty of obtaining a boundary layer accurately and describing the

moving boundary in an unbody-fitted mesh is considered as one of the main reasons.



Table 1.1 Eulerian, Lagrangian and ALE methods (BUEJEA ) FimELR B2, 1995)

Method Velocity of Properties
mesh (5) and
fluid (v)
Computational mesh is fixed spatially;
Eulerian =0 Additional process is needed for moving boundary;
method Algorithm is relatively simple because of no
remeshing.
Computational mesh moves corresponding to the
velocity of fluid particles;
Lagrangian $=79 Description of the moving boundary is relatively
method simple, the distortion of mesh becomes serious in
case of large movement;
Remeshing is required on each time step.
Computational mesh could move independently to
ALE the velocity of fluid particles;
(Arbitrary Description of the moving boundary is relatively
Lagrangian- b=v simple, the distortion of mesh could be adjusted
Eulerian during simulation;
method) Remeshing could be implemented only in the

vicinity of moving boundary, thus relatively less cost

is required.

1.2 About the simulation of turbulence

For engineering applications, the flows are mostly turbulent and they are highly unsteady

in time and contain numerous vortices with the scales spanning widely. Generally, the

turbulence energy transfers from large vortices to small ones and dissipate into heat at last.

To generate the vortices of all scales, it is generally said that a grid number of O[Re®/*] is

necessary. Except for few limited cases, it is difficult to simulate all the vortices by using

the capability and memory of current computers. Besides that, issues such as the
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preparation of initial conditions, discretization error and the chaos from the nonlinear make
the accurate prediction of turbulence flow more impossible (2 5 5,1999).

Methods to carry out the simulation of turbulent flows include direct numerical simulation
(DNS), large-eddy simulation (LES) and Reynolds-averaged Navier-Stokes simulation
(RANS). For the DNS, the equations are discretized directly without performing any
turbulence model, all vortices are supposed to be calculated directly. Because of an
extremely high computational cost, DNS is usually used for obtaining basic data of
turbulent flow phenomena, while for many engineering applications that are frequently
turbulent at high Reynolds numbers, implementing DNS is quite difficult, although DNS
has provided valuable results (for example, Moser, Kim, &Mansour, 1999) and is proved
to be an effective method to investigate the turbulence besides the experiment. For the LES,
on the other hand, only relative large eddies are computed while the effect of small ones is
modeled. Filter function is employed to build the equations for discretization. The filter
scale is usually set to be the same as the grid scale, thus the vortices are divided into the
grid scale (GS) that is to be computed and the subgrid scale (SGS) that is to be modeled.
The modeling methods for LES include the Smagorinsky model, the scale similarity model,
the dynamic Smagorinsky model and so on. For the RANS, all vortices are modeled, the
Reynolds averaging is implemented on the equations and the resulting unknown terms such
as the Reynolds stress or diffusion flux in the Reynolds stress equations are closed by
modeling. The eddy-viscosity model or the Reynolds stress equation model is adopted in
the RANS calculation. Numerous achievements have been made on developing modeling
methods for simulation of turbulence, however universal model that can be applied to every

turbulent flow is still lacked (#2 & 5%, 1999).

1.3 Objectives of the present study

In the present study, applications of the immersed boundary method on the problems
concerning rough or moving boundaries are carried out. For this purpose, a force feedback
mechanism is added to an original program code “FrontFlow/Red” (/IMAKEUKE, 2004; A
%%, 2003; Muto, Tsubokura, & Oshima, 2012; http://www.ciss.iis.u-tokyo.ac.jp/rss21/) that

is introduced in Chapter 3 to simulate the movement in flow controlled by the
4
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hydrodynamic force. The performance of the immersed boundary method including the

feedback mechanism is validated firstly and three-dimensional flow phenomenon in the

interaction of the fluid and boundary is investigated, the present test cases include:

1.

Validation case for the static immersed boundary: flow around a circular cylinder.
Two cases with Reynolds number at 100 and 1000 are carried out, respectively. The
obtained results are compared with those of other previous studies.

Validation case for the moving boundary involving the force feedback: single
settling sphere particle in fluid. A sphere particle is set free statically and falls under
the gravity effect and reaches a limit velocity when the gravity is balanced with the
drag and buoyancy. The obtained results are compared with those of other previous

studies.

. Application of the immersed boundary method to build the rough structure in the

study on the effect of an anisotropy-resolving subgrid-scale model on large eddy
simulation predictions of turbulent open channel flow with wall roughness. The
roughness on the bottom surface of channel is defined using the ‘egg-carton’ shaped-
surface function (Bhaganagar et al., 2004). Grid dependency of the turbulence model
(Abe, 2013) on the flow prediction near the rough surface is investigated in detail.

Three-dimensional simulation of a self-propelled fish-like body swimming in a
channel where the fish model and movement are defined in a structured grid using
the immersed boundary method. To satisfy the continuity inside the immersed
boundary, a rigid-body system is adopted to build the fish model. A parametric study

of kinematic factors is performed to study the hydrodynamics in fish swimming.

An introduction about the immersed boundary method is given in Chapter 2. Numerical

simulation method is provided in Chapter 3. The details of the present computational cases

are introduced in Chapter 4. The results are then discussed in Chapter 5, and the

conclusions of the study are drawn in Chapter 6.



Chapter 2 Immersed boundary method

2.1 Introduction

As aforementioned, with applying the immersed boundary (IB) method, there is no need to
modify the grid when carrying out the simulation with moving boundary, thus the
corresponding computational time of remeshing can be saved. This is a considerable
advantage especially when there is large displacement. The IB method is considered firstly
to be proposed by Peskin (1972) to study the flow around heart valves where the boundary
was replaced by a force and a semi-discrete analog of the 6 function is introduced to link
the representation of the boundary and fluid. An extending numerical study including the
muscular heart wall was also carried out (Peskin, 1977). By now, many studies have been
performed on this method as follows for examples. laccarino and Verzicco (2003) reported
some results on the application of the IB method for turbulent flow simulations using both
RANS and LES. Details of forcing definition and boundary treatment were illustrated.
Tseng and Ferziger (2003) presented a second-order ghost-cell immersed boundary method
for turbulent flows in complex geometries. In the study, the ease of implementation of this
method in existing codes was demonstrated and the obtained computational results agreed
well with the previous experimental and numerical results. Noor, Chern and Horng (2009)
presented a direct-forcing IB technique to solve fluid-solid interaction problems. Taira and
Colonius (2007) presented a formulation of the IB method modeled algebraically identical
to the traditional fractional step method to simulate the flows over bodies with prescribed
motion. In the study, regularization and interpolation operators were introduced to satisfy
the no-slip constraint on the immersed surfaces, and the boundary force was regarded as
the Lagrange multiplier like pressure. Slip and non-divergence-free components of the
velocity field were removed by a projection in the approach. Fadlun et al. (2000) showed
the effect of the interpolation of forcing over a grid on the accuracy of the scheme and
applied the IB method to the flow inside an IC piston/cylinder assembly at high Reynolds
number. Goldstein, Handler and Sirovich (1993) simulated the no-slip flow boundary using
the IB method and determined the needed surface body force by a feedback scheme in

which the velocity is used to build the formula. Balaras (2004) presented a method based
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on the direct forcing approach to carry out LES around complex boundaries on fixed
Cartesian grids. In the study, a novel interpolation scheme and a method to deal with SGS
fluxes near the interface were introduced. Abundant developments show the IB method a

promising way to deal with complex and moving boundaries.

2.2 Category of the immersed boundary method

When applying the IB method, in general, the effect of the boundary on a flow is realized
by imposing a body force through some forcing functions. Besides this, there is also
another approach: the so-called cut-cell approach, in which new cells that conform to the
shape of a body is generated by truncating the Cartesian cells at the immersed boundary
(Bandringa, 2010). For the first approach, the Navier-Stokes equation for an

incompressible viscos flow including the body force is as follows (Hirose, 2013):

a* N . N =
p(a—lz+u-Vu)+Vp—uAu=f, (2.1)
V-u =0inQ and (2.2)
u = ur on [},. (2.3)

Where f is the body force, p is the density, u is the kinematic viscosity, & and p are the
velocity and the pressure, respectively. I}, denotes the boundary, (1, and () are the field of

body and fluid, respectively, which are divided by the boundary I7,.

To calculate the body force, various methods have been proposed as shown in laccarino,
& Verzicco (2003). The body-force functions can be generally divided into the continuous
forcing and the discrete forcing approach (Mittal, & Iaccarino, 2005).

By using the continuous forcing approach, it is straightforward to insert a computing unit
into an original program because it is independent of the spatial discretization. While
smoothing of the forcing function causes unavailability of the sharp representation of the
immersed boundary, which makes the continuous forcing approach not suitable for high
Reynolds number flows (Bandringa, 2010). Also, with increasing Reynolds numbers, the

proportion of the grid nodes inside the immersed boundary that require to solve the



governing equations increases, this lowers the computational efficiency. Many applications
of the methods belonging to this category are found in biological and multiphase flows
where elastic boundaries are usually seen, for which the continuous forcing approach is
attractive. While there are some challenges for applying this approach to flows with rigid
boundaries for the forcing terms generally do not work well in the rigid limit (Mittal et al.
2005).

The direct forcing approach was reported (Fadlun et al., 2000; Balaras, 2004) firstly
introduced by Mohd-Yusof (1997). In contrast to the continuous forcing approach, a sharp
representation of the immersed boundary can be made by the direct forcing approach,
which is necessary for high Reynolds number flows. Without using specified parameters
in the forcing, no extra stability constraints are introduced for the immersed boundary
(Bandringa, 2010). While the forcing procedure of this approach is highly associated with
the discretization and the implementation is not as straightforward as the continuous
forcing approach, the inclusion of the boundary motion could be more difficult (Mittal,
2005).

In the present study, the direct forcing approach is adopted to perform the simulations of
flows with immersed boundaries inside because of its advantages such as the capability of
a sharp representation of boundary that is required in some following cases where the
Reynolds number may be relatively high. The immersed bodies could be static or moving
in setting modes, and by introducing some feedback mechanism, movement in flow
induced by the hydrodynamic force can also be simulated. An introduction of the direct

forcing approach is given in Section 2.3.

2.3 Direct forcing approach

The non-dimensional incompressible Navier-Stokes equations including the body force f

is as follows (Hirose, 2013):

N

U | = 1,
E+u-Vu+Vp—R—eAu—f, 2.4)

V-u = 0in Q and, (2.5)



u = up on [},. (2.6)

To avoid any misunderstanding, it is noted that the denotations that are the same as those
in Section 2.2 mean the non-dimensional values here.
The time discretization form of Eq. (2.4) is as:
ut_yn
15

A—ti = RHSl + fia (27)

where the superscript denotes the time step and subscript denotes the spatial nodes, and
RHS; = —u-Vu—Vp + RieAﬁ. Let V1 is the desired velocity at n+1 step inside the
immersed boundary, the body force f; could then be obtained as:

n+1
Vip

fi = 2L — RHS;. (2.8)

Outside the immersed boundary, there is no body force. The calculation of body force f is
concluded as:

R TRRVALY A+ (V=g i

Fo {(u V)i + Vp — Al + (Vp —um), near T, or in Qf; 2.9)

0, elsewhere.

The detailed computational procedure is as (Balaras, 2004):
1. Calculate the intermediate u* by the discretized Navier-Stokes equations without
considering the body force term. The obtained u* does not fulfill the IB boundary

condition.
2. Calculate f "+1 by Eq. (2.9). The body force could be imposed on the grid nodes in the

vicinity of the immersed boundary or all inside. The desired velocity ﬁ could be
determined straightforwardly or through interpolation approaches depending on the

location of node.



3. Calculate the new u* by the Navier-Stokes equations including the body force term,
this new velocity fulfills the IB boundary condition.

4. Calculate the pressure by Poisson equation.

5. Update the velocity and pressure.

6. Go back to step 1.

By setting different desired velocity (V/3+?

