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Abstract. When the fluid analysis is carried out in the case that there is a moving object in
the flow field, the mesh regeneration method is applied due to the Adaptive mesh refinement
method. In addition, the Shear-Slip mesh update method is employed in case of rotating body
problems. On the other hand, a method using the flow domain overlapped with the moving
object is also proposed. In the finite difference method, a foreground grid is represented by
moving object, and a main-grid is used for flow field calculation. The Overset-grid is applied
to the fluid analysis to reflect the foreground grid to main-grid by the least-squares method.
Furthermore, the Immersed boundary method based on the finite volume method is also em-
ployed. In the finite element analysis, the fictitious domain method is often adopted for the
moving body problems. In this method, the computational domain is divided into foreground
domain and back-ground domain. In addition, the formulation is carried out based on the La-
grange multiplier method, and is applied to consider the velocity condition in the foreground
domain. The finite element fluid analysis is carried out to reflect the physical quantity of the
foreground domain to back-ground domain. Physical quantities at any points of the fore-
ground domain can be obtained from the physical quantities at each node by interpolation
method. In this study, the flow field analysis using the fictitious domain finite element method
is carried out.

7589



Y. Terakado, and T. Kurahashi

1 INTRODUCTION

When fluid analysis is carried out, the finite element method (FEM) is often employed, and
is widely used as one of the most common analysis techniques. However, if the object moves
in the flow field, it is necessary to re-generate the element mesh for the calculation each time,
there is a problem that the computational cost increases. On the other hand, the fictitious do-
main method [1, 2] is employed as an analysis technique using two element areas within the
object and the flow field in the background. Therefore, it is not necessary to re-generate the
background mesh even if the object moves. This approach formulated based on the method of
Lagrange multiplier [3, 4], representing the background and foreground meshes. Analysis of
the flow field to perform a physical quantity of the foreground mesh is reflected to the back-
ground mesh by using the interpolation method. This study is to verify the numerical analysis
of incompressible viscous fluid with a fictitious domain method.
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Figure 1: Example of finite element mesh in the fictitious domain method.
2 DISCRETIZATION OF THE GOVERNING EQUATIONS

2.1 Governing equation

The Navier-Stokes and the continuity equations are used to represent flow behavior and are
written as Equations (1) and (2):
U; +U;U; —EPi —v(uij +uji)_ =1 f.
: : : 1]
P P
u; =0 (2

(1)

where Vi, P, Re, and fi denote the flow velocity, pressure, Reynolds number, and body force
per unit volume, respectively.

2.2  Discretization of the governing equation

As a method to solve the equation, the splitting method is applied. In this approach, it is
possible to solve the equation by separating the pressure and velocity.

First, to get the solution of the pressure field, we derive the pressure Poisson equation. Per-
forming discretization in the time direction using the Euler method to Equation (1), to give
Equation (3).
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Since the flow velocity is interpolated using triangular primary element, the term of the third
order differentiation and differential term of constant value are vanished. The equation which
was rewritten to Poisson equation of pressure is shown in Equation (4).

Pi* = P(iufi - (u;‘ui”’j ).J (4)

When it is assumed that the weighting function P* relates to a pressure P, the weighted resid-
ual equation is as shown in Equation (5).

*ph+l _ 1 *on =N *n —n *n
'[Qe P, P dQ = _p(ZtIQE U, dQ +U; J;ze Piu’,dQ |+ ou; 'freP u;';n;dl 6
+| P"P""n.dl"

Next, if the Crank-Nicolson method is applied to the momentum equation, Equation (6) is
obtained.

u_n+1 _u_n 1 1 +£ 1 1
;-FU?U:}—Z + =P —y u:jz +u?:2 =—f" (6)
At P ;P

Multiplying the weighting function ui” on the flow velocity for both sides of Equation (6),

integrating over the domain Qe., and introducing the term of the Lagrange multiplier 4i [3, 4],
Equation (7) is consequently obtained.

nel At s N+t 1
I u; (ui”+l —ui”)+ Atufu, ;2 +—PM™ —Atv(ui 2 +uji2J Q+—j u AMdo
Qe ! ! ! ! oW

P ! P (7)

. jmu.*% frdo

In addition, by introducing an interpolation function by the triangular and the bubble func-
tion elements, Equations (8) and (9) are finally obtained.

(C,+C, ™= —(Ait(sxv: +S v )+(D, +D, V! +(D, + Dw)v§j+b" ®)
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The matrices and vectors in the finite element equation for the pressure Poisson equation
and the momentum equation are shown in Equations (10) and (11), respectively.

