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Abstract. Immersed interface methods are becoming increasingly popular in fluid mechanics. In particular, the Immersed
Interface Method (IIM) figures among the most effective approaches, where traditionally the technique is used to simulate
the flow behavior over complex bodies immersed on a Cartesian mesh. In this work, a numerical approach based on the
IIM is proposed to solve the pressure equation in two-phase flow on a Cartesian grid, which is guaranteed to produce high
order accuracy. The effectiveness of the proposed technique is attested by simulating the Poisson equation in a variety of
irregular domains.
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1. INTRODUCTION

The basic idea of the IIM is to discretize the fluid equations on a uniform Cartesian grid while still imposing the jumps
of the function into the finite difference (FD) formulas in order to produce a solution. Its correction terms require jump
conditions to the first and second derivatives to reach a second-order accuracy. In (Xu and Wang, 2005), the authors
have suggested the use of IIM to simulate the interaction of a fluid with moving boundaries. Li and Lai (Li and Lai,
2001) and Lee and Leveque (Lee and LeVeque, 2003) employ the Immersed Interface Method to model a few number of
two-dimensional flow cases, achieving second-order spatial accuracy.

In (Zhong, 2006), the author presents a new high-order Immersed Interface Method to solve multi-phase flow. Al-
though the author claims that the method can be applied to simulate general multi-phase flows, in his work the method is
only used to solved elliptic equations on irregular interfaces. Linnick and Fasel (Linnick and Fasel, 2005) propose a high-
order Immersed Interface Method for simulating unsteady incompressible flow in an irregular domain, more specifically,
to compute incompressible flow over a cylinder. They compute the jump conditions obtaining a fourth-order compact
scheme.

The goal of this work is to obtain high-order immersed interface method to solve the pressure Poisson equation for
two-phase flow.

2. METHODOLOGY

In the following, we present the equations used to model a two-phase flow and the proposed methodology to solve the
pressure equation using the IIM.

2.1 FLUID EQUATIONS

Many two-phase fluid flows can be described by using the incompressible Navier-Stokes equations, which can be
written as follows:

ou
p{atJru.vu] = —vp+v.luvu+vu’]+pg+f, (1)
ap B

where p and y are the fluid density and the fluid viscosity, respectively, p is the pressure term, u is the fluid velocity field,
f is the field of external force and g represents the gravity.

Once we have a set of equations to simulate an incompressible two-phase flow, let p be a constant assuming distinct
values for each one of the phases. The superscripts + and — are used to indicate both phases (see Fig. 1). Expliciting
the density and the viscosity in the above-mentioned phases, we have: p™, p~, put, p~. So, introducing the jump
conditions across the interface I' is needed, in mathematical words,

Pl =pt —p~, [Wlr =p" —p~. 3)

In the absence of mass transfer between the two phases, the velocity field is continuous along the interface, that is,
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Figure 1. A rectangular domain Q = Q U Q~ with an irregular immersed interface T'.

[u]r = 0. In contrast, we have a surface tension force that induces to a discontinuity in the normal stresses at the fluid-fluid
interface which produces a pressure jump that can be expressed as:

[plr = ok + 2[,u]pnT. v u.n, 4

where ¢ is the surface tension coefficient, x is the curvature of the phase-interface, and n is the phase-interface normal.
2.2 NUMERICAL ALGORITHM

We firstly start by considering the one-dimensional problem

v(Bvp) =vu, (5)
on the interval [0, 1]. Function 8 = 1/p is allowed to be discontinuous at point x,,. Once /3 assumes constants values in
both sides of the interface, we may write:

vu = v.(8vp)

vVu = B¢Dr+ Bpea

vaua = /BpJ,J:

From Eq. (6), we are able to solve the originated Poisson equation.
Figure 2 shows a function f(z) with discontinuity at x = z,.
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Figure 2. A function f(z) discontinuous at x = .
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If z; < x4, the expansion of Taylor series can not be applied to approximate f(x;+1), unless a correction term J,, be
added:

2
Flesst) = F(@) + F @b+ /(@) 5+ o o, ©
where
T = fla+ 1+ [ la(h ) 4 )

2
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h =11 — x5 bt =241 — x4 and [ f], represents the jump in the function value at z = x,, that is:

[fla = lim_f(z) = lim f(z), ®)

z—al T—T o

[f']a the jump in the value of the first derivative of the function at x = z, and so on.
A finite difference scheme to solve the Poisson equation without discontinuity can be expressed by:

L} 1f(2) + L2f(2) + Lz—i—lf i1 = R\ fici+ Rifi 4+ R figa,s 9

where the term L; refers to the finite-difference coefficients appearing on the left side of the FD scheme and R; the
coefficients on the right side. So, considering the following scheme

(f(2) Jrlof(2) +f(2)) 2(fi—1 —2fi + fix1)s (o

we have L; 1 = L;1; = 1/12, L; = 10/12, R;_1 = R;y1 = 1/h?, and R; = —2/h? (more details about the compact
fouth-order FD scheme, we refer (Lele, 1992)).
If the correction is needed, we can change Eq. (10) adding the term L?.J,5 — R?J, in its right side:

L2 2+ 2P 4 L2, 82 = R2fior + B2+ R2y fon + (L3 as — R3Jao), (11)

where J,9 and J,o represent the correction terms to the second derivative and the zero order derivative. Both jump
correction terms are truncated by taking only enough terms to ensure order O(h*).

So, if the jump singularity occurs at x,, : x; < £, < Z;t+1, I = ¢ + 1, then the correction is required for the point x;
so that the jump correct terms are computed as follows:

Jao = O+ [P0kt + SO + SO (nt)? +
SOy + a[f(5)]a(h+)5, (12)
Tz = [ Pla+ [Pt + S Ola()? + 2O, (13)

for the zero and second derivative, respectively, and h™ = x; 11 — Zq.
If the jump singularity occurs for ;1 < x4 < x;, I =% — 1, and

T = Ot Olah” = SO + 2 [ Ola(h)?
AN N N (14)
Tz = P+ [FONah” = U0t + 1O, 15)
where b~ = g — T_1.

In order to hold fourth order of accuracy, each one of the one-sided stencils employed to calculate the jumps should
contain six points. So, additional terms [f(™],, can be computed from

e = fih e = Fih - (16)
where

f}(I‘n)D+ = cnj; f;‘ + cni+2 fi+2 + cni+3 fi+3 + Cni+4 fi+4 + C’N,H,s fi+5 + C'ﬂi+6 fi+6 (17)

}.f_%_f = ¢ fo T ficrten oficaten gficst ey ficatcn, s fivs, (18)

if the jump singularity occurs for x; < z, < x;41. The superscripts + and — indicate right and left limits, respectively.
In order to avoid issues relate to numerical instability, points x; and x;4; are not used into the scheme.

If the jump singularity occurs for ;1 < x, < x;, the points x; and x;_; are not used and the derivative terms [ f (")]a
can be obtained as:

[F™)a = Fih o = Fih - (19)
where
fl(;_l)D_Jr = Cng f;r + Cnitq fi+1 + Cnita fi+2 + Cnits fi+3 + Cnity fi+4 + Cniys fi+5 (20)

fl(:%f CozJa FCnisficoten yfist+cn_yficat s fims + cny s fivs, (21)



M. Colnago, L. F. de Souza
High-Order Immersed Interface Method to Solve the Pressure Poisson Equation

In order to obtain a numerical approximation to the nth derivative of f, the coefficients c,,, are adopted as a linear
combination of the f;, for instance:

i = lim f(z), and fg = lim f(z). (22)

Aiming at finding the constants ¢’s, we employ the following explicit difference finite scheme to the nth derivative:

£ = cofo +cifi +civifirr + Cipafive + Civafira + Civafiva- (23)

So:

1 1 1 1 1 1 Ca 16,0

0 hi hit1 hita higs higa Ci 16m1

0 hz hz+1 hz+2 hz+3 hz+4 Ci+1 _ 2!5712 (24)

0 hi hiﬂ hfﬁz h§1+3 hi“ Cit2 31003

0 hé hé+1 h2;+2 h%Jrg hg+4 Ci+3 4'5n4

0 hy hiyn hive hiys hiyg Cita 510,5
where h; = x; — x4 and 6;; is the Kronecker delta function

1, ifi =y,
%ij _{ 0, ifi]. 25
To illustrate the above-described scheme, we explain below how to find ¢’s to obtain f}%_ n when z; < x4 < Ti41.
The explicit FD is:

}(71;)+ = clj fzj + Cliyo fi+2 + Cliys fi+3 + Clita fi+4 + Cliys fi+5 + Clite fi+6' (26)
1 1 1 1 1 1 1, 1619 0
0 hito hits higa hivs hite C1,42 1611 1
8 Z?rz Zz+3 Zz+4 Z§+5 Zz+6 §1i+3 _ ;:glz _ 8 @7)
i+2 i+3 i+4 i+5 i+6 1,+4 -013
0 h?+2 h?+3 h?+4 h?+5 hive C1;+5 A1y 0
0 hiys s his his hig C1,+6 51615 0

In summary, if the jump singularity occurs at point x, : z; < T, < T;1+1, We have:
1. At the point x;_1, there is no correction term. So:
2 2 2
L2 2+ P + L2 £ = B2 fioy + R2fi + RE finr. (28)
2. At the point z;:
L fE + L3P + L £ = R ficr + R fi + Ry fign + (LiJaz — RiJao). (29)

And, if the jump singularity occurs at x, : ;1 < Ty < T4

1. At the point z; 1, the stencil does not intersect the discontinuity points, then it is no needed to compute the correc-
tion term, that is:

LY, 11(3)1 + L?fz'@) + L?Hfi(ﬂ =R \fi1+ R} fi+ R}, fis1. (30)
2. At the point z;:

L fE + L3P + L £ = R ficr + R fi + REy fign + (L a2 — RiJao). (31)
From Eq. (28 - 31), we obtain a system of linear equations that can be solved using a direct or iterative algorithm.

Similar to 1D case, we can discretize the 2D case by using fourth-order compact finite-difference schemes. If there is
no discontinuity, the scheme results to solve:

V(@ y) = p(r,y) (32)
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can be expressed by:

Lyyfyyu = Ryyjfij- (34)

where Ly, Ly, Ry, and Ry, denote the coefficients in the FD scheme and f, and f, represent the numerical approx-
imations to the second partial derivatives in the x and y directions.
Using the Eq. (32-34), the 2D compact stencils at point (4, j) can be obtained as:

Joay; + fyyu = Pij (35
Lowi Lyy, (fowiy + fyy,;,) = Low,Lyy, pij
Ly, (Lo, frai;) + Laa, (Lyyj fyy,]) = Laa; Lyy, pij
Lyy,(Rax, fij) + Laa, (Ryy, fij) = Laa,Lyy,pij
(Lny Ryw; + Lag, Ryyj)fij = Lga,Lyy, pij

Lijfi; = Rijpij (36)

where L;; = Lyyj Ry, + Lax, Ryyj and R;; = LmiLyyj, resulting in a nine-point 2D stencil.

,
L
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/
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Figure 3. The nine-point stencil (e) given in Eq. (36) and the jump corrections terms (x). The points where () and (x)
overlap are represented by (0J).

If corrections are required, we have:

Lwa:fwzu = wal fij - Jaw[ (37)

Lyyfyy; = Ryyfij — Jayk, (38)
where

J(m:[ = _(waj Joz2z - szl JaO:r) (39)

JayK = _(Lny Ja2y - Rny JaOy)a (40)
and

. t—1, i1 <xo < x4,
I_{ 1+ 1, 2 <xo < Tigr, “h

and similary for K. The jump corrections J,2., Jaoz, Ja2y and Jao, are defined as in 1D case. Finally, the resulting of
2D discretizations for Eq. (32) with jump corrections becomes:

(Lyyj Raa; + sziRyy] )fij = waiLyyj pij + (Lyyj Jawlj + Lo, JayKi)- (42)

Fig. 3 portrays an stencil where jump corrections are needed.

3. RESULTS AND NUMERICAL SIMULATIONS

Example 1. In order to demonstrate the robustness of the IIM to simulate two-phase flows, we consider the following
equation:

630])1 + ﬂpww = U, (43)
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where
| sin(2z), ifz <z,
p(@) = { cos(2x), ifx > x4, (44)
2, ifx <z,
B(z) = { 1, ifx>x,, (45)
u(x) = Bupz + BPax- (46)

and the jump occurs in x, = 0.755882.

Figure 4 shows a comparison between the original and our numerical solution while Fig. 5 depicts the obtained the
error. Both Figures show that the presence of the discontinuity does not affect the error, even for the points near to the
interface. In this case, the maximum error is located in the region without discontinuities.
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Figure 4. Comparison between analytical and numerical Figure 5. Error computed when applying Immersed

solutions (Example 1). Interface Method (Example 1).