) field, different boundary conditions can be
yielded. Noted that although the fluid inside the immersed boundary is regarded as a “body”
part in computations, it is still controlled by the continuity equation, therefore the desired
velocity field should be chosen properly. If the desired velocity field does not satisfy the
continuity condition, the calculation may not go well for some undesirable flow flux may

arise on the boundary if the flow is incompressible. Considering this constraint, the desired

velocity field is set as certain velocity field in a rigid body system for simplicity in the

present study. For example, V™! = 0 corresponds to a static boundary or body; V3! =
V, corresponds to a translational boundary or body; and V™! = w,r corresponds to a

rotational boundary or body. Combination of these movement is also available. The
definition of desired velocity field for different cases may change depending on the

computational goals and is illustrated in Chapter 4.
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Chapter 3 Numerical simulation method

3.1 Solver of simulation

The simulation in the present study is performed using the open-source-computational fluid
dynamics (CFD)-code “FrontFlow/Red” ( /]~ #K #E, 2004; @A & %%, 2003; Muto,
Tsubokura, & Oshima, 2012; http://www.ciss.iis.u-tokyo.ac.jp/rss21/), which is exploited in
the project of “Revolutionary Simulation Software” (http://www.rss21.iis.u-tokyo.ac.jp/)
having started in 2005 as a part of the next-generation IT program sponsored by the
Ministry of Education, Culture, Sports, Science and Technology (MEXT).

3.1.1 Fundamental equations (/NMREUZE, 2004)

The present software mainly deals with flows that are at low Mach number and
incompressible, although computations concerning compressible flow is also possible in
principle. Here, the mass-conservation and momentum-conservation equations involved in

the present study are illustrated as follows.

Mass conservation equation

The mass conservation equation is as follows:
ap a _

where u; is the velocity component in the x; direction, p is the density, pg is the generation
term. Equation (3.1) is generally for compressible flow, while in case of the incompressible

flow, the fluid density is constant and Eq. (3.1) becomes V- u = 0.

Momentum conservation equation

The momentum conservation equation is as follows:
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g (puay) = — 52—

+ fi, (3.2)

where f; is the body force in the x; direction and 7;; is the viscous stress tensor. In case of

Newtonian fluid, 7;; can be expressed as

2 0 i ou;
ty == (i = 50) 8y ot — GG+ 5D, (33)

3
where p is the pressure, u is the viscosity coefficient, u,, is the volume viscosity coefficient,

8;; is the Kronecker delta. The pressure p coincides with the thermodynamic pressure when

misalignment from the thermal equilibrium is not significant.

3.1.2 Boundary conditions (/NFREUE, 2004)

Physically, boundary conditions contain inflow, outflow, pressure, periodic and so on.
These boundary conditions can basically be categorized as Dirichlet condition and

Neumann condition mathematically, as expressed in the following.

Dirichlet condition: bsc = Pgives (3.4)

Neumann condition: (%) Bc = const, 3.5

where d/0n denotes the gradient normal to the wall.

According to the grid density near the wall and the turbulence model adopted, the wall-
function is sometimes used. Although physical fields involved in the boundary setting
contain velocity, temperature, chemical species and so on, the main concern is on the

velocity field in the present study.

Inflow condition at the inlet

Inflow condition can be expressed as follows,

13BC = 13give- (3.6)
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Outflow condition at the outlet

Generally, the outflow condition is set so that the change of variables is smooth and little
influence from downstream side to upstream side arises. The generation of reversed flow
in the outflow condition may cause numerical instability in computation and make it hard

to convergence. The outflow condition can be expressed as,

(S—Z)Bc = 0. (3.7)

Symmetric and free-slip condition
The free-slip condition means that no wall shear stress or mass exchange on the wall, and
the normal gradient of the velocity component parallel to the wall is zero. The symmetric

and free-slip condition can be expressed as,
. o 0 o o e
vge n=0, [% fv—(v- n)n}] = 0. (3.8)

No-slip condition on wall
The no-slip condition means the fluid is adhesive to the wall and moves at the same velocity

as that of the wall. It can be expressed as,

1_7\BC = 1_}wall: (3.9)

where v,,4;; is the velocity of the wall.

3.1.3 Mesh and arrangement of variables (/NMKEUE, 2004)

The methods for the discretization of the NS equations include finite difference, finite
volume and finite element methods. About the coordinate system for computation, there
are such as Cartesian coordinate system, cylindrical coordinate system and generalized
coordinate system. Structured and unstructured grids are possible to be used. For the
arrangement of the variables, there are staggered arrangement and collocated arrangement.

13



In the present software, the Cartesian coordinate system is adopted with the unstructured
grid system, where a structured grid is treated as a part of the unstructured grid. It adopts
an unstructured finite-volume procedure with a vertex-centered type storage on a grid that
is described later. The solver deals with four types of cell structures, which are tetrahedron,
pyramid, prism and hexahedron, as well as the mixture of them. Figure 3.1 shows these
cell structures.

The finite volume method is also called “the control volume method”. For applying the
unstructured grid, two approaches can be adopted in choosing the type of the control
volume. One is to consider the cell constituted by a polyhedron as one control volume. By
this method, the inspection surface is defined as the face of the cell constituted by the
surrounded grid lines, on which the fluxes of physical quantities are considered. The
variables are defined in the center of cells, this approach is called “the cell-center method”.
The other approach is to define the variables on vertices and build virtual inspection
surfaces around the vertices to establish the control volumes, this approach is called “the
vertex-center method”. The coding methods for the two approaches are called “the face-
base method” and “the edge-base method”, respectively. The present software adopts the

vertex-center method. Figure 3.2 shows the schematic pictures for these two considerations.

3.1.4 Convection term (/NREEUE, 2004)

For the differential scheme, various options are provided in FrontFlow/red, such as the first
order upwind difference, the second order central difference and the third order TVD
schemes. Here, the first order upwind difference scheme and the second order central
difference scheme for the interpolation of values on the surface of a control volume (SF)

are illustrated.

First order upwind difference scheme
The value on the surface of a control volume is specified using the value of the control

volume in the upstream as following,

s = Pumax(=EEE 0) — ¢ymin(SEEE ), (3.10)
|SsF sk |SspsF|
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where ¢¢r is the value on the surface that is shared by the control volume A and B, ¢, and

¢ are the values at control volume A and B, respectively. §5F denotes the area vector and

Ugr denotes the velocity vector on the surface.

Second order central difference scheme
The second order central difference scheme uses the distance-weighted average value to

specify the value on the surface of a control volume, which is expressed as follows,

bsr = Waa + wpdp, (3.11)

where w, and wg are the weights of distance from the shared surface to the control volume

A and B, respectively.

3.1.5 Gradient and diffusion term (/NKEUZE, 2004)

The gradient for the control volume A is calculated using the Gauss method as follows,

SFonCVgz
Vg, ==t (3.12)

where 6() denotes the volume of the control volume. The gradient on the surface of a
control volume is calculated using the Defer-Correction-Term method proposed by

Muzaferija (1994) as follows,

Vosr = Vosr + fABlz [(Pa — P5) — Tap * Vsr], (3.13)

ITaB

where V¢ is the weighted average of the gradients of the control volume A and B that

share the surface, 7,5 is the vector from vertex A to B.

3.1.6 Time integration
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Generally, in a problem concerning the incompressible flow, no time difference of the
pressure is included. Therefore, to determine the distribution of the pressure, it is necessary
to combine the mass conservation equation with the other governing equations to make it
always fulfilled.

Implicit methods frequently run an internal loop in updating the velocity and pressure to
satisfy the continuity equation by solving the discretized equation of the velocity and
pressure correction. The semi-implicit method for pressure-linked equation (SIMPLE)
method is a representative example as well as its improved versions such as the SIMPLER
method, the SIMPLEST method, the SIMPLEC method, the PISO method and the
FIMOSE method. On the other hand, the marker and cell (MAC) method, as an explicit
method, is developed and widely used for its simplicity and ease to apply on the unsteady
problems. In the present software, a simplified Poisson equation is applied based on the
MAC method. Also, the SMAC (simplified MAC) method is improved so that both implicit
and explicit methods can be used. Also, the second-order Crank-Nicolson method, the
second-order Adams-Bashforth explicit method, the third-order Adams-Moulton implicit
method and the forth-order Runge-Kutta method are also available (/NAREUHE, 2004).

Crank-Nicolson method (57¢) | iE—, 1994)

For simplification, the explanation is given by taking an example of one-dimensional

unsteady heat conduction equation in a nondimensionalized form as follows:

T _ 9°T
at  ax?’

(3.14)
If the right-hand side term is computed using the averaged values of both the present (j)
and next (j+1) steps, the equation could be discretized in an implicit form. When the
weights of the two values are both chosen as 0.5, it is called the Crank-Nicolson implicit

method, and the discretized equation is as follows

Tij+1-Tij _1 (Ti+1,j+1_2Ti,j+1+Ti—1,j+1 n Ti+1,j_2Ti,j+Ti—1,j) (3.15)
St 2 5x2 Sx2 > ’
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then

—TTi1jer + 2+ 2Ty —1Tigqje1 = 1Ty + (2 = 20T j + 71Ty, (3.16)

5 . .
where r = 5_xt2‘ Compared to the explicit approaches, larger time step can be set for a stable
computation in the implicit method, where effective time marching can thus be achieved.
However, too large time step may cause a decrease of accuracy even though the

computational stability is maintained.

MAC method (5211 /8—, 1994)
The explanation of MAC method is introduced as follows. The equations of motion and

continuity for an incompressible viscous flow are shown as

% _ _ 2v2s_v. (53
Pl Vp+ReV V- (vv), (3.17)

Vv =0. (3.18)

Rewrite the right-hand side of the Eq. (3.17) by a function f'of ¥ and p,

S, fBp) = ~Vp+ VG~V (D). (3-19)

Discretizing the equation by a forward difference,

§n+1_17n

— = (", p). (3.20)

Performing the divergence for Eq. (3.20), the following equation could be obtained,

vpttl-vy

At TV f@NpY) = V- FE0) + V- £(0,p™) = V- £(57,0) — V2p. (3.21)
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To fulfill the continuity equation at time step n+1,
V-o™tl =0 (3.22)
is yielded, the Poisson equation for the pressure can then be obtained as

Vot 1 N N
VAV D) =V (V- 0D)).  (3.23)

Vip = T4V, 0) =
The procedure for the computation is concluded as follows. From the velocity at time step
n, the pressure is calculated by Eq. (3.23), the velocity at time step n+1 is then calculated

explicitly by Eq. (3.21) as
WL = g 4+ At - f (U, pM). (3.24)

Iterating the above operation, since the velocity at new time step is obtained, the pressure
at time step n+1 can then be calculated by using the Poisson equation, the time marching
approach is then established. As noted, the time marching is explicit, therefore the time
step can not be set too large. Although solving the Poisson equation is popular to obtain
the pressure distribution to fulfill the continuity equation, it is also known to cost much for

solving it.

SMAC explicit method (/MR 2004)

As the improvement of the MAC method, in SMAC, a simplified Poisson equation is
adopted and the time marching is divided into two steps to improve the accuracy. This part
describes the SMAC explicit method. The momentum conservation equation is shown as

follows,

PULTY — Ry — VP, (3.25)
n+1yn+1_  x*
P2 _"PY — _Vép, (3.26)

At
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32 32)

where the superscript means the intermediate value, EgD means the sum of the

convection term and the diffusion term, and 8§p = p"*!

— p™ is the pressure correction.
Suppose the mass conservation is fulfilled at the new time step (n+1), the Poisson equation
of the pressure correction (8p) is then obtained by performing the divergence on Eq. (3.26)

as follows,
1 * ok
A—t(—v -(p*v")) = —V26p. (3.27)

By solving this equation, the pressure correction can be calculated, and the velocity at new

time step (n+1) is obtained as
p"tuntl = —AtVSp + p*v*. (3.28)

The computational procedure for the explicit SMAC method is concluded as:
1. Calculate the intermediate velocity v* by Eq. (3.25);

2. Calculate the new pressure p**!

= p™ + dp by solving the Poisson equation of the
pressure correction &p;
3. Calculate the new velocity ?"*1 by Eq. (3.28);

4. Go to the next time step.

SMAC Euler implicit method (/NMKBUHE, 2004)

SMAC method is originally based on the explicit approach, while in the present software,
an implicit approach is also available, the explanation of which is given below.

