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SUMMARY

In this article, we propose a simple area-preserving correction scheme for two-phase immiscible incompress-
ible flows with an immersed boundary method (IBM). The IBM was originally developed to model blood
flow in the heart and has been widely applied to biofluid dynamics problems with complex geometries and
immersed elastic membranes. The main idea of the IBM is to use a regular Eulerian computational grid for
the fluid mechanics along with a Lagrangian representation of the immersed boundary. Using the discrete
Dirac delta function and the indicator function, we can include the surface tension force, variable viscosity
and mass density, and gravitational force effects. The principal advantage of the IBM for two-phase fluid
flows is its inherent accuracy due in part to its ability to use a large number of interfacial marker points on
the interface. However, because the interface between two fluids is moved in a discrete manner, this can
result in a lack of volume conservation. The idea of an area preserving correction scheme is to correct the
interface location normally to the interface so that the area remains constant. Various numerical experiments
are presented to illustrate the efficiency and accuracy of the proposed conservative IBM for two-phase fluid
flows. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Many important industrial problems involve flows with multiple constitutive components. Because
of their inherent nonlinearities and the complexity of dealing with unknown moving interfaces,
multiphase flows are challenging. There are many ways to model moving interfaces. The two main
approaches for simulating multiphase and multicomponent flows are interface tracking and interface
capturing methods. In interface tracking methods (front-tracking [1, 2], immersed interface [3, 4],
and immersed boundary [5-7]), Lagrangian particles are used to track the interfaces. In interface
capturing methods, such as level-set [8, 9] and phase-field methods [10, 11], the interface is implic-
itly captured by a contour of a particular scalar function. The numerical method we will take is
the immersed boundary method (IBM), which was originally developed by Peskin [5]. The IBM
has been applied to two-phase fluid flows [12-14]. The motion of the fluid is influenced by the
force generated by the interface and the interface moves with the local fluid velocity. The strength
of this method is that it can accurately handle the complicated and time-dependent geometry of
the interface.

*Correspondence to: Junseok Kim, Department of Mathematics, Korea University, Seoul 136-701, Republic of Korea.
TE-mail: cfdkim@korea.ac.kr

Contract/grant sponsor: National Research Foundation of Korea

Copyright © 2011 John Wiley & Sons, Ltd.



VOLUME PRESERVING IMMERSED BOUNDARY METHODS 843

Consider a viscous incompressible fluid that fills a rectangular domain €2 and an interface I" that is
contained in the domain. The two-dimensional example setup with an immersed boundary curve is
shown in Figure 1. We shall now consider the mathematical formulation of the equations of motion
for the immiscible two-phase fluid. Let p be the variable density and p be the variable viscosity.
The equations of motion of the mixture are then as follows:

p(I)(auS;’[) + u(x,t)-Vu(x,t)):—Vp(x,t)
+ V- [p()(Vux,?) + Vax, )] + F(x,1) + p(I)g, )
V-uix,t) = 0,
F(x,t) = / f(s,1)8%(x — X(s,1))ds,
T
f(s,z) = 0%,
0X(s,1)
5 = U(s,1), )
U(s, 1) = /u(x,t)Sz(x—X(s,t))dx. 3)
Q

The fluid velocity u(x, ¢), fluid pressure p(x, ), and singular surface tension force density F(x, 7)
are functions of (x,7), where x = (x, y) are Cartesian coordinates. ¢ is the time and g is the gravity.
The configuration of the immersed boundary is described by the function X(s,¢), where 0 < s < L
and L is the length of the boundary (see Figure 1). The boundary force density f(s, #) and the bound-
ary velocity U(s, t) are also functions of s and z. The core of the immersed boundary method is the
delta function, which describes the interaction between the fluid and the immersed boundary. Dis-
continuous material properties can easily be accommodated through the numerical construction of
an indicator function, /(x, t). Let us define a gradient field,

Vi) = [ XG5 x - X503, @)
r
which is zero except near the interface. To find the indicator function, the Poisson’s equation
AI(x,t) =V - / n(X(s,1))8%(x — X(s,1))ds
r

is solved. Then, the variable fluid properties, p and p, can be represented by

p(I(x,1)) = p1 + (p2 — p1)1(x,1) and p(I(x,7)) = p1 + (2 — u1)1(x, 1),

where p; and p; fori = 1,2 are density and viscosity of fluid 7, respectively. There is no guarantee
that the advected immersed boundary preserves area over time. Area conservation is an important

J

X (s, 1)

flud1 MR O

Figure 1. The immersed boundary curve I" on a rectangular domain 2.
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844 Y.LIET AL.

issue in modeling free interface problems. If the area loss occurs, it could increase the local curva-
ture of the interface and result in overestimating the surface tension force. An overestimated surface
tension force induces an incorrect velocity field, which moves the interface to the wrong position.