Cu=| NNLdQ C, =] N NdO

S,=[ NNE,dQ, s, =[ NN{ dO

Do =[ N,(NJv, NG d2, D, =] N, (Njv, N} do

D, = [ N,(N}v, N} 00, D, =[ N, (NIv, N} do (10)
b=[ (Vv +VV 4P+ VOV VoV, + P NG
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3 DETECTION OF THE FOREGROUND NODES NODE

We consider the conditions under which the nodes of the foreground is present in the ele-
ments of the background area. From the definition of the cross product, the node determines
whether inside or outside. It is known that determinants D1, D2 and D3z expressed by Equation
(12) must be positive value, if there is node as shown in Figure 2, a = (Xa, Ya), of foreground in

an element consists of three nodes, (X1, y1), (X2, ¥2), and (X3, y3).

D :Xl_xa Y1 = VYa
' X, =Xa Yo VYa
D :Xz_xa yz_ya
? X3=X, ¥Ys—Ya
D :X3_Xa Ys = Ya
Pl ViV
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Figure 2: Example of overlapped domain.
4 NUMERICAL EXPERIMENTS

4.1 Comparison of the conventional FEM and the fictitious domain FEM

In the flow field around the cylinder, we compered the analysis using the conventional
FEM and the analysis using the fictitious domain FEM. Computational model is shown in
Figure 3. In addition, the computational condition for conventional FEM and fictitious do-
main FEM is shown in Table 1.
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Figure 3: Computational model.

Conventional FEM Fictitious domain FEM

Density 1.00 kg/m® 1.00 kg/m®
Kinematic viscosity 0.01 m?/s 0.01 m?/s
Time increment At 0.001 0.001
Nodes in background domain 1636 1907
Elements in background domain 3116 3716
Nodes in background domain - 331
Elements in foreground domain - 600

Table 1: Computational conditions.

7594



Y. Terakado, and T. Kurahashi

The analysis results are shown in Figures 4-6. Figures 4 and 5 are shown the pressure dis-
tribution and the flow velocity vector at T = 10 [s] in the conventional FEM and the fictitious
domain FEM. There are no elements inside the moving object in case of the conventional
method. On the other hand, in case of the fictitious domain FEM, the physical quantity of the
foreground domain is reflected in the background. Therefore, it is seem that the flow velocity
vector obtained by the fictitious domain FEM is distributed around the cylinder as same as
that obtained by the conventional method. Figure 6 shows the comparison of the time history
of the drag force between the conventional FEM and the fictitious domain FEM. From this
result, it is found that the result by the fictitious domain FEM is good agreement with that by
the conventional FEM.
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Figure 4: Pressure and velocity distributions in case of conventional FEM.
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Figure 5: Pressure and velocity distributions in case of fictitious domain FEM.
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Figure 6: Comparison of time history of drag force between conventional FEM and the fictitious domain FEM.

4.2  Comparison of the fluid force for the case of changing the shape of the foreground
domain

It is necessary to move the nodes freely in the computational domain, when the appropri-
ate shape is obtained such that the drag force minimizes. In this study, the shape expressed by
the nodes of the foreground mesh is changed by the solution of the Laplace equation shown in
Equation (13) under the boundary condition Equation (14), the comparison of the drag force is
carried out in each shape case.

O*AX  0°Ax
o oy
(13)
O*Ay  0°Ay
—+—=0
OX oy
XP@N — ki
{ o on ow (14)
i~ =Y,

Figure 7 shows the comparison of the foreground meshes in case of the cylinder and the el-
lipse. Figure 8 is the comparison of time history of drag force between cylinder and ellipses.
The drag force decreases gradually with decreasing ellipticity (minor axis radius / major axis
radius). It is found that when the drag force in case of cylinder and ellipses at T = 10 [s], the
drag force of ellipse 1 and ellipse 2 decreases 18% and 30%, respectively, in comparison with
that in case of circular cylinder.
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Figure 7: Foreground meshes in each examination case.
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Figure 8: Comparison of time history of drag force between cylinder and ellipses.

5 CONCLUSIONS

The flow analysis around the body based on the fictitious domain FEM is shown in this
study. Navier—Stokes equations and equation of continuity are employed for the governing
equation. The FEM using the mixed interpolation by the triangular and the bubble function
elements is used to discretize the governing equation for space direction, and the Crank-
Nicolson method are used to discretize the governing equation for time direction. The conclu-
sions are shown as follows.

e Similar calculation results were obtained in the conventional FEM and the fictitious do-
main FEM from the result of drag force distributions. It means that the present method is
suitable in this study.

e |t was found that even if the shape of foreground mesh was changed, the fluid force can
be accurately obtained by using the fictitious domain FEM.
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