Based on the two-step procedure and replacing the explicit method in Eq. (3.25) by an

implicit method, the following equations can be obtained,

p*m+1§*m+1 —pnhpn

- = —Rgp* 4+ vp™, (3.29)

m+1;m+1 *m+15xm+1

p_7 ‘A’; = _Vép, (3.30)
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where m means internal iteration number within one time step, R('p is the sum of the

convection term and the diffusion term, and

p*m+1§*m+1 — pmﬁm +p'17', (3.31)

8p =p™tt —p™, (3.32)

where p'v’ denotes the velocity correction in the first stage, 8p is the pressure correction.

m+lpm+ly i supposed to

Performing the divergence on both sides of the Eq. (3.30), V- (p
satisfy the continuity equation, the Poisson equation of pressure correction Op is then
obtained. Iteration within one time step is carried out until the pressure and velocity
corrections are small enough, and the newest iteration value (m+1) is taken as the new
value at n+1 time step.

The computational procedure of the SMAC Euler implicit method is concluded as follows:
1. Calculate the intermediate velocity by Eq. (3.29);

2. Calculate p™*1 = p™ + p by solving the Poisson equation of the pressure correction;
3. Calculate the new velocity ?™** by Eq. (3.30);

4. If the pressure correction is small enough and v™*1

satisfies the continuity equation,
the convergence is considered to be achieved.
5. Ifthe convergence is achieved at step 4, go to the next step. Otherwise go back to step

1 and perform the next internal iteration.

3.2 Application of the direct forcing approach

Figure 3.3 shows the schematic computational procedure of FrontFlow/red (Hirose, 2013).
According to Eq. (2.8), in order to calculate the body force f;, it is necessary to obtain the
desired velocity V3*! and RHS;. The desired velocity V;3** could be determined by setting
beforehand or calculating through the feedback mechanism, while the RHS; is the
intermediate value during calculating u*, which could then be obtained by implementing a
loop during the stage of solving the Navier-Stokes equations without the body force term.

Once the body force is obtained, the new velocity could be calculated by the Navier-Stokes
20



equations including the body force term. Figure 3.4 shows the schematic computational
procedure including the direct forcing mechanism (Hirose, 2013). To fulfill the continuity
equation (2.5), the Poisson equation is solved to update the velocity and pressure.

To carry out hydrodynamic movement in fluid, a force feedback mechanism is added into
the original program. The feedback mechanism combines certain kinematic definition with
the dynamic equations and uses the IB body forces as input to update the desired velocity.
The corresponding schematic computational procedure is shown in Figure 3.5. To satisfy
the continuity in the immersed boundary, a rigid body system is to be adopted in the present
study. The involved rigid body dynamics in the study for a single rigid body is given as

follows.

Center of mass and moment of inertia

A reference point 7 is known as the center of mass if it satisfies the condition

Y, m(r —7) = 0. (3.33)

The moment of inertia [Ig] related to the center of mass is defined as

[Ix] = = 2N, m[r, — 712, (3.34)

where [1; — 7] = [ Ar, 0 —Ary].
—An,  Arn, 0

Kinematics and dynamics
The velocity of certain point of the rigid body u, is expressed by the velocity of the center

of mass u and the angular velocity of the body w as

—_

WL=u+ax(@—7). (3.35)
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The dynamic equations of force F and torque T known as Newton’s second law of motion

for a rigid body take the form as

-

F =ma, (3.36)
T =[I;]a + @ % [Iz]®, (3.37)

where a = du/dt, @ = dw/dt. When applying to the cases, some assumptions are made

to simplify the computation of the dynamics. The details can be referred to Chapter 4.

An explicit scheme is adopted to perform the force feedback of dynamics. The IB force
and torque at step n is taken as the input to update the movement of the rigid body using
the above equations. The obtained locations and velocities of the involved vertices are then
inputted into the IB subroutine to calculate the new IB force and torque at step n+1. The

procedure is concluded taking the example of a single particle of radius of r as follows.

1. Update the location 7 and orientation 6 of the particle by 7™+! = 7 + WAt and
6"+l = O™ + W At, respectively;

2. Calculate the acceleration of velocity (a™) and angular velocity (a@™) of the particle by
Egs. (3.36) and (3.37) using F™ and T™ as input;

3. Update the velocity and angular velocity of the particle by u™*! = u™ + a"At and
w™tl = @™ + amAt, respectively;

4. Update the velocity of each vertex (i) by Eq. (3.35), obtain the ul***;

~n+1

5. Output new location 7™** and velocity ul*** for updating the IB force to obtain Fn+l

and T™*1. In case of a single particle, it is enough to determine the new boundary with

only 7™*1 by judging whether a vertex at 7; satisfies |7; — 7| < r,. For other cases, the

orientation 671 may also be needed.
The computational grid is made by the Gridgen (Gridgen) that consists of vertices and
edges that connect the vertices. For the identification of the immersed region, the edge-
based loop is adopted. The shape of the immersed boundary is defined using some shape

function. If both the two sides of an edge fulfill the shape function, the corresponding two
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vertices are identified as inside points. If only one side fulfills the shape function, the vertex
that fulfills the function is taken as “Ghost cell” and the other one is identified as an outside
point, the vertices in the vicinity of the immersed boundary could then be identified and
may be used for interpolation. If both the two sides do not fulfill the shape function, the
corresponding two vertices are identified as outside points. Note that in the present
application, no interpolation for the velocity near the boundary is performed considering
that the Reynolds numbers in the involved cases are relatively low so that the uneven
boundary is thought not to bring significant influence on the computational accuracy
compared to other factors, while the implementation of interpolation may cause an unstable

problem.
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Figure 3.3: Schematic computational procedure of FrontFlow/red.
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Figure 3.4: Schematic computational procedure including the IB mechanism.
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Chapter 4 Computational cases

4.1 Introduction

In the present study, the direct forcing approach is firstly validated by performing the
simulation of flow around a circular cylinder where the influence of the boundary is
imposed by the IB method in the region of a normal structured grid and comparing the
obtained results with those of previous studies. Furthermore, a dynamic feedback
mechanism is inserted into the original program including the IB application so that the
movement in flow controlled by the hydrodynamic force other than set in advance could
be realized. To validate the program concerning the newly added feedback mechanism, a
simulation of settling sphere particle in fluid is carried out and the obtained limit vertical
velocity is compared with those of previous experimental and numerical results, the
description of the computational settings and conditions is given in 4.2.

Based on the confirmation of the feasibility through the validation cases, the IB method is
applied to the study of the turbulent flow in a channel with rough wall on one side to build
the roughness, and then the study of a fish swimming performance where a fish-like model
is made by the IB method and a self-propelled swimming movement is realized. By the IB
method, the immersed body is described by identifying whether a grid vertex is inside the
immersed boundary, the building of complex structures is convenient especially when there
is a definition formula for the surface of structure. In the study of turbulent flow in rough
channel, the IB method is adopted to build the static rough structure in the LES and the
grid dependency of the turbulence model is investigated in detail. As an application
combining the IB method and the feedback mechanism, a fish-like model is introduced in
the present fish swimming study and a self-propelled swimming process is performed to
carry out a parametric study of the kinematic. The details about the computational settings

and conditions of these cases are shown in the following sections.

4.2 Validation cases

4.2.1 Flow around a circular cylinder
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The present computational program, including the direct forcing approach, is first validated
by performing simulations of flow around a circular cylinder. The Reynolds number is
defined as Re = U, D /v, where D is the diameter of the cylinder, U, is the far field
velocity. The simulations are carried out at Re = 100 and 1000, and the obtained results
are compared with relevant numerical and experimental results by previous studies. For the

case of Re = 100, the computational domain is set to I, X [, X [, = 27D x 20D x 0.06D
with grid nodes of N, X N, X N, = 265 X 160 X 3. Note that the three-dimensional

domain was made just for using the present program code because the flow for this test
case is known to be basically two dimensional. For the case of Re = 1000, the flow is
known to become highly three dimensional and thus the computational domain is extended
in the spanwise direction as I, X I, X I, = 27D X 20D X 2D with grid nodes of N, X
Ny, X N, = 265 x 160 X 50. Note that the grid plane perpendicular to the spanwise
direction is the same for these two cases. This grid plane perpendicular to the spanwise
direction is shown in Fig. 4.1, as well as the partial magnification near the cylinder. A
resolution of 50 cells was used for the diameter of the cylinder. About the boundary
conditions, the inflow and outflow conditions are applied at the inlet and outlet in the
streamwise direction, respectively, the periodic condition is specified in the spanwise
direction, and the free-slip condition is applied in the vertical direction.

The third-order upwind difference scheme is used to discretize the spatial derivatives. The
time marching is based on the fractional step method, where the first-order Euler implicit
scheme is used to derive the equations for the velocity. The coupling of the velocity and
the pressure fields is based on the SMAC method. Note that this combination of the spatial
and time-marching schemes was adopted mainly for the validation of those used in the fish-

swimming simulation that is described in Section 4.4.

4.2.2 Single settling sphere particle in fluid

A single settling sphere particle in fluid is simulated to validate the program including both
the IB method and the dynamic feedback mechanism. Figure 4.2 shows the schematic
diagram of the simulation. A particle is subject to the gravity in an enclosed vertical channel

and reaches a limit velocity when the gravity balances with the drag and buoyancy. When
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the particle reaches the bottom of the channel, a buffer force is imposed to decelerate the
particle. To compare the obtained results with previous ones, the process from the start to
the balance of reaching the limit velocity is mainly concerned in this study. The fluid
density is p = 1000kg/m3, the kinematic viscosity is v = 9.0 X 10~7m?/s. The diameter
of the particle is D = 0.0005m and its density is set to p, = 2560kg/m>. The dimension
of the computational field isx X y X z = 0.004m X 0.02m X 0.004m with grid nodes of
N, X Ny, X N, = 120 X 600 x 120 and the wall condition is applied for all the boundaries.
The center of the particle is initially located at the location of (0.002, 0.017, 0.002) and the

static initial velocity is set as uy = 0. The main concern in the validation is the translational
movement of the particle even though rotation is also simulated, which is considered not
obvious. The obtained limit velocity is compared to the results shown by Mordant and
Pinton (2000) and Luo et al. (2007).

The third-order upwind difference scheme is used to discretize the spatial derivatives. The
time marching is based on the fractional step method, where the first-order Euler implicit
scheme is used to derive the equations for the velocity. The coupling of the velocity and
the pressure fields is based on the SMAC method. As is similar to the discussion in Section
4.4.1, concerning the use of the third-order upwind spatial scheme and the first-order time
marching method, it is necessary to confirm their effects on the computational results. This

issue is properly assessed and detailed discussion is provided in the results shown later.

4.3 Turbulent open channel flow with wall roughness

4.3.1 Background

Turbulent flow in a channel with surface roughness is very common in many engineering
applications. Besides roughness brought by structures or materials, vapor bubbles that are
attached to the wall in subcooled flow boiling can also resemble near-hemispherical
roughness elements (Chatzikyriakou et al., 2015). A flow over a rough wall can be divided
into two parts: an inner layer that is directly affected by the roughness elements, and an
outer layer that is away from the wall where the influence of roughness is relatively weak.

Different shapes or distributions of roughness elements may bring various influences on

29



turbulence features from the near-wall region to the central flow. To date, abundant
numerical and experimental results are available concerning this issue, as presented in the
following for examples.