When an exact projection method is used for solving the Navier—Stokes equations, the velocity
field on the Eulerian grid will be discretely divergence free, but this does not guarantee that the
interpolated velocity field through the delta function is continuously divergence free. This can result
in volume loss [15]. This is particularly problematic for interfaces under tension, which have been
shown to exhibit volume loss with the IBM [16-20]. A solution for fixing the volume loss problem
is using the modified divergence stencils of Peskin and Printz [19]. The key idea is the introduction
of a new finite difference divergence operator that is constructed in such a way that the interpolated
velocity field in which the immersed boundary moves is more nearly divergence free.

In this paper, we propose a simple area preserving correction scheme for two-phase immiscible
incompressible flows with an IBM. The idea of an area preserving correction scheme is to correct the
interface location normally to the interface so that the area remains constant. The rest of the paper
is organized as follows. In Section 2, the numerical method will be introduced. The experimental
results will be discussed in Section 3. Finally, some conclusions will be drawn in Section 4.

2. NUMERICAL METHOD

In this section, we present the numerical solution algorithm. A staggered marker-and-cell (MAC)
mesh of Harlow and Welch [21] is used in which the pressure and indicator function are stored at
cell centers and velocities at cell interfaces (see Figure 2).

Let a computational domain be partitioned in Cartesian geometry into a uniform mesh with mesh
spacing /. The center of each cell, Q;;, is located at x;; = (x;,y;) = ((i —0.5)h, (j —0.5)h) fori =
1,---,Nyand j =1,---, Ny. Ny and Ny, are the numbers of cells in the x direction and y direction,
respectively. We use a set of M Lagrangian points X} = (x}', y') for/ = 1,..., M to discretize the

immersed boundary with a representative line segment As;4; = \/ (X141 —x0)2+ Vie1 — 1)

At the beginning of each time step, given a divergence free velocity field u” and a given boundary
configuration X", we want to find u"*!, p”*1 and X"*!, which solve the following semi-implicit
scheme:

nA—t_ _pnun .V u —Vdp”H +HAdun +F" +png’

Vd 'lln+1 = 0,

>
Il

where p" = p1 + (p2 — p1)I" and g = (0, —g).

Ui st Uiy L, j+l
Vij+ L Vielj+ 4
oy Lj = Dij Uiy 1
Vij-4 Vitlj- 1
fluid 1 0
(a) (b)

Figure 2. (a) Velocities are defined at cell boundaries and the pressure and indicator function are defined at
the cell centers. (b) Immersed boundary points.
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Step 1. Find the force f* on the immersed boundary from the given boundary configuration X".
Forl=1,....M,

pm—_C (X7+1 -X] _ X/ - 7—1) (5)
P Asiva Asir Asy ’

where As;41/2 = (As; + As;41)/2 and o is a surface tension coefficient. Note that the subscript
arithmetic on / in Equation (5) has to be interpreted in a periodic sense, because the boundary is
closed:ifl = M ,then! +1=1;if/ =1,then]/ —1=M.

Step 2. Spread the boundary force into the nearby lattice points of the fluid.

M
Fj; =) £65(xij —X[)As;q1j2 for i=1,...,Nyand j =1,...,N,,
=1

where 8}2! is a smoothed approximation to the two-dimensional Dirac delta function:

= e () (3),

where

_ —ar2 .
3 2|r\+«/;+4|r| 4r ifr] <1,
= 2lrl—n/— “4r2 .
o(r) 5-2|r|—+/ ;+12|r| 4r i1 <|r| <2,

0 if2 < |r.

One-dimensional and two-dimensional Dirac delta functions are shown in Figure 3. The motivation
for this particular choice of ¢ (r) is given in [22].

Step 3. Solve the Navier—Stokes equations on the rectangular lattice to obtain u”*! and p"*!
from u” and X",

Solve an intermediate velocity field, u, which generally does not satisfy the incompressible
condition, without the pressure gradient term,

ua—u”
At

1
+u"-Vau" = %Adu" + p—nF" +g.