Figure 6 shows the error quantities obtained from the max-norm, wich is computed as:

| E [loo= [max | Ej |= nax | Pj — p(z;) |, (47)

where p and P are the analytical and numerical solutions, respectively, plotted against 4 on a log-log scale, where fourth-
order accuracy can be observed.
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Figure 6. Error values plotted against i on a log-log scale (Example 1).

10

Table 1 summarizes the errors obtained from max-norm, 1-norm and 2-norm (letting h varying) and the order calcu-
lated from

error(h
IOg ( erroréhig )

p= og (%) (48)
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Table 1. Error and order of convergence (Example 1).

n | Ex |l oo Order | Bl Order | Ex |2 Order
20 1.18951e-07 - 7.31575¢-08 - 8.21768e-08 -
40  5.55442e-09 4.2 2.19903e-09 43 2.72315e-09 4.3
80  3.12079e-10 4.1 1.31890e-10 39 1.67452e-10 4.0
160 1.93619%-11 4.0 1.08269¢-11 3.7 1.20385¢-11 3.8

It is clear from Table 1 that a fourth-order accuracy was reached, as expected.
Example 2. Now, we are interested in solving the Poisson equation on form

with two discontinuous points, 41 = 0.51378, .2 = 0.723141, and

sin(2x), T < Tai,
p(‘r) = COS(2$), Tal 2 T 2 Ta2,
sin(2z), otherwise,
1/1.2047, 2 < Zai,
Blx) =< 1/997.78, x41 > T > T,
1/1.2047, otherwise,

(49)

(50)

&1y

Figure 7 illustrates a comparison between the numerical and analytical solutions while Fig. 8 depicts the max-norm

€rror.
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Figure 7. Comparison between the analytical and numerical
solutions (Example 2).

Table 1 summarizes the error obtained when applying the IIM for the Example 2.

Table 2. Error and order of convergence (Example 2).

n | Ex || oo Order | Bl Order | Ex |2 Order
20 3.59957e-07 - 3.64580e-08 - 7.65209¢-08 -
40  7.11242e-09 4.8 1.17188e-09 4.6 1.97306e-09 4.8
80  3.94013e-10 4.2 1.60084e-10 34 2.13229e-10 3.7
160 2.15280e-11 4.2 1.1535%-11 3.8 1.32448e-11 4.0

Example 3. In the next test case, we solve the following 2D Poisson equation:

(6pm)m + (pr)y = —u(z,y)

Figure 8. Error computed when applying the Immersed
Interface Method (Example 2).

(52)
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defined in a square [—1, 1] x [—1, 1] with a circular interface 2% + y* = 1/4. As provided by (LeVeque and Li, 1997), the
analytical solution is

$2 + y2, T S 1/2a
plz) = L1-& -1+ (M g +y2) /b, otherwise , oY

with
Blz) = { 2, Tl (54)

otherwise .

Let b = 10 be a constant and p(z,y) be a continuous function throughout the domain. The experiment was performed
assuming a five-points FD scheme and, as shown in Table 3, second order of accuracy has been achieved.

Table 3. Error and convergence order for the IIM (Example 3).

n 1 Ex ]| 0o Order I1Ex |l Order I1Ex |2 Order
20  7.89759e-05 - 3.15031e-05 - 4.09409e-05 -
40  2.45938e-05 1.9 9.70220e-06 2.0 1.26339e-05 2.0
80  6.91275e-06 2.0 2.71758e-07 2.0 3.54093e-06 2.0
160 1.83601e-07 2.0 7.21229e-08 2.0 9.39694e-07 2.0

The obtained solution taking a 40 x 40 mesh is plotted in Fig. 9.

x107°

1\ /
1
0.5
0
1
1
0.5
0 0
-0.5
y -1 -1 X

Figure 9. Computational solution (left) and the error (right) obtained from the Immersed Interface Method (Example 3).

4. CONCLUSION

In this work a high-order Immersed Interface Method to solve the pressure Poisson equation in two-phase flows has
been presented. As shown in Section 3, for 1D case the fourth-order accuracy is reached. Moreover, a second-order
accuracy is achieved using a five-points FD scheme to 2D case. Our experiments show that the convergence order is not
affected by the presence of discontinuities in the simulating domain. As future work, we aim at adapting this scheme
to simulate incompressible two-phase flows. Furthermore, we are also performing a variety of experiments taking a a
nine-points scheme in order to reach fourth-order accuracy for 2D case.
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