Direct numerical simulation (DNS) of turbulent incompressible flow in a plane channel
with one of its walls covered with regular three-dimensional roughness elements (called
‘egg carton’-shaped surface) was performed by Bhaganagar et al. (2004). From the results,
significant differences in processes associated with the wall-normal fluxes of the Reynolds
shear stress and turbulence energy were demonstrated using the higher-order moments and
the energy budgets between the smooth-wall and rough-wall sides. Chatzikyriakou et al.
(2015) performed numerical simulations of turbulent channel flow with smooth walls and
walls featuring rough hemispherical elements using both DNS and large eddy simulation
(LES). In their research, a parametric study was conducted including the effect of shear
Reynolds number, normalized roughness height and relative roughness spacing. The effect
of the distribution pattern (regular square lattice vs. random pattern) of these rough
elements on the walls was also verified. Shamloo et al. (2015) analyzed the effects of
roughness density and flow submergence on flow features in open channel using LES. Jin
et al. (2015) used both a finite volume method and a Lattice Boltzmann method to
determine the detailed structures of turbulent flow through channels with smooth and rough
walls. Marchis and Napoli (2012) investigated the effects of irregular 2D and 3D roughness
on the turbulence by performing a wall-resolved LES of fully developed turbulent channel
flows over two different rough surfaces. In their research, the roughness function obtained
with 3D roughness is larger than that with a 2D one for the same mean height. Andersson
et al. (2014) investigated the validity in assuming the roughness can be represented by a
numerical model through performing Reynolds-averaged Navier-Stokes simulations over
a surface with a large roughness and showed the importance of an appropriate surface
description. Bailon-Cuba et al. (2009) performed DNS of a turbulent channel flow with 2D
wedges of random height on the bottom wall. A DNS study of channel flow with rough
walls comprising staggered arrays of cubes was presented by Leonardi and Castro (2010).
Nagano et al. (2004) performed a DNS of heat transfer in turbulent channel flows with
transverse-rib roughness to determine the effects of roughness on the statistical quantities

of the velocity and thermal fields.
30



An experimental study of fully developed turbulent channel flow and an adverse pressure
gradient turbulent channel flow over smooth and rough walls comprising two-dimensional
square ribs was performed by Tsikata and Tachie (2013). Schultz and Flack (2007)
presented experimental measurements for roughness-wall boundary layers covering a
Reynolds-number range from hydraulically smooth to fully rough flow regimes.
Keirsbulck et al. (2001) investigated the effect of roughness wall in a zero pressure-
gradient turbulent boundary layer using hot-wire anemometry. Communication between
the wall region and the outer region of a turbulent boundary layer was shown to be present.
The experimental evidence provided by Krogstad and Antonia (1999) indicated that the
surface geometry significantly affects the turbulent characteristics of the flow, although the
two rough surfaces were designed to have nominally the same effect on the mean velocity
profile.

LES is well known as a useful way to predict turbulent flow. When LES is applied, the
grid-scale (GS) eddies are directly resolved and the subgrid-scale (SGS) eddies need to be
modeled. The most widely used SGS model is the Smagorinsky model (Smagorinsky,
1963). In order to overcome the drawback of the Smagorinsky model, Germano et al. (1991)
proposed an SGS eddy viscosity model in which a single universal coefficient is replaced
by a dynamically computed value. The model coefficient was yielded based on the stresses
obtained by the grid and test filters using the same concept of the Smagorinsky model for
the anisotropic parts of SGS stresses. The method of evaluating the model coefficient was
modified by Lilly (1992) using a least-square approach. Zang et al. (1993) modified the
base model in (Germano et al., 1991) by employing the mixed model of Bardina et al.
(1983), in which the modified Leonard term was explicitly calculated in the modified
model, leading to much smaller model coefficient being obtained. Vreman et al. (1994)
proposed a modification of the turbulent stress expression using alternative filter definition
in the above dynamic mixed model (Zang et al., 1993) for stricter mathematical consistency.
Recently, with a different perspective, an anisotropy-resolving subgrid-scale (SGS) model
for LES was proposed by Abe (2013). In this model, the SGS-stress expression is
constructed by combining an isotropic eddy-viscosity model with an extra anisotropic term
(EAT). Applying the model to several fundamental test cases indicated the basic capability

of this SGS modeling concept, particularly for coarser grid-resolutions. If this model also
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works well for predicting turbulent wall-shear flows with wall roughness, a considerable
reduction in computational cost for LES is expected.

Hence, a LES of turbulent flow in a channel, with a rough wall on one side and a free
surface on the other, is performed by adopting this anisotropy-resolving SGS model of Abe
(2013). The primary concern of this study is how the present anisotropic SGS model can
detail properly the effects of roughness on the mean velocity and turbulent stresses for
coarser grid resolutions. The results obtained are compared with those of DNSs for both
smooth and rough walls. The present DNSs are first validated using another reference DNS
data for the smooth case. To investigate the grid dependency of the LES results resulting
from the present SGS model for turbulence with wall roughness, three grid resolutions are
tested for the above open plane channel flow under the same definition of roughness
configuration. The immersed boundary method is used to define the roughness placed on
the bottom surface. A detailed description of the turbulence model adopted for this study
is given in Section 4.3.2. The computational conditions and roughness model are

introduced in Section 4.3.3.

4.3.2 Turbulence model

The governing equations of LES for incompressible flow can be written as

aT; DU, 10P 0 oU; 0T, (4.1)
—t = O' _—l v —1 1) — T:: :
Dt pox; Ox; + l]}’

ox; T on ox; Y \ox; T o

where ﬁ denotes a filtered value, and p , P, U, and v denote density, filtered static

pressure, filtered velocity and kinematic viscosity, respectively. Note that since

. . . . . . 2%0;
incompressible flow is considered, the viscous term can also be written as v P a; . The
jorj

SGS-stress tensor 7;; is defined as 7;; = U,U, — U,U,. For modeling 7;;, a linear eddy-

viscosity model (EVM), that is often used, takes the canonical form

5y =1 (@0 4 2 (42)

a — fr— . P =
Tij - ZVSGSSU' 2 axj ox;”’
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where S;; denotes the resolved strain-rate tensor, and ;j = 7;; — Ty 6;;/3. In the present

simulations, an SGS-stress model is constructed by combining a representative isotropic

EVM with an EAT proposed by Abe (2013). Its basic formulation is as follows,
2
Tij = S ksesOij — 2VsgsSij + 2ksesbi™, (4.3)

SGS

ij° 1s defined as

where the anisotropy tensor b

r{j - (—ZV'SU) _1 o R_{] (4.4)
Tre — (=2V'Spg) 3 N Tk

SGS _

with 7{; = Cg(U; — ﬁi)(Uj — 17]-), a well-known ‘scale-similarity model’ proposed by
Bardina et al. (1980); (-.) denotes the test-filtering operator. The equivalent eddy viscosity

1s modeled as
v = —T{]‘-‘Sij/(ZSmnSmn), 4.5)

where 7/} = T{; — 7}6;;/3 . In Eq. (4.4), Rj; =7} —(=2V'S;;) is a ‘SGS-stress
anisotropy term’ that is evaluated by subtracting an EVM form from the original Bardina
model. In Eq. (4.3), ksgs = Txr/2 is the SGS turbulent kinetic energy, and the SGS

viscosity Vg.s 1s modeled as

The constants of the model Cs;5 and A, are set to Cg;s = 0.05 and Ay = 30. The SGS
filter width A is defined as

A= ,/the maximum area among the faces of a cell; (4.7)
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in a Cartesian-structured grid system, it becomes

A= /max(A,A,, A A, ALD,). (4.8)

For the model function fs;s, the wall-distance parameter y, is modeled as y; =

/2

3
24 Y wi k 2vk .
( . ) ’CIZ with C; = 4, where u, = (veggs)/* and ggq5 = C, sGs +% with C, =

0.835. The SGS turbulent kinetic energy kggs is determined from the usual form of the

transport equation using

Dksgs _ 0 dksgs al; 4.9
Dt a_xj{(v + Cifsesy/ksesD) a—x]} — Ty ax, €sGs» (4.9)

and setting C;, = 0.1.

4.3.3 Computational conditions and roughness model

A two-dimensional open channel-flow configuration is adopted as the test case, where one
of the surfaces is a no-slip wall with/without roughness and the other is a free surface.
Several studies of this kind adopted a channel-flow configuration with a rough wall on one
side and a flat wall on the other side, which, however, greatly affects the balance of the
wall-shear stress on each surface, resulting in a considerable shift in the center position of
the mean velocity profile. Because this balance also depends on the performance of the
SGS model as well as the grid resolution, the point of issue may become obscure. This is
the main reason why the aforementioned open-channel configuration was adopted in this
study, as the whole wall-shear stress must be covered by the rough wall and the position of
maximum mean-velocity must reside on the free slip wall. Therefore, the point of issue in
this study, the predictive performance of the SGS model for different grid resolutions, can
be focused on properly.

In this simulation, the periodic boundary condition is specified in the streamwise and
spanwise directions. To investigate the grid dependence arising from the present SGS
model, three Cartesian-structured grids are made with the same computational domain of
485 X § X 2.4 in x-, y-, and z-directions, respectively (Table 4.1). The Reynolds number

based on the mean friction velocity u, and the open-channel height § is set to 395 for all
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test cases. First, two simulations without roughness (i.e., a smooth wall) are performed,
where DNS is performed for a fine grid and LES is performed for a coarse grid. The data
obtained are used to validate the present simulation by comparing with the corresponding
DNS data from a previous study (Moser et al., 1999). Although the reference DNS was
performed for a plane channel flow, it is expected that the fundamental features in the near-
wall region are similar to those of the present simulation (see Chapter 5).

The direct forcing approach of the immersed boundary method is employed to build the
roughness structure, in which a body force is added to the flow field where the roughness
locates to express the influence of rough elements. The bottom surface is configured with
a surface roughness defined using the ‘egg-carton’ shaped-surface function o(x,z)

introduced in Bhaganagar et al. (2004),

o(x,z) = g +%[—1 + 1+ sin(zlﬂ + Zlﬂ)) x (1+ sin(zlﬂ — ?))], (4.10)

where h is the roughness height from peak to valley, o, is mean offset, [, and [, are

streamwise and spanwise wavelengths of the roughness elements, the parameters are now

setas h = 0.05063296 (ht = b — 20), 0y = %, [, =0.60,and [, = 0.36. According to

v

the results employing minimal-span channels by Chung et al. (2015), the scale of the
present channel with the above roughness setting is believed sufficient to catch the flow
properties such as mean velocity and turbulence stresses.

The second-order central difference scheme is used to discretize the spatial derivatives,
except for the convection term of the transport equation of kg;g, which is discretized by
the second-order upwind scheme. Time marching is based on the fractional step method,
in which the second-order Crank-Nicolson scheme is used for the velocity equations.
Concerning the transport equation for k¢, the first-order Euler implicit scheme is used.
The coupling of the velocity and pressure fields is based on the SMAC method. Note that
our previous studies (Abe, 2013; Abe, 2014) had investigated the effects of a first-order
time-marching scheme and a second-order upwind scheme adopted for the transport
equation of kg;s. These investigations confirmed that the time-integration and space-
discretization schemes used here did not have any crucial effect on the computational
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results. More detailed descriptions of the computational schemes are given in Abe (2013).
In addition to the simulations using the aforementioned anisotropic SGS model, the present
study conducted simulations using an isotropic eddy-viscosity type of SGS model without
an EAT, which is actually composed of only the first two terms on the right-hand side of
Eq. (4.3). From a comparison of the results obtained by these two SGS models, we can
analyze the effects of the EAT on the predictive performance for this kind of turbulent flow

with wall roughness.

Table 4.1: Grids for the three test resolutions with roughness.

Coarse Medium Fine
Ny X Ny, X N, 65 x 121 X 65 129 x 121 x 129 | 257 x 121 x 257
Ax* 29.6 14.8 7.4
Ay* 1.2-45 1.2-45 1.2-45
Az* 14.8 7.4 3.7

Figure 4.3 depicts a grid as well as a configuration of roughness for the bottom surface.
The rough-wall elements composing the bottom surfaces as defined by Eq. (4.10) are
presented for comparison in Fig. 4.4. Even with the same functional definition, the three
roughness configurations are somewhat different. As the grid coarsens, an obvious
deviation from the ‘egg-carton’ profile appears, as evident in the coarse grid. This feature
arises from the immersed boundary method used for building the roughness configuration.
Without operation of interpolation near the immersed boundary, the roughness is composed
of small blocks of the same size as the corresponding local grid units in generating a
discretized approximate structure of the ‘egg-carton’ surface. As a result, the coarse grid
brings obvious large steps into the rough surface, which may look a little different from the

original shape. The influence brought by this deviation is discussed in Chapter 5.