0.5

0.4

0.3

0.2

0.1

—4 -2 0 2 4
r
(@)

Figure 3. (a) One-dimensional and (b) two-dimensional Dirac delta functions.
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The resulting finite difference equations are written out explicitly. They take the form

At

77 — n _ x—edge
Uiyl = MUip; At(uux+vuy)l+ y ,o” : Fi+%,j
i+5.J
_MHAL ( n n n n n )
Aul o —4ul o Hul u . ,
h2 o i+3,) + i—1.j i+1) + i+1.j+1 + i+1,j-1
Pivl
At
- y—edge
Vij+4 vu+‘ At (uvx + vvy)] gt o ij+% gal
l]+
pAt ( n n n )
—_— vt — 4T V"
h2 1 l]+3 + l,]—% l,]+%+ 1+1]+;+ 1]+
z]+
where the advection terms, (uu, + vu y)f’ and (uvy + vvy)” JISE are defined by
i+5.)
(uuy +vuy)? L= u oul
* Yits it3d Yyl
n n n n
v v v
ij—% + i+1,j + ij+5 + i+Lj+% _,
" 4 Yitrd '
2
ULy + VU = v 0y
(s y)ll+' Vij+4 Yij+}
n n n n
u u u u
i—3 T Misye Ty T,
+ vXA .1
4 ij+%

The values u’ andu’, ~~ are computed using the upwind procedure. The procedure is
i+5. i+%.j

1 ¥,
N 1 " 1
+5.J i—5.J .
’2#2 if u” >0
u — 1+2 J
xi+%,.f un+3 ._ufl+1 X
1 5.J 1 ~.J .
—=——=— otherwise
and
uf’+1 ._ul./l_i_l i1
1 5./ 1 5] .
n — = i’ + V7 T o A VP |
i — . . IL,j—7 i+1,j— f i,j+>5 i+1j+5
Yied R
i+5.7+1  i+5.J .
——=2——=>= otherwise.
The quantities v~ and v are computed in a similar manner. Then, we solve the
i+ ij+%
following equations for the advanced pressure field at (n + 1) time step.
n+1 =
u —u 1
_ n+1
N ——Vgp" T, (6)
t P
Vy-u"tt = 0. (7)

After applying the discrete divergence operator to Equation (6), we find the Poisson’s equation
for the pressure at the advanced time (n 4 1)

1 1
Vg [—=Vyp" )= —V,-a, 8
d (p” ap ) INACA (®)
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where we have made use of Equation (7) and the terms are defined as follows:

n+1 n+1 n+1 1 n+1
1 p+1 pl+1] 1]+ L1 pl]+l+ T 1pi,j—1
n+1 _ 2/ Pie Lits )
Vd'(p Var ) - 72
et o o
P P 1. P 1
__it3d =2 ) 73 n+1
h2 pl] ’
Voo ivdy —Wi-t,  Vij+y ~ V-4
d - = 7 + A P

where ,olf’+ = (0f; + pj'+1,;)/2 and the other terms are similarly defined. The boundary condition
1 .

for the pressure is

u” +1 u”
n-Vgp"t=n- (—p”—m =" (- Vau)" + pAgu” + F" + p"g) ,
where n is the unit normal vector to the domain boundary.

The resulting linear system of Equation (8) is solved using a multigrid method [23], specifically,
V-cycles with a Gauss—Seidel relaxation. Then the divergence-free normal velocities u”*! and v”*+!
are defined by

At

lln+1 = fl——Vdp .
ol
At
n+1 o~ = .
z+21 = MH.%J‘ o (Pz+11 Dij)s
1+2]
At
n+1 _ = _ .
lj+2 = vi’j_l,_% o (Plj-l-l pz])-
11+2
n+1

Step 4. Once the updated fluid velocity, u”™", has been determined, we can find the velocity,
U"*!, and then the new position, X" *!, of the immersed boundary points. This is done using a
discretization of Equations (2) and (3). Thatis, for/ =1,..., M,

Nx Ny
Uttt = Y s (xi; — X2,
i=1j=1
XiH = XJ 4+ AUt ©)

This completes the description of the process (Steps 1—4, above) by which the quantities u”*1,

"1 and X" 1! are calculated.

2.1. Discretization of the indicator function

In this section, we will present the numerical method to calculate the indicator function. Let the
discretization of the right hand side of Equation (4) be G;’j:

M
=D 0 S(xi — XD As;, 1.
=1

For a given interface position Xy, the corresponding unit normal vector n; = (m;,n;) can be
calculated by using three points X;_; = (x;—1, ¥1—1), X; = (X7, V1), Xj4+1 = (X741, Yi+1) With the
quadratic polynomial approximation. Let the approximation be

X([)=a112+,31[+)/1 and y(l)=a212+ﬁ21+)/2.
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848 Y. LI ET AL.

And assume X;_; =(x(0), y(0)), X; =(x(As;), y(Asp)), and Xy = (x(As;+Asi41), y(Asi+
Asy+1)), then the parameters o1, 81, ¥1, ®2, B2, and y, can be calculated by the following equations:

-1

o1 0 0 1 x(0)

B1 = As? As; 1 x(Asp) ,
V1 (As; + Asj41)* Asp+Aspyq 1 x(Asp + Aspiq)

o 0 0 1\ »(0)

B2 | = As? As 1 y(Asp)

V2 (As; 4 As;11)* Asp+Aspyq 1 Y(Asi + Aspy1)

Now we get the unit normal vector as
dy(As;) _dx(As)
dr dr
2 2’ 2 2
dx(As;) dy(Asy) dx(Asy) dy(Asy)
() () () ()
Then, we solve the following Poisson’s equation using the multigrid method.

AgI" =V, -G".

n; = (my,n;) =

2.2. The area correction algorithm

To measure the volume enclosed by the immersed boundary points, we connect adjacent immersed
boundary points with straight lines and then compute the area of the resulting polygon. For a given
interface position X, the polygonal area and the relative area error are defined as follows:

|AX%) — AX)|

M
1
AG) = 2 3 (Ki¥re = Vi), Aewa(X) = ==

=1

The outline of the area correction procedure is
1) Update the interface XI"'H, Yl"+1 according to Equation (9)

(Xln+1’ Yln+1) — (Xln’ Yln) + At(Uln+1, Vln-i-l)‘

2) Compute the polygonal area A(X"*1) B
For a given tolerance, tol, check Aermr(X"H) < tol or not. If not, update the interface X Z"H,

YI”H with the following area correction algorithm by taking steps 3) and 4).
XLy = (XL YY) — e(myny).

Here it should be noted that (m;,n;) is the unit normal vector at the /-th interface node at time
level (11,
3) Determine the parameter €

| —pE B da(AXT) — AX)

2a
The parameter € is a root of a quadratic equation from the area correction.

AX) = AX" ) + ae? 4 Be,

€

we get
M
o = %121 (mnggq1 —nimyyq),
1 M n+1 n+1 n+1 n+1
p = 51;1 (Y5 A+ m X7 = X 4 mpa YY)
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 69:842-858
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4) Choose parameter €

The following two case statements are directly obtainable from the above definitions. Let &« > 0
and

B+ /B2 — 4o (AX"H) — A(X®))

‘= 2a
—B — /B> —da(AX"H!) — AX?)
€y = 2w .

If AX"™) > AX%), then €, < €; < 0. Using any of ¢; and €, we can preserve the
volume by moving the boundary position. However, in the case of €,, the boundary position is
moved far enough to entirely invert it (see Figure 4). To avoid this situation, we choose €;. If
AX") < A(X%), then €5 < 0 < ¢; and we choose €; for the same reason (see Figure 5).
Therefore, we always choose €.

3. NUMERICAL EXAMPLES

It is well known that the immersed boundary method does not conserve the area enclosed by the
immersed boundary although the velocity field on the Eulerian grid satisfies a discrete divergence
free condition [15, 19, 24]. However, we overcome the area loss problem with the area correction
algorithm that was described in Section 2.2. Our proposed scheme can be used in conjunction with

0.8 0.8
0.6 0.6
04 0.4
0.2 0.2
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) (b)

Figure 4. €5 < €] < 0. Area correction with (a) €1 and with (b) €5.

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0 0

0 02 04 06 08 1 0 02 04 06 08 1
(a) (b)

Figure 5. €2 < 0 < €1. Area correction with (a) €1 and with (b) €5.
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the techniques of other methods [16—19]. In this section, we perform a number of numerical experi-
ments to investigate the effect of our area correction algorithm for the immersed boundary problem.
For all tests, we set the area correction tolerance to be tol = le — 4.