4.4 3D self-propelled fish swimming
4.4.1 Background
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Fishes are sophisticated swimmers that exhibit interesting hydrodynamic features. It has
been shown that separation elimination, turbulence reduction and energy extraction from
oncoming flow are used in fish-like locomotion (Triantafyllou et al., 2002). Flow
phenomena concerning swimming fish have attracted research interest from a variety of
fields. This can yield a better understanding of the flow control mechanism for efficient
propulsion and high stability, and inspire such engineering applications as bionic
underwater machines (Liu & Hu, 2010).

The swimming mode adopted by a single type of fish is a compromise between propulsion
efficiency and other aspects, such as predator avoidance (Sfakiotakis, Lane, & Davies,
1999). Moreover, factors like turbulence may also affect swimming behaviour (Liao, 2007),
and the kinematics of the models of burst and efficient swimming can be different (Kern
& Koumoutsakos, 2006). The swimming modes of fish can be generally divided into
body/caudal fin (BCF) undulation and median/paired fin (MPF) movement (Sfakiotakis et
al., 1999). Most fish use BCF for propulsion whereas MPF is frequently used for stability
and manoeuvrability (Borazjani & Sotiropoulos, 2008). To study the swimming fish, in
addition to theoretical analysis (Wu, 2001), numerical simulations of deforming surfaces,
imitation by robotic fish or experiments employing real organisms are considered effective
approaches to gaining a comprehensive understanding of aquatic locomotion (Lauder &
Drucker, 2002). As a fundamental approach to studying the swimming phenomena,
numerous experiments have been carried out, and have provided valuable data to help
understand the kinematics and hydrodynamics of fish locomotion. Many such experiments
employed real fishes (Webber, Boutilier, Kerr, & Smale, 2001), where dead fish were used
in some cases (Beal, Hover, Triantafyllou, Liao, & Lauder, 2006; Long, Mchenry &
Boetticher, 1994). In addition to using real fishes, artificial underwater mechanisms, such
as oscillating foils (Anderson, Streitlien, Barrett, & Triantafyllou, 1998) and fish-like
robots (Barrett, Triantafyllou, Yue, Grosenbaugh, & Wolfgang, 1999; Epps, Alvarado,
Youcef-Toumi, & Techet, 2009), have also been frequently adopted.

With the development of computational technology, numerical simulations are becoming
ever more important to investigate various flow phenomena. Many case studies have
applied computational fluid dynamics (CFD) to these problems (Narasimha, Brennan, &

Holtham, 2007; Stamou, Katsiris, Politis, & Schaelin, 2008; F. Wang, Reitz, Pera, Z. Wang,
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& J. Wang, 2013). For studies of swimming fish, numerical studies have also provided
insightful results, some of which may be difficult to obtain experimentally. For example,
three-dimensional (3D) flow fields and vorticity structures can be directly visualised and
studied by performing 3D simulations (Liu & Kawachi, 1999; Zhu, Wolfgang, Yue, &
Triantafyllou, 2002), and parametric studies, such as those for Re and St, can be carried
out by controlling the computational conditions (Borazjani & Sotiropoulos, 2008).

To address issues related to swimming fish, many numerical studies have used
experimental data based on live fish as inputs to the kinematics used for simulations. While
there seems not much result about virtual swimming, such as that which is generated by
changing the combination of parameters related to swimming kinematics in real cases and
may not be employed by fishes in the experimental observations. This kind of virtual
swimming is challenging to implement in experiments using real fishes and may help better
understand flow phenomena. One example is the study on the effects of body shape and
kinematics on the hydrodynamics of BCF swimming by Borazjani and Sotiropoulos (2010).
They conducted simulations of self-propelled virtual swimmers, such as those with
anguilliform kinematics but carangiform body shapes. On the other hand, 3D simulations
of self-propelled models have rarely been examined. Limitations on movement are normal
in these kinds of studies; for example, movement was restricted in the streamwise direction
in the study by Borazjani and Sotiropoulos (2010).

Therefore, the goal of this study is to conduct a 3D simulation of self-propelled swimming
in which not only the model itself, but also the movement are in three dimensions. A
parametric analysis of tail-beat frequency, phase difference and tail-beat amplitude is
performed in the context of virtual swimming. In contrast to the work in (Borazjani &
Sotiropoulos, 2010) where the governing equations are formulated in a non-inertial frame
of reference to simulate self-propelled swimming, the governing equations are formulated
here in an inertial coordinate system, and the shape and kinematics of a fish-like model,
formulated in several body-fixed frames of references, are transformed into the inertial
frame of reference. The simulation of a fish-like body in flow requires considering fluid-
structure interaction (FSI), for which the immersed boundary method has been frequently
adopted (Borazjani, Ge, & Sotiropoulos, 2008; Fauci & Peskin, 1988; Luo, Wang, & Fan,

2007). In this study, the direct forcing approach is used to generate a model of fish-like
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swimming motion. The movement of the fish body is defined in relation to other structures,
rather than by designating one function to represent the entire body, as has usually been
the norm in the literature. This modelling method is considered more representative of real
fishes, and is more applicable to artificial machines, such as robotic fishes. The feedback
mechanism is used to implement the beginning of the swimming process driven by a
hydrodynamic force generated by the undulatory movement of the model. 3D swimming
performance and the flow field in virtual modes are investigated. More informative and
accurate results concerning the hydrodynamics of fish swimming are expected. The
following section provides illustrations and descriptions of the proposed computational

model and the relevant conditions.

4.4.2 Modelling and computational conditions

To satisfy the continuity condition of Eq. (2.5), the fish model is designed as a rigid-body
system analogous to the robotic mechanism employed in the literature (Barrett et al. 1999).
Figure 4.5 shows the schematic geometrical configuration and size of the simplified model,
which consists of an ellipsoid head with semi-principal axes with lengths of
1.5,0.8(,0.6! (I = 0.15), and a body part composed of four blocks and a triangular tail,
is the length of the tail. The undulatory movement of the body is implemented by
controlling the relative rotation around the vertical axes (3, 4, 5, 6) as shown in Fig. 4.5.
Dorsal or pectoral fins are not considered for the sake of simplicity.

Figure 4.6 shows the body-fixed coordinate systems used to define the boundaries of the
immersed body and the relative rotation of each part. The number of rotational axes
corresponds to those in Fig. 4.5 (axis number 7 is attached to the end of the tail). The x-z
planes of all body-fixed coordinate systems are confined to one plane. Thus, all y-axes are
parallel. The distances between pairs of neighboring origins (for example 050,) are fixed.
This setting allows for a transverse undulation of the model to imitate fish-like swimming.
As indicated in Fig. 4.6, the first coordinate system for the ellipsoid head coincides with
the second one, and the last coordinate system, numbered 7, has unit vector along the same
direction as the preceding one, numbered 6, but with a different origin.

The formulas for the inside-outside judgement for the ellipsoid, block and cylindrical

surfaces used in constructing the model are listed in Table 4.2, which are derived in the
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body-fixed coordinate systems. In case of the ellipsoid, for example, the location of an

inside point P is denoted by 7(= xt + yj + ZE) in the inertial coordinate system, which is
equal to 73 (= 1yl + 175] + rlZE) + 71 (= x4 +y1 + le), where the subscripts X, y
and z refer to the components of the inertial system. (x4, y;,2;) is the coordinate in the
body-fixed system calculated from the coordinates in 7 and 7; through the matrix in Table
4.2, which is then used to perform inside-outside judgement in the equation for the ellipsoid.
For the block and cylindrical surfaces, a unit vector 7 is set for position .

The center of mass is assumed to always be at the center of the ellipsoid for the sake of
simplicity; the movement of the model is then presented at this point. Given an initial
location and velocity, the kinematics of the corresponding body-fixed system 1 (2) in Fig.

4.6 are computed using Newton’s second law of motion for a single rigid body as shown

by Eq. (3.36) and (3.37):

Qy

F

ma, 4.11)

—

T = [Ix]a + @ X [Iz]®, (4.12)

where F and T are the external force and the torque acting on the body, respectively. In the
above equations, m is the setting mass of the fish model, a is the acceleration of the center

of mass, @ is angular velocity and & is angular acceleration. The inertia matrix [Ig] is

I 0 O
assumed to take the simple form [O I 0], where [ is a constant. Equation (9) can thus
0 0 I
be rewritten as:
T =1a. (4.13)
For control volume AV; with surface AS; inside,

where pr is the density of the fluid, and ]Tl and E are the body force and the surface force

imposed by the surrounding fluid on the control volume, respectively.
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Table 4.2: Formula for inside-outside judgement

Schematic diagram

Formula

Ellipsoid

~1

=l

2 2 2
x1 Vi z3 , .
{ ;+§+C_ZS1' inside

2 2 2
X Z .
=+ 1% 51, outside
a bz = c?

X1
where ()ﬁ) =
Z1

. . -1

lix Jix klx X — Tix
liy Jiy kly Y —Ty
17 J1z klz Z 7Ty

The subscripts X, y, z denote the

components in inertial system.

Block

plane

0, inside (P,)
0, outside (P,)

where 7 is the wall normal unit
vector, 7, is the vector from the
origin of 7 to the point to be

identified.

Cylindrical

surface

| X 1] <R, inside (P;)
|7, X | > R, outside (P,)

or conversely.

where 7 is the unit vector, with
direction along the central axis
of the cylinder, 7, is the vector
from the origin of n to the point

to be identified.
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The integral form of Eq. (4.14) can be written as

5 fdv + g £, dS = fffap, dv. (4.15)

The second term on the left-hand side of Eq. (4.15) is the total surface force acting on the
model. The term on the right-hand side is correlated with the kinematics of the model and
reflects the effect of the inertia of the fluid inside the model. The acceleration of each
control volume inside may be different, thus the calculation of this term requires a
differential of velocity to obtain the acceleration for each node. This is thought to affect
the stability of the simulation as an explicit scheme is used to update the model’s velocity,
especially when the acceleration is large as in the initial period. Therefore, the right-hand
term in Eq. (4.15) is ignored in modelling for the stability of the simulation. Note that the
effect of this term on accuracy is thought to become obvious under the condition of
relatively high acceleration and low velocity. In the immersed boundary method, the body
in flow is modelled by imposing a body force on the fluid inside the immersed boundary.
The model can thus be considered part of the fluid in the flow field, and the acceleration

and angular acceleration can then be calculated using Eq. (4.15) as:

ma = b £, dS = — ff f av, (4.16)
Id = —§ffF —7) x fdv, 4.17)

where 7, denotes the location vector of the center of mass that is 0,(0,) here. Note that
although the right-hand term in Eq. (4.15) is ignored in the modelling, its effect persists,
and is considered an additional mass — §ff aspy dV/a close to the fluid mass inside the
fish model, which is approximately -0.0133. The real density of the fish model is
considered close to that of the fluid. Therefore, to offset the influence of the additional
mass on computational accuracy, especially at the starting stage, the setting mass is chosen
to be approximately twice the fluid mass inside the model as m = 0.03. Since rotation is
not the main concern in this study, the moment of inertia is set to be relatively large, mainly

for the computational stability, as [ = 0.01.
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Once the movement of the first (second) body-fixed coordinate system is obtained by the
above dynamic feedback, the computational process used to determine the orientations of
the body-fixed systems 3 to 6 (denoted by the subscript “s” below), as shown in Fig. 4.6 at

time step n + 1, is then set to implement the undulatory movement as:

—n+1 _ n+1 N+l

— 1
=T 0 =T 6s(0), (4.18)

n+1 , N n+1 —n+1 —*n+1/|l—*n+1|
S b

—xn+1
=l +60;, X4 > Lg =l

lg =

(4.19)

where 6; = tan(4 cos(wq)) and ¢ = max(t — (s — 3)¢/w, 0). The parameter A is the
relative amplitude of neighbouring parts. w and ¢ are the relative angular velocity and the
relative phase difference, respectively, and t is time. The initial posture is obtained by
letting t = 0 when 8 = tan(A). This setting provides a smooth starting process to prevent

the abrupt alteration of velocity which may cause unphysical impulse. 17 (13), 11 (z),

N

k—l(k—z) are initially set parallel to the corresponding inertial coordinate axis i, J, k,
respectively. From the top view of the model, Fig. 4.7 (a) gives a schematic posture to
show the relationship between the parameters 8¢ and the kinematics of the model. To
illustrate the effect of ¢ on the undulatory mode, the schematic postures of the model using
the above definition in a tail-beat cycle with A = 1/4,¢ = 0,1/6,1/3, /2 are shown in

Fig. 4.7 (b). The corresponding velocity and angular velocity are then updated as:

—n+1 n+1 n+1 n+1

Us = Us—1 + w54 Xls—1  Cs—2, (4.20)
—n+1 _ n+1 d(arctanfg) —n+1
W = Wg_q + —Q  Js - (4.21)

In this study, a 3D channel is used through a structured grid with domain 3 X 1 X 1 and
grid numbers 360 X 120 X 120 along the x- (longitudinal), y- (vertical) and z-axes
(lateral), respectively, as shown in Fig. 4.8. The outlet boundary condition is specified
along the longitudinal direction, and the non-slip wall condition is specified in the lateral
and vertical directions. The Reynolds number based on the length of the fish model and the
longitudinal velocity ranges approximately from 30 to 2,300. Note that to improve the

efficiency and stability of the simulation, the wall condition is employed, which is not the
43



typical situation for a normal swimming fish and may yield the wall effect on swimming
performance. Webb (1993) investigated the swimming performance of steelhead trout in
channels with solid or porous walls and highlighted the wall effect on kinematics. However,
considering the relatively low Reynolds number in this study, the effect is considered
insignificant. A simple assessment of effect of the distance between the pair walls along
the lateral and vertical directions, is shown in the results and discussions.