3.1. Convergence test

To obtain an estimate of the convergence rate, we perform a number of simulations for a problem
on a set of increasingly finer grids. We consider the passive advection of a disk by the background
velocity field, such as

u=(u,v) = (16(y —0.5),—167(x —0.5)). (10)

The disk with a radius of 0.1 is centered at (0.5, 0.8) in the computational domain Q = (0, 1) x (0, 1).
The numerical solutions are computed on the uniform grids, # = 1/2", and with corresponding time
steps, At = h/16,forn = 6,7, 8, 9, and 10. The calculations are run up to time 7 = 1/32. p = 1,
i = 0.01, and 0 = 0 are used. In this test, we let A(n) be an initial polygonal area as shown
in Figure 6(a). The error E(n) is defined as the area differences between the calculated immersed
boundary and the rotated disk with an area A(n) at T = 1/32 (see Figure 6(b)). The rate of conver-
gence is defined as: log, (E(n)/E(n + 1)). The errors and rates of convergence are given in Table I.
The results suggest that the scheme is indeed first order accurate.

3.2. Relaxation to a disk

The perturbed surface of the droplet is given in polar coordinates (r, ) and the initial droplet
boundary on the computational domain € = (0, 1) x (0, 1) is

X = (x,y) = (0.5 4+ rcos(f),0.5 + rsin(9)), 0<6<2m,

where r = 0.25 + 0.1 cos(n6) and n is the oscillation mode. It is well known that the boundary will
relax to a disk with the area unchanged. The computations are carried out for three different modes
of n =3, 5, and 8 (see the first row of Figure 7). We take h = 1/128, At =h/64, p=1, u = 0.01,
and o0 = 130 as the parameters. The results with area correction are shown in the second, third, and
fourth rows of Figure 7. As we expected, all three modes of the interfaces relaxed to a circle. We

(@) (b)
Figure 6. (a) Initial polygon and (b) schematic illustration of error E(n) (an area of shaded regions).

Table I. Convergence result.

Mesh size Error Rate
64 x 64 4.7115¢-3
128 x 128 2.3349¢-3 1.0128
256 x 256 1.1620e—3 1.0068
512 x 512 5.7853¢e—4 1.0061
1024 x 1024 2.8915¢—4 1.0006
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 69:842-858
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1 1
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0.2 0.2 0.2
00 02 04 06 038 0O 02 04 06 08 1 00 02 04 06 08 1
=0 =0 =0
1 1 1
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0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
00 02 04 06 08 00 02 04 06 08 1 0O 02 04 06 08 1
t=0.01 t=0.01 t=0.01
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
00 02 04 06 08 00 02 04 06 08 1 00 02 04 06 08 1
1=0.05 1=0.05 t=0.05
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
00 02 04 06 08 00 02 04 06 08 1 0O 02 04 06 08 1

r=0.5
(a)

t=0.5
(b)

t=0.5
(©)

Figure 7. The evolution of interface with area correction for three different modes (a) n = 3, (b) n = 5, and
(c) n = 8. The times are shown below each figure.

also see that the larger the mode is, the more quickly the interface relaxes to a circle because of the
effect of the higher curvature of the interface.

Next, we compute the computational cost with different tolerance values when the area correction
is applied. The problem is the same as above. When 4096 iterations have been executed, CPU times

Copyright © 2011 John Wiley & Sons, Ltd.
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and numbers of the taken area correction algorithms are calculated. The results are in Table II and
they indicate the following: (1) there is nearly no difference between CPU times with and without
correction, and (2) varying the tolerance value does not impact the computational cost significantly.
This shows that our proposed scheme requires only a slight additional computational cost to con-
serve the polygonal area and this is an improvement over previous attempts [16—19] that demanded
more expensive computational costs.

3.3. Pressure difference of drop

In this section, we theoretically and numerically calculate the pressure difference |p] with differ-
ent mesh sizes. In the absence of viscous, gravitational, or other external forces, surface tension
causes a static drop to become spherical. Laplace’s formula for an infinite cylinder surrounded by a
background fluid at zero pressure, Equation (1), gives the internal drop pressure

o
Pdrop = —
P r ’

where r is the drop radius.

In this experiment, the droplet is placed at the center of the unit domain, and has a radius of 0.1.
The pressure differences are computed on the uniform grids, 2 = 1/2", and with corresponding time
steps, At = h/64, forn =5, 6, 7, and 8. The calculations are run up to time 7" = h/64, and p = 1
and o = 20 are employed. In this test, the exact pressure difference [p] is 200. As shown in Table III,
this sequence of events for the numerical pressure difference [p] is qualitatively in agreement with
the theoretical values by refining the mesh.

3.4. Area loss by spurious velocity fields induced by surface tension

The circular drop is surrounded by a small amplitude velocity field because of the slight imbal-
ance between the stresses at the sites in the interfacial region. Such unphysical flow is a spurious
velocity. There are many studies for spurious velocities in incompressible flow problems [25-29].
In order to estimate the effect of a spurious velocity, we consider the circular drop with zero initial
velocity field. The initial drop has a radius of 0.3 and is centered at the center of the unit domain.
The other parameters we choose are h = 1/128, At = h/64, p = 1, © = 0.01, 0 = 130, and
T = 3. Figures 8(a), (b), and (c) show evolutions of the circular drop without area correction. The
computational times are shown below each figure. Spurious velocities near the interface lead to a
false appearance (the arrows represent amplitudes and directions of these velocities presented in
Figure 8). As a result, we observe that the area is not conserved as predicted and the area loss is as
large as 18.34% when T' = 3. However, an exact mass conservation is achieved using the correction
scheme. Figure 8(d) illustrates the area loss rates with and without correction.

Table II. CPU times with different tolerance values during 4096 iterations. The number in
parentheses indicates the number of the taken area correction algorithms.

With correction

Case Without correction tol=1e—3 tol=1e—4 tol=1e—5

n= 125.32s 124.90s (52) 124.87s (483) 125.48s (4001)
n=>5 112.18s 112.59s (47) 112.54s (432) 113.12s5 (3422)
n=2~8 105.35s 105.28s (38) 105.40s (357) 106.17s (4077)

Table III. The pressure difference [p] with 0 = 20 and r = 0.1 for different

mesh sizes.
Mesh sizes
32x32 64 x 64 128 x 128 256 x 256
[p] 201.147 200.673 200.379 200.312
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2012; 69:842-858
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0.8
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0.4
0.2
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a)1=0.75 b)yr=15
1 1.05
—with correction
- - -without correction
0.8 1=
0.6 0.95
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Figure 8. (a), (b), and (c) show evolutions of the circular drop by surface tension without area correction.
(d) illustrates the area loss rates with and without correction.

3.5. Area change by the background fluid flows

Even if a velocity field remains discretely divergence free on the Lagrangian grid, there is still a vol-
ume loss because we use a discrete time step. To confirm this, we consider the passive advection of a
disk by the background velocity field such as in Equation (10). This velocity field is divergence free.
The disk with a radius of 0.1 is centered at the center of the unit domain. One thousand immersed
boundary points are on the circle. For each time step, the interface is advected for only one time
step. Figure 9 shows the area errors versus time step size. From these results, when we discretely
evolve Lagrangian particles, we see that the advected interface does not conserve the volume even
though the velocity field is divergence free. However, using our proposed scheme, we completely
eliminate the area errors when we are using a discrete time step. To show this, we consider the
passive advection of a disk by the background velocity field, such as in Equation (10). The disk
with a radius of 0.25 is placed at the center of the unit domain. We use the following simulation
parameters: h = 1/128, p =1, © = 0.01, 0 =0, At = h/64, and T = 2. Figures 10(a), (b), and
(c) show evolutions of the disk without area correction. As can be seen, the area does not conserve
as predicted. The larger the time step is, the more severe the area change becomes. We will discuss
this in Section 3.6. Figure 10(d) illustrates the area gain rates with and without correction. If we
solve for the velocity field without correction, then the area gains as much as 36.13%. However, the
correction step completely eliminates the area errors.

3.6. Rotated disk by background fluid flows

We consider the passive advection of a disk by the background velocity field such as in Equation
(10). The disk with a radius of 0.1 is centered at (0.5, 0.8) in the unit domain. We take & = 1/128,
p=1,1u=0.01,06 =0,and T = 1/8 with different time steps At = h/128 and At = h/16. For
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Figure 9. The area errors versus time-step size without correction.
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Figure 10. (a), (b), and (c) show evolutions of the disk by rotation without area correction. (d) illustrates the
area change rates with and without correction.

each time step, evolutions are shown in Figure 11. As can be seen from the area error in Table IV,
the area is more conservative when the time step is smaller. CPU times with and without correction
are shown in Table V for each time step.