The third-order upwind difference scheme is used to discretise the spatial derivatives. The
time marching is based on the fractional step method, where the first-order Euler implicit
scheme is used to derive the equations for the velocity. The coupling of the velocity and
the pressure fields is based on the SMAC method. Due to the use of the third-order upwind
spatial scheme and the first-order time marching method, it is necessary to confirm their
effects on the computational results. This issue is properly assessed and a detailed

discussion is provided the validation of the computations.
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Figure 4.1: Grid plane perpendicular to the spanwise direction: entire view (upper) and

partial magnification near the cylinder (lower).
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Figure 4.2: Schematic diagram of the single particle settling.
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Figure 4.3: Grid (coarse) and roughness (fine)
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Figure 4.4: Close-up views of the three rough bottom surfaces
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Figure 4.5: Computational model and dimensions (I = 0.15, the length of the tail).

Figure 4.6: Body-fixed coordinate systems.
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Figure 4.7: (a) Definition of the kinematics (top view); (b) Schematic postures in a tail-

beat cycle for different phase differences (A = 1/4)

50



Figure 4.8: Grid for the simulation.
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Chapter 5 Results and discussion

5.1 Validation cases

5.1.1 Flow around a circular cylinder

Table 5.1: Comparison of drag coefficient and Strouhal number with those in previous

studies.
Re = 100 Re = 1000

Cd St ClI (rms) Cd St Cl (rms)
The present study 1.35 0.165 0.22 1.13 0.217 0.20
Kim et al. (2001) 1.33 0.165 --- --- --- ---
Jordan & Fromm 1.28 0.16 - 1.24 0.206 -
(1972)
Naito & Fukagata 1.33 0.165 0.23 1.09 0.21 0.21
(2012)
Tritton (1959) 1.24- --- --- --- --- ---

1.26
Braza et al. (1986) 1.30 0.16 --- 1.20 0.21 ---
Tseng & Ferziger 1.42 0.164 0.29 - -—- -
(2003)

Figure 5.1 shows the lift coefficient (Cl = Fl/((l/Z)prOZOAC)) and the drag coefficient
(Cd = Fd/((l/Z)prfoAC)) against time (where F; and F,; are the lift and drag forces,
respectively, and A, = D, is the reference area). The time-averaged drag coefficient, the
Strouhal number (St = fD/U,, where f is the oscillation frequency) and the RMS-

averaged lift coefficient are compared with those from previous studies in Table 5.1. The
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results are found to agree well. Figure 5.2 shows the contours of the instantaneous
streamwise velocity on the center planes for the two cases, and the vorticity contours are
shown in Fig. 5.3. A Karman vortex street can be seen in the wake flow for Re = 100,
which indicates that the vorticity field was well captured. Figure 5.4. shows the three-
dimensional vortex structures visualized by the second invariant of the velocity-gradient
tensor for the case of Re = 1000. We can successfully find a trend very similar to that in a

previous DNS study (Naito & Fukagata, 2012).

5.1.2 Single settling sphere particle in fluid

Mordant and Pinton (2000) performed an experimental study on a settling particle for
different Reynolds numbers and density ratios, and obtained a single exponential relation

between vertical velocity and time to describe the movement as:

Yo _ 1 _ _ 3t
V1_1 exp( 795)’ (5.1)

where v, is the particle velocity, V; is the limit velocity, t is time and o5 is the
characteristic time taken for the particle reaching 95% of the limit velocity.

Figure 5.5 shows the vertical velocity of the particle against time, which agrees well with
the profile predicted by Eq. (5.1). The comparison of limit velocities is provided in Table

5.2. Itis evident that a satisfactory agreement is obtained with previous studies for the same

conditions.

Table 5.2: Comparison of the limit velocity with previous studies

D(m) | p,(kg/m3) |  Vy (ms) Re
Mordant and Pinton (2000) 0.0741 41
Luo et al. (2007) 0.0005 2560 0.0781 44
The present study 0.0745 41

Figure 5.6 shows the velocity contours on the vertical central plane from =0.05s to /=0.3s.

As can be seen from Fig. 5.5, the descending velocity has been close to the limit velocity
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by #=0.05s, and convergence at the limit velocity till =0.1s. The descending process
includes a short acceleration and mainly proceeds at a uniform velocity. From the velocity
contours, although the descending velocity becomes stable in a relatively short time from
the starting of the sediment. The development of the flow field continues with an increasing
region of wake flow until the particle reaches the bottom of the channel. In the wake flow,
it is noticed that a region of relatively high descending velocity can be seen in dark blue,
which develops quickly as the particle falls and reaches a stable scale shortly from the start
of sediment. Outside this region, a growing green area can be seen in which the velocity is
relatively lower and the convergence of its scale is achieved later than the blue region. An
axisymmetric wake flow field is maintained throughout the sediment and no significant
turbulence is observed. Vortex structures investigated in different values (10 and -20) of
the second invariant of the velocity-gradient tensor can be seen in Fig. 5.7. The results
show that both vortices become stable shortly from the start and it takes more time for the
outer vortex (-20) to reach a certain shape. Corresponding to velocity distributions, the
vortex around the settling particle is axisymmetric and no apparent turbulent structure is
observed.

In the present settling particle simulation, the time step At was firstly set to 10™%. To assess
the dependency of the time-step scale, two cases with larger time steps (At = 2 X
107%,3 x 107%) were considered and the obtained results are compared in Fig. 5.8. As it
shows, the profiles of settling velocities in the three cases involving different time steps
coincide with one another, indicating that the dependency of the time-step scale was not a
serious problem in this simulation as far as moving boundaries during flow were concerned.
In addition to this validation case, the effect of the time-step scale was also assessed for
the problem of swimming fish (4=0.25, w = m, ¢ = 1/6) through two test cases with time
steps of 1 x 1073 (Baseline) and 2 x 1073 (Baseline_1). Grid dependency was also
investigated for the case of swimming fish by performing a simulation under the same
condition as the baseline case using a finer grid consisting of N, X N;, X N, = 540 X
180 x 180 (Fine). The longitudinal displacement and velocity are shown in Fig. 5.9. By
comparing the Baseline and Baseline 1 cases, as in the case of validation, the effect of the
time-step scale was not obvious. Concerning the grid dependency, although there was some

discrepancy between the Baseline and the Fine cases, the overall feature of the swimming
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process was not considerably affected. Thus, the discrepancy is regarded insignificant and

the grid dependency was not considered serious in this study.

5.2 Turbulent open channel flow with wall roughness

The basic performance of the present SGS model for a smooth wall has been validated in
a previous study by Abe (2013). However, the present study adopts a different flow
configuration, where one of the surfaces is treated as shear free. Therefore, to confirm the
validity of the present simulation in the near-wall region on the bottom surface, Fig. 5.10
compares the mean streamwise velocity obtained by the DNS for a smooth wall using the
fine grid (Table 4.1) with the results for a conventional channel-flow DNS reported by
Moser et al. (1999). Note that to confirm the basic performance of the present SGS model
for coarse grid resolution, the results of the LES with coarse grid (Table 4.1) are also
included. It is found from Fig. 5.10 that the present DNS data correspond well to those by
Moser et al. (1999). Moreover, the LES even with coarse grid yields satisfactory
predictions for the mean streamwise velocity, although a slight difference is still observed.
The components of the Reynolds normal stresses as well as the Reynolds shear stress are
compared in Fig. 5.11. The results for both show generally good agreement in the region
close to the no-slip wall on the bottom. Although there are considerable differences
between the two DNS data in the upper region close to the free surface (center line in the
reference DNS), no crucial effect is evident in the predictive performance on the bottom
side, which is the main concern in this study. It is also notable that even the predicted
Reynolds stresses near the free surface correspond well to what is generally known for this
kind of flow. Concerning the LES with coarse grid, the belief is that generally reasonable
results are obtained, although slightly higher streamwise and lower spanwise predictions
are still seen in the near-wall region compared with the DNS data. Concerning the
contribution of each term in Eq. (4.3), according to the analysis in Abe (2014) on the results
of the channel flow case, the time-averaged SGS stresses calculated with the linear EVM

term (—2vg4sS;j) mainly contributes to the SGS shear stress while its effect is very small

SGS

for normal stresses. In contrast, the EAT (2ksgsb;;") plays a dominant role for the normal-

stress predictions.
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The mean-velocity distributions for the three test cases with wall roughness are compared
in Fig. 5.12, as well as the aforementioned open-channel DNS data for smooth and rough
walls for reference. Note that the LES data without the EAT (i.e., isotropic SGS model)
using the same grids are also involved for further comparison. The DNS for rough wall

was performed using the grid of N, X N, X N, = 385 x 181 x 385 (Ax* = 4.9, Ay* =

0.8 — 4.0, Azt = 2.5) with the same domain as well as the boundary conditions for the
present LES cases. Concerning the results of the DNS, the velocity profile with wall
roughness shifts downward compared with that obtained in the smooth-wall DNS, but
maintaining a similar slope, which agrees with the general knowledge. For the LES results,
the velocity profiles of the fine and medium cases with and without EAT generally agree
well with the DNS data, while less downward shift is shown for the coarse cases. Note that
this may arise as an effect of the quality of reproduction of the roughness configuration
besides the grid dependency of the SGS models. By comparing the results between LESs
with EAT (i.e., anisotropic SGS model) and without EAT (i.e., isotropic SGS model) in
the figure, for the fine and medium grid cases, the two models yield close profiles, while a
definite difference is seen in the coarse grid case. Even considering the effect of the
distortion of the roughness configuration as is described later, an obviously better
performance is obtained by adopting the SGS model with EAT than that without EAT,
especially in the region exhibiting the logarithmic law, although both of them show some
change in shape of the logarithmic region. The isotropic SGS model without EAT shows a
much larger discrepancy from the DNS data compared with the anisotropic SGS model
with EAT. This fact indicates that the EAT contributes to reducing the grid dependency of
the predictions, even for near-wall turbulence with wall roughness. The modification AU™*
from roughness effects is often called the roughness function. In the present study, it is
evaluated to be about 3.0 as can be seen in Fig. 5.12.

To investigate in more detail the effect of the roughness configuration reproduced by the
immersed boundary method, the instantaneous velocity-vector plots obtained from the
results with EAT as well as the roughness configurations generated for each case are shown
in Fig. 5.13. As mentioned in Chapter 4, the roughness is composed of small blocks of the
same size with corresponding local grid units. Therefore, in the finer grid case, a better

shape of ‘egg carton’ surface can be realized. The distortion is more obvious with the coarse
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grid; not only is the rough surface modified with bigger stages, but also the height of the
roughness peak decreases more significantly than with the fine or medium grid. This may
be one reason for the lower roughness function AU* seen in Fig. 5.12. However, even
considering this effect of shape distortion, the downshift of the profile of the coarse case
without EAT is still insufficient, which is more likely caused by a higher grid dependency
of the isotropic SGS model. The results also indicate that there is a low velocity region on
the rear side of the rough mountain, while no obvious recirculation is observed in the
present three test cases.

From the distributions of turbulence energy shown in Fig. 5.14, the results of the DNS with
roughness exhibit a lower peak compared with the DNS without roughness, and the
location of the peak value is shifted away from the wall. The results of fine cases with and
without EAT agree well with the DNS data. The profile of the medium case without EAT
shows a slightly higher peak, while lower value can be seen in the outer layer that is similar
to that with EAT. Obviously higher peak values are obtained in the coarse grid for both
LES cases in the near-wall region, even higher than that in smooth DNS. Among them,
however, the prediction by the model with EAT is clearly better than that without EAT. In
the outer layer, lower energy is obtained for both coarse cases, and even lower value is
shown for the case with EAT.

The Reynolds normal stresses as well as the Reynolds shear stress for the rough-wall LESs
are compared with each other, as well as with those of the smooth-wall and rough-wall
DNSs in Fig. 5.15. As is found by comparing the rough-wall and smooth-wall DNS results,
the roughness causes obviously lower peak for the streamwise component as well as a shift
away from the wall for all the components. The results of fine cases with and without EAT
agree well with those of the DNS data. For the cases with EAT using the coarse grid, a
higher peak value can be seen in the streamwise stress, whereas the peak values decrease
in the wall-normal and spanwise directions, as found by comparing with the DNS results.
This may be caused by a general feature of LES that coarse grid resolutions produce a
stronger anisotropy. Moreover, the location of the peak value slightly changes in the wall-
normal direction, which is likely to move farther away from the wall than with the fine and
medium grids. Comparing with the rough-wall DNS results, the departure mode with the

coarse grid is similar to that for the smooth-wall cases when comparing the LES and DNS
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profiles (Fig. 5.11), which implies that the exist of the roughness may not obviously
influence the performance of the present SGS model on turbulence stresses, although the
peak value decreases more apparently in the rough wall case. By comparing the cases with
and without EAT, the results for the fine and medium grids generally agree well with each
other, although slightly lower peak values are shown for the medium case with EAT than
that without EAT in the normal stress components. The difference in peak values is more
obvious for the coarse cases, which indicates that the exist of EAT tends to cause lower
normal stresses when the grid gets coarser in the present study. This may lead to giving a
higher peak value of the turbulence energy in the results without EAT.

To investigate the effect of the SGS stresses on the total values, Fig. 5.16 compares the
SGS components with and without EAT for the coarse grid case. It is found that the model
with EAT successfully provides the SGS-stress anisotropy, while the model without EAT
returns isotopic distributions. This is a notable feature of the present anisotropic SGS model.
An important issue can be seen in the prediction in the wall-normal direction, where the
model with EAT shows the correct near-wall limiting behavior, while the model without
EAT shows wrong one. This wrong behavior gives a considerable overprediction of the
wall-normal component, leading to a decrease of the prediction accuracy for the total value
of the wall-normal Reynolds stress. Concerning the SGS shear stress, similar profiles are
obtained for both models, although there can be seen a slight difference in shape. Such
being the case, it is confirmed that the EAT contributes to improving the distributions of
the SGS stresses, resulting in better predictions of the total stress components.

Figure 5.17 compares the GS and SGS components of the Reynolds shear stress for the
cases with and without EAT. For the fine cases, no obvious SGS component can be seen
either with or without EAT compared with the GS component. As the grid becomes coarser,
the SGS component increases, especially in the near wall region. In the coarse case with
EAT, the influence of the SGS stress spreads farer than that without EAT into the main
flow. A decrease of the GS component can be found in the corresponding region, this
indicating a transfer of stress from the GS component to SGS component. The total value
of the case with EAT is closer to the DNS result than that without EAT, more loss of the
shear stress appears for the case without EAT during the transfer from GS component to

SGS component.
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Figure 5.18 compares the GS and SGS components of the turbulence energy for the cases
with and without EAT. For the fine cases, the SGS components of both cases with and
without EAT are insignificant. As the grid becomes coarser, the SGS components in the
cases both with and without EAT increase. For the coarse cases, the GS component of the
case with EAT decreases in the outer layer while remains in the inner layer compared with
the fine case. In the case without EAT, the GS component also decreases in the outer layer,
while the peak value increases, which combining with a larger SGS component, gives an
more obvious overestimated peak than in the case with EAT compared with the DNS
profile.

Figure 5.19 compares the results of the instantaneous vortex structures and streamwise
velocity contours of rough-wall cases with EAT as well as those for the smooth-wall and
rough-wall DNSs. From the figure, the vortex structures for the coarse grid show a slightly
different aspect from the fine and medium grids under a certain contour parameter for
plotting, whereas the latter two are similar to each other, as well as the rough-wall DNS
results. For the fine and medium grids, more vortex structures are observed in the channel
compared with for the coarse grid, suggesting the existence of a grid dependency on the
size, density, and intensity of the generated vortices. However, one important feature is
that even with the coarse grid, vortex structures are clearly seen in the region close to the
wall surface (marked in blue). In contrast, having looked at the velocity contours, in the
inner layer of LES cases where the roughness exists, the flow seems to change compared
with that with a smooth wall. A thicker boundary layer is generated by the effect of the
roughness. However, from the top of the rough elements to the center region, the
development of turbulence in the streamwise direction seems not significantly influenced
by the roughness. Thus, the effect of roughness on the flow field is similar to bringing a
rise of the wall boundary by a height related to the size of the rough element that is also
seen in the mean streamwise velocity profile in Fig. 5.12.

From the above discussion, it can be seen that the difference between the results with and
without EAT mainly appears in the coarse grid case. This may be caused by the relatively
fine grid resolutions for the present LES cases. To better understand the effect of the EAT,
cases with even coarser grid resolutions can be tested and the results being compared with

those without EAT in a future study. In that case, distortion of roughness configuration by
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immersed boundary method is thought to be more serious, thus the body fitted grid may be
considered more appropriate.

To illustrate the reduction of computational cost quantitively, the cost defined by
( Number of grid points X time step size (which is defined here as 107*/At)) is
calculated for the present rough-wall cases and listed in Table 5.3 with the proportion to
the cost of the DNS case. Note that the influence of grid dependency on the convergence
time is not considered here. It has to be pointed out that the reduction of computational cost
is an important problem that is closely related to the accuracy requirement. Although the
cost of the coarse grid is quite lower than that of the fine and medium grids, its prediction
accuracy generally decreases. However, considering the fact that the case with EAT yields
a better mean velocity profile than that without EAT even for the coarse grid, the
computational cost of the present SGS model can be less than that without EAT under a

certain accuracy requirement.

Table 5.3: Computational cost for the rough-wall cases.

DNS (rough) Fine Medium Coarse
Cost 1.341 x 107 2.664 x 10° 4.027 x 10° 1.022 x 10°
Cost/Cost DNS 1.0 0.20 0.030 0.0076

5.3 3D self-propelled fish swimming

Concerning the three-dimensional fish-swimming case, the effect of the tail-beat frequency
on the swimming performance was first investigated. Figure 5.20 shows the displacement

(left) and velocity components (right) of the center of mass of the fish-like model against

time, for w = g, g, m and2m with ¢ = m/6 and A=0.25. The model started at the location

(x=1.8, y=0.5, z=0.5), and the time it took to reach the end of the channel decreased almost
linearly with increasing w. The indicated linear relationship between the swimming
velocity and the tail-beat frequency has also been reported in previous studies (Long et al.,
1994; Epps et al., 2009) and can be found for the lateral component. The forward thrust

was the counter-force of pushing the fluid backward. With larger w, more backward fluid
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was generated at a higher velocity, resulting in a higher forward thrust and, thus, higher
swimming velocity. On the contrary, the drag increased with swimming velocity and a limit
velocity was achieved when thrust was balanced by the drag. This linear relationship
between w and swimming velocity and, thus, longitudinal displacement indicated a linear
similarity between the functions---one between the thrust and w, and the other between
drag and swimming velocity---for the Reynolds numbers and swimming modes used.
Compared with the longitudinal movement along the x-axis, a more obvious oscillation
was observed in the lateral direction. Positive displacements were observed in all cases;
they might have been obtained due to the initial setting of the body posture, such that in
the first tail-beat cycle, the counter-clockwise torque from the top view generated by the
undulation of the body turned the head of the model slightly to the left and the deflection
persisted in the following swimming process. Each lateral velocity component had one
maximum and one minimum in a tail-beat cycle, whereas there were two crests and two
troughs for each component of longitudinal velocity. The different values of the two
troughs in one cycle were thought to have occurred due to the deflection of the longitudinal
central axis of the body from the x-axis. The vertical velocity was low compared with the
other two velocity components, and a larger fluctuation tended to appear in the case of
higher angular velocity.

Figure 5.21 shows the velocity vectors and color contours for the cases with different
angular velocities. Although the wake wave becomes intensified as the angular velocity
increases, the structure of the wake flow does not change significantly. This could also be
seen from the vortex structures in Fig. 5.22. As the angular velocity increases, more
vortices generate in a compact series of vortex rings, and the vortex surrounding the body
part begins to grow.

Figure 5.23 shows the velocity vectors and longitudinal velocity contours on the plane of
y = 0.5 during one tail-beat cycle from t = 10 to t = 12 for the case where w = 1 with
¢ = m/6 and A=0.25. The corresponding vortex structures are shown in Fig. 5.24. Two
peaks of longitudinal velocity in the cycle can be seen in Fig. 5.20 and correspond
approximately to the times at 37 /8 and 6T /8, when the tail was close to crossing the
body’s vertical central plane. A backward wake flow with oscillation is seen in Fig. 5.23.

Note that a region of high backward velocity was generated on the leeward side of the tail
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and shed into the wake flow when the swinging movement changed the direction. As the
high velocity was not induced on the windward side, this implies that rather than by
‘pushing’ the fluid, the thrust was generated more by ‘pulling’ it. The mechanism of thrust
generation can also be investigated from the perspective of vortex structures in Fig. 5.24.
A series of vortex rings shed from the trailing edge of the tail to form a reverse Karman
vortex street in the wake flow, which moved backward along the walls after having reached
them. The body component of the model was surrounded by weak vortex structures while
no obvious shedding of body vortex was observed.

Figure 5.25 shows the pressure distributions on the surface of the fish model in one tail-
beat cycle. Because of the symmetry of the body shape and movement in the lateral
direction (x-y plane), only one side of the model is displayed. The pressure difference is
mainly generated on the tail, where high pressure is induced on the windward side and low
pressure is on the leeward side. In the first half cycle from 0 to 37T/8, the displayed tail
plane plays the role as the windward surface. A concentrated high pressure is firstly
generated near the region connecting the body and the tail, and then spreads into most part
of the windward surface with a lower peak value and more even distribution as the tail
swings to the other side. In the following the half cycle from 4T/8 to 7T/8, the displayed
tail plane plays as the leeward surface. A low pressure is generated on the end of the tail
and spreads to the whole leeward surface in this process.

In addition to the tail-beat frequency, another important factor that affects the swimming
performance significantly is the undulatory mode, in which anguilliform and carangiform
are common types (Sfakiotakis et al., 1999; Gillis, 1996). For different undulatory modes,
the propulsive wavelength can be different. The smallest propulsive wavelength for a
species decreases with increasing number of vertebrae (Long & Nipper, 1996). In this study,
as the number and size of the segments of the model were fixed, the relative phase
difference was altered to change the undulatory mode, and its effect was investigated.

Figure 5.26 compares the displacement (left) and velocity components (right) against time

along the three directions for ¢ = O,%,%,%,g, %, %T, and m, with w = mand A=0.25. As
the phase difference increased, the longitudinal swimming distance to the initial position

decreased, except in cases where ¢ = /12 and ¢ = 3n/4, for which the swimming
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distance was slightly larger than that for ¢ = 0 and ¢p = /2, respectively. When the
phase difference was greater than /2, there was no apparent displacement along any
direction. By comparing the peak-to-peak height, stronger oscillations for the longitudinal
and lateral velocities were obtained when the phase differences were smaller, which
indicated that more intense acceleration and deceleration process occurred in a mode where
the fish body behaved “stiffer”, and this corresponded to higher swimming velocity.