3.7. Deformation of a drop under shear flow

Next, we investigate the deformation of a drop under shear flow. A simulation of this problem has
previously been performed by Chinyoka et al. [30]. The initial drop is circular with a radius of 0.5H
centered at (H, H) in the computational domain 2 = (0,2H ) x (0,2 H ). The top moves to the right
with velocity U and the bottom moves to the left with velocity —U . Figure 12 (a) shows a schematic
illustration of the initial condition. To compare the result of Chinyoka et al. [30], we begin with a
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Figure 11. A rotated disk with a time step (a) Ar = h/16 and (b) At = h/128.

Table IV. Area error without correction.

Time step
At =h/128 At =h/16
Aerror(X) 1.94% 16.61%

Table V. CPU times for each time step with and without correction. In the num-
ber A/B in parentheses, A indicates the number of the taken area correction
algorithms and B indicates the number of total iterations.

Case Without correction ‘With correction
At =h/16 1.266s 1.265s (256/256)
At =h/128 5.687s 5.688s (186/2048)
VA U 2
2H > Our method
o Chinyoka et al.[30]
. |
> 1.5

0.5
—
-
Fluid 1
—— > 0
0 -U 2H x 0 0.5 1 15 2
(@) (b)

[30], respectively.

855

Figure 12. (a) Schematic illustration of the initial condition. (b) The deformation of a drop under shear flow:
the solid line and the open circle represent the results using our proposed method and that of Chinyoka et al.

drop of radius 0.5 positioned at the center of the computational domain = (0,2) x (0,2). In
this simulation we take the following parameters: £ = 1, 0 = 0.8, and U = 1. A mesh size of
128 x 128 and a time step of Az = h?/16 are used. The calculation is run up to time 7 = 1.5.

Figure 12(b) shows that our result and the previous result of Chinyoka et al. [30] are in good
qualitative agreement.
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3.8. Buoyancy-driven flow

In this section, we consider the buoyancy-driven flow. The initial bubble with radius r = 0.1 is posi-
tioned at (0.5, 0.5) in the computational domain 2 = (0, 1) x (0, 2) with 128 x 256 mesh grids. The
densities are p; = 1000 and p, = 500 (p; and p, are the densities outside and inside the bubble,
respectively). Other parameters are defined as follows: u = 0.01,0 = 0.1, g = 9.81e—3,h = 1/128,
and At = 0.01. To solve the buoyancy-driven flow, we use a periodic boundary condition to vertical
boundaries and no-slip boundary condition to the top and bottom domains. Therefore,

n-V,p"t' =n-p"g, ie, p,=-p'g aty=0andy=2.
Figure 13 shows that the bubble starts to rise because of the effect of buoyancy in the cylinder and
it eventually deforms to a steady-state shape. We obtained similar results as the results in [31].

3.9. The effect of the correction algorithm on capillary forces

Because the new interface position is updated by X" = xntt - en, we have X:’: f= ) GRS
(ks X 4 X" F1) by using the identity ng = —«X;. Here, « is the curvature of the interface.
Therefore, it is possible that if either the curvature or its derivative is large then the original force
f(s,t) = 0X,s may change significantly because of this area correction. However, the results from

18
— 0.0
275
---1=15.0

O ————— t=22.5

13} — =30.0

08 -

03

0.2 0.8

Figure 13. Instantaneous bubble shapes at different time.
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0.7
0.5
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0.3 05 0.7 0.3 0.5 0.7
(a) r=0.04 (b)r=0.1
. . . R on+1
Figure 14. Comparison of results by two types of mt_erface force: f; = oX?;L ! (solid line) and f» = 0X?S+
(circle).
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the comparison with and without area correction algorithm show that there is no significant differ-
ence. This is partly because when o is large, the surface curvature is not large. To confirm this, we
set the initial shape as shown in Section 3.2 with n = 8. The simulation parameters are 1 = 1/128,
At = 2h% p =1, u = 0.005, 0 = 300, and T = 0.1. In Figure 14, the line and circle are the

. . . on+1 . .
numerical solutions with f; = oX”! and f, = O'XZS , respectively. Which means that we define

the interfacial force before and after area correction. As can be seen in Figure 14, results from the
two types of interface force are almost identical.

4. CONCLUSIONS

We proposed a simple area preserving correction scheme for two-phase immiscible incompress-
ible flows with an IBM. The idea is to correct the interface location normal to the interface so that
the area remains constant. Various numerical tests were presented to illustrate the efficiency and
accuracy of our proposed scheme for two-phase fluid flows.
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