Figure 5.27 shows the velocity vector and color contours for structures for ¢ =

O,%,g,and m, with w = wand A=0.25, while Fig. 5.28 shows the corresponding vortex

structures. As the phase difference increased, the backward jet flow weakened and fewer
vortex structures were observed, Particularly in the case of ¢ = m, the tail plane was
always parallel to the vertical central plane of the body and swung in a narrow region. It is
noteworthy that the proposed fish model has only four rotation joints, which may not be
adequate to express the features of certain swimming patterns, especially those with larger
phase differences. It is thought that models with more and smaller segments are needed to
reproduce large phase differences or smaller propulsive wavelengths more properly.

To illustrate the effect of body amplitude, Fig. 5.29 shows the displacement (left) and
corresponding velocity components (right) against time in three directions for parameter A
changing from 0.2 to 0.5 while keeping w = wand ¢ = m/6. As can be seen, the largest
longitudinal displacement is obtained when A is between 0.3 and 0.35, and the oscillation
of longitudinal velocity increases as the amplitude getting larger. The swimming velocity
seems to be sensitive to the body amplitude in a narrow range. The lateral displacement
and velocity changes little and a slight peak shoulder appears in the lateral velocity profile
when A is larger than 0.3. Note that as is different from the discussion on the tail-beat
frequency or phase difference, stronger oscillation may occur even at a lower longitudinal
velocity when changing the amplitude. When the amplitude is higher than the optimal value
where the largest mean longitudinal velocity is obtained, the peak-to-peak height of the
longitudinal velocity increases, while the swimming becomes to slow down. Because of
the plane symmetry of the model and the lack of manipulation of swimming stability and
direction, the vertical movement was unstable. The tail-beat frequency and phase

difference were fixed to focus on the effect of body amplitude, and it should be noted that
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swimming performance depends on a combination of many factors rather than a single one.
Thus, the optimal amplitude may change under different conditions, and this requires a
further study.

Figure 5.30 shows the enlarged profiles of the longitudinal velocities for four cases with
different body amplitudes from A=0.2 to A=0.5, during which the optimal value is obtained
(0.3~0.35). The postures of the fish model at several times in one tail-beat cycle for the
case of A=0.3 is also included as an example to illustrate the effect of swinging movement
of the fish body on swimming velocity. Figure 5.31 shows the velocity vectors and color
contours for the four cases, while the corresponding vortex structures are shown in Fig.
5.32.

As can be seen from the profile of the longitudinal velocity, in a tail-beat cycle, the swing
movement of the fish body, especially the tail part, does not always bring the effect of
acceleration. There are two accelerating processes corresponding to the time from about
10s to 10.6s and 11s to 11.5s, when the swinging movement of the body has a backward
component and induces a reversed Karman vortex street. Between the acceleration there
are two decelerating processes corresponding to time from about 10.6s to 11s and 11.5s to
12s, when the swinging movement has a forward component against the swimming
direction. The mean swimming velocity depends on the integrated effect of the two
processes. When the amplitude is larger than the optimal value, the effect of deceleration
exceeds that of the acceleration, which causes an overall decrease of swimming velocity.
From Figure 5.31, as the amplitude increases, the maximum of the swinging velocity
increases, generating a stronger wake flow, while a more intense reversed flow region is
also yielded. From Fig. 5.32, when A=0.5, an obvious expansion of the wake vortices on
the pair vertical walls against the swimming direction can be observed compared with other
cases.

In this study, the boundary conditions were set as non-slip walls along the vertical and
lateral directions, and the vortex was thus confined to the channel and could not diffuse
into the far field. This might be a little different from the normal condition where the flow
field was considerably wider. Therefore, to assess the effects of the limitations imposed by
the walls on swimming performance, simulations using enlarged grids were carried out.

Two cases (cases 2 and 3) were examined with grids expanded along the lateral direction,
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with double width for case 2 and triple width for case 3, meanwhile, case 4 (double height)
and 5 (triple height) with grids expanded along the vertical direction were examined. We
used the computational condition for the aforementioned case 1 with parameters A = 0.25,
w = mand ¢ = /6, and the same initial conditions was imposed for cases 2, 3, 4 and 5.
The displacements and velocity components against time in case 1, 2 and 3are compared
in Fig. 5.33, the results of case 1, 4 and 5 are shown in Fig. 5.34.

From Fig. 5.33, the effect of the distance between the lateral walls on swimming
performance was shown to be insignificant along all three directions. Figure 5.34 showed
that the effect of the channle height was also unobvious, while a slight instability in the
vertical direction was observed. The relatively low Reynolds number in this study may be
the reason leading to the absence of significant reflection from the wall. Meanwhile, on the
other hand, even though an additional drag arised due to the wall, it may be offset to some

extent by increasing thrust.
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Figure 5.3: Vorticity contours on the center plane for Re=100 (upper) and 1000 (lower),

where blue for clockwise and red for counter-clockwise.
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Figure 5.4: Vortex structures for the case of Re=1000.
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Figure 5.5: Velocity profiles for a single settling particle.
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Figure 5.11: Comparison of Reynolds stresses for flow along a smooth wall
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Figure 5.21: Velocity vectors and color contours for cases with different angular

velocities (¢ = m/6 and A=0.25).
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Figure 5.22: Vortex structures for cases with different angular velocities (¢p = m/6 and
A=0.25).
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Figure 5.29: Displacements and velocity components against time along three directions

for the cases with different body amplitudes (w = mand ¢ = m/6).

109



-0.02 =) e—=()3
-0.04
-0.06
S -0.08
-0.1
-0.12
-0.14
-0.16
95 975 10 1025 105 1075 11 11.25 115 1175 12 1225 125
time
(a)

"\5 L™ ,

Voo

LAY

10 1025 105 1075 11 1125 115 1175 12
(b)

Figure 5.30: (a) Enlarged profiles of the longitudinal velocities for the cases with
different amplitudes (w = 1 and ¢ = m/6); (b) Postures of the fish model in one tail-beat
cycle for the case of A=0.3 (w = mand ¢ = 1t/6).

110



111



Figure 5.31: Velocity vectors and color contours for cases with different body amplitudes
(w=mand ¢ =1/6,t = 10).
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Figure 5.32: Vortex structures for cases with different body amplitudes (w = mand ¢ =
n/6,t = 10).
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directions for the cases using grids of different widths.
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Chapter 6 Conclusions

In the present study, the immersed boundary method was applied on problems concerning
relatively complicated or moving boundaries to investigate the involved flow phenomena.
Direct forcing method was adopted considering that there is no need to use specified
parameters in the forcing and no extra stability constraints, as well as the capability of
building a sharp representation of the immersed boundary, although some disadvantages
exist such as the implementation is less straightforward compared to the continuous forcing
approach. Some force feedback mechanism was added to the original program code in
order to study the hydrodynamic performance of certain movement in fluid such as a self-
propelled fish swimming. The performance of the immersed boundary method including
the force feedback mechanism was validated firstly through the simulation of flows around
a circular cylinder and a single settling sphere particle in fluid. Two application cases of a
turbulent open channel flow with wall roughness and a three-dimensional self-propelled

fish swimming were then carried out. The conclusions are drawn as follows:

Turbulent open channel flow with wall roughness:

LES of turbulent flow in a channel with a rough wall on one side and a free slip surface on
the other was performed by adopting an anisotropy-resolving SGS model. To investigate
the grid dependency of the LES results resulting from the SGS model, three grid resolutions
were tested under the same definition of a roughness using the immersed boundary method.
The obtained results were compared with the corresponding DNS data with and without
roughness, as well as the LES results without the extra anisotropic term (EAT).

By comparing the results from smooth and rough DNSs, the presence of roughness caused
a downward shift of the mean-velocity profile without any obvious change in slope in the
logarithmic law region, which is in line with the general consensus. In addition, from the
turbulent stress profiles, there was a shift away from the wall as well as a lower peak value
for the streamwise turbulent stress compared with a smooth-wall channel flow.

One main conclusion from the present results is that the grid dependency is not evident for
the fine and medium grids in the mean velocity profile as well as turbulence stresses. Some
deviation is seen in the mean streamwise velocity profile using the coarse grid. This may
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be partly a result of reproducing wall roughness using the immersed boundary method, as
the rough surface is modified to a height that is slightly lower because the steps were
relatively larger. As for the turbulent stresses, the grid dependency seems to bring a non-
negligible influence. The vortex structures are also shown to be affected in size, distribution
or intensity to some extent, depending on the grid resolution used. Further detailed
investigation will be necessary on this issue.

Simulations without the EAT were also performed and their results were compared with
those using the anisotropy-resolving SGS model (with EAT). By comparing the results
with and without EAT, the mean velocity profile and turbulent stresses agreed relatively
well for the fine and medium grid cases, whereas for the coarse grid case, the EAT played
a more important role, bringing about a larger difference in prediction accuracy. The
present SGS model with EAT successfully provided the predictions of the mean velocity
and the Reynolds shear stress better than the model without EAT did. This indicates that
the model with EAT can considerably reduce the grid dependency for coarse grid
resolutions. Concerning the Reynolds normal stresses, on the other hand, lower values were
yielded by the model with EAT compared with those by the model without EAT.
Particularly, a remarkable difference was seen in the wall-normal component. In fact,
however, this was caused mainly by the effect of the isotropic SGS stress distribution
predicted by the model without EAT, where the wrong wall-limiting behavior gave
considerably higher wall-normal SGS component. From these results, it has been
confirmed that the present SGS model with EAT is useful for application to turbulent flows
with wall roughness, although further discussion is necessary to improve the model

performance.

3D self-propelled fish swimming:

A three-dimensional numerical simulation of a self-propelled fish-like object swimming in
a channel with non-slip wall conditions specified along the lateral and vertical directions
was conducted. The moving body was generated by employing the immersed boundary
method. A parametric study was performed to investigate the effects of the tail-beat
frequency, phase difference and body amplitude on the virtual swimming performance.
The obtained results verified the feasibility and effectiveness of the simulation. The details
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of the flow field can help gain a better understanding of the swimming mechanisms and
designs of artificial underwater machines, such as robotic fishes. Differences in swimming
performance for various swimming modes highlighted the effect of each parameter and
implied the reasonability of the swimming forms in a real fish. The following conclusions
can be drawn from the results of the study.

Swimming velocity increases almost linearly with tail-beat frequency. This relationship
corresponds well to the knowledge that has been indicated in some previous studies. Wake
vortices shed from the tail and formed a reverse Karman vortex street, which played an
important role in thrust generation. There were two peak values of longitudinal velocity in
the tail-beat cycle corresponding to the period when the tail crossed the vertical central
plane of the body.

The results obtained for various phase differences among neighboring rigid body parts
show that swimming was considerably more efficient with a small phase difference than
with a large one, at least, under the present configuration. However, because the number
of segments might not be enough, it should be pointed out that the model used here may
need to be modified with more segments for representing undulatory modes in large phase
differences more properly.

There exists an optimal body amplitude to obtain a maximum average longitudinal velocity
when the other two parameters (tail-beat frequency and phase difference) are fixed. As the
amplitude increases, the oscillation of longitudinal velocity increases, while the difference
in lateral velocity is not obvious when the amplitude is larger than the optimal value. The
discrepancy between the changing tendencies of the oscillation and translational movement
in the longitudinal direction as the amplitude increases implies a decrease of swimming
efficiency. The fluctuation in vertical velocity implies the importance of pectoral fins for
the stability of swimming.

By comparing the cases using grids of different widths or heights, the effect of the lateral
and vertical wall distances on the swimming performance was shown to be unobvious,
which implies that the aforementioned conclusions may also be applicable to swimming in
a wider field that requires greater computational cost.

It is noted that there still remain several limitations to this study, such as the simplification

of the fish body and its dynamic modeling. Moreover, in this study, the main concern in
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swimming performance is the longitudinal velocity, whereas some other aspects such as
energy efficiency were not discussed. They should be addressed in future work. In addition,
although the test cases involving different simulation fields showed that the effect of lateral
or vertical wall distance was not obvious, further detailed investigations of the boundary

effects are needed.
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