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Abstract

In this paper, we present an immersed boundary (IB) method to simulate a dry
foam, i.e., a foam in which most of the volume is attributed to its gas phase. Dry
foam dynamics involves the interaction between a gas and a collection of thin liquid-
film internal boundaries that partition the gas into discrete cells or bubbles. The liquid
film boundaries are flexible, contract under the influence of surface tension, and are
permeable to the gas, which moves across them by diffusion at a rate proportional
to the local pressure difference across the boundary. Such problems are conventionally
studied by assuming that the pressure is uniform within each bubble. Here, we introduce
instead an IB method that takes into account the non-equilibrium fluid mechanics of the
gas. To model gas diffusion across the internal liquid-film boundaries, we allow normal
slip between the boundary and the gas at a velocity proportional to the (normal) force
generated by the boundary surface tension. We implement this method in the three-
dimensional case, and test it by verifying the 3D generalization of von-Neumann relation,

which governs the coarsening of a three-dimensional dry foam.
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1 Introduction

We use an immersed boundary (IB) method to simulate a “dry” foam in 3D, i.e., a foam in
which most of the volume is attributed to its gas phase. Liquid foams appear in daily life
as the soap froth in a washing bowl or the head on a pint of bear. A foam is a gas-liquid
mixture in which the volume of liquid is considerably smaller than that of the gas. One
interesting phenomenon, which is called diffusive coarsening, is the evolution in bubble size
and topological structure that occurs as a result of gas exchange between bubbles [1]. This
gas exchange occurs by diffusion through the thin liquid films that separate one bubble
from another. The diffusive flux of gas through such a film is proportional to the pressure
difference between the two bubbles that are separated by that film.

In 1952, von Neumann [2, 3] showed that the rate of the change of the area of a given
bubble (a curved polygon) in two-dimensional dry foam is independent of bubble size and
solely dependent on the number of walls (or edges). The derivation is based on the fact
that the net rate of outward diffusion of gas per unit length through a wall of the (two-
dimensional) bubble is proportional to the pressure difference across that wall, which in
turn is equal to the product of the surface tension v and the curvature k. The rate of area

change of a bubble reads

dA

dt:—M'y/Fk;dl:—%rM'y(l—n/@, (1)

where M is a permeability coefficient, the curve I' is the closed boundary of the bubble, dl
is the arc length along I', and n is the number of walls. The second equality can be proved
by using the fact that the boundary of the bubble is a closed curve and that each of the

exterior (turning) angles at the vertex (triple junction) must be equal to 27 /6.



Until very recently, the von Neumann relation generalized to three-dimensional foams
has finally been developed in [4, 5]. Similar to 2D von Neumann relation, the net rate of
outward diffusion of gas per unit area through a wall of the (three-dimensional) bubble is
proportional to v H where H is the mean curvature, that is the sum of the two principle

curvatures. Let V be the volume of a bubble D, the rate of volume change is

dl:—Mfy HdS = =2rM~(L(D) —

1
i . 5 a(D). @

n
i=1
Here the quantity £(D) is a natural measure of the linear size of bubble D, e; is the length
of each triple line (edge), and the summation is over all n triple lines of D. The relation
is based on the fact that each of the dihedral angles along edge is equal to 27/6 and on
the ingeniously defined mean width £(D) which is computed in two steps. First, for each
line [ through the origin, Euler width E;(D) is defined as the integral along [ of the Euler
characteristic X(l; N D) of the intersection of D with the plane perpendicular to I:

B(D) = [ Xt D)y 3
Then L£(D) is twice the Euler width, averaged over all lines [ through the origin. The
supplementary information for [5] gives the proof of the 3D formula (2) and the schemes
for computing the mean width £(D).

In [6], the authors have presented an immersed boundary (IB) method and simulated
the fluid dynamics of a two-dimensional dry foam by modeling the gas phase of the foam
as a viscous incompressible fluid, and the liquid phase as a massless network of permeable
internal boundaries under surface tension. The gas diffusion through the liquid phase of
the foam was modeled by allowing the internal boundaries to slip relative the fluid, at a
velocity (speed and direction) proportional to the boundary force [6, 7]. The paper [6] has
shown that the IB method is a proper tool to simulate the 2D foam dynamics by verifying
the von-Neumann relation and simulating foams with an arbitrarily general shape.

Here we extend the methodology introduced in [6] and present the IB method to study

the three-dimensional dry foam dynamics. Although we basically use the same idea as



in [6], the mathematical derivation and numerical implementation are complicated enough
to require the detailed description. Particularly in 3D, the bubble boundaries which are
surfaces can be expressed using the triangulation, and the force on the surfaces is dependent
on the mean curvature on the vertices of each triangle. Moreover, an algorithm is needed
to maintain the resolution of each internal boundary within predetermined bounds despite
arbitrarily large changes in area of the internal boundary.

The rest of the paper is organized as follows. In Section 2, we describe the equations
of motion of the foam in immersed boundary form. These are the typical IB equations of
motion, generalized to handle a permeable boundary under surface tension. The numerical
implementation including external boundary conditions is described in Section 3. In Section
4, we present simulation results: first, we validate the method by doing a convergence study
and by showing numerically that the 3D generalized von Neumann relation is satisfied.
Then we consider more complicated cases: one is the case in which non-equilibrium flows
of gas occur within each cell of the foam, thus requiring the full fluid dynamics treatment
of the present paper, and the other case is the general foam. Conclusions and future work

are discussed in Section 5.

2 Equations of Motion

In this section, we state the equations of motion of a three-dimensional dry foam, in which
the boundaries between bubbles are idealized as massless surfaces under a constant surface
tension . These boundaries are assumed permeable to the gas phase of the foam, with
permeability coefficient M. The gas phase is modeled as a viscous incompressible fluid, for
reasons that have been stated in the previous section. The constant density and viscosity
of the gas are denoted p and pu, respectively.

In the following formulation, the parameter (7, s) labels a material point of an internal
foam boundary. We assume that distinct points of the parameter (r,s) are used for the

different internal foam boundaries, so that any particular value of (r,s) occurs on at most



one internal boundary. An integral with respect to (r,s) with no stated limit of integra-
tion should be understood to mean an integral over the union of all of the internal foam

boundaries. With this understanding, the equations of motion are as follows.

(((;1: +u-Vu) = —Vp+uViu+f, (4)
V-u=0, (5)
OF
F(r,s,t) = X (6)
f(x,t) = /F(r,s,t)é(x — X(r,s,t))drds, (7)
X 0X 8X
E(Tvs’t) = u(X(r,s,1), )+MF/‘ 0s
_ / (x,)3(x — X(r,5,t))dx + M F/ ‘aX (?9}3{ (8)

Egs. (4)-(5) are the familiar Navier-Stokes equations for a viscous incompressible fluid.
The unknown functions in the fluid equations are the fluid velocity, u(x, t); the fluid pres-
sure, p(x,t); and the force density applied by the immersed boundary to the fluid, f(x,t),
where x = (z,y, z) are fixed Cartesian coordinates, and ¢ is the time.

Eq. (6) is the foam boundary equation which is written in Lagrangian form. The un-
known X(r, s,t) completely describes the motion of the foam boundary and also its spatial
configuration at any given time. The force density F = F(r, s,t) is applied by the immersed
boundary to the fluid, in the sense that F(r, s, t)drds is the force applied to the fluid by the
patch of immersed boundary drds. This force density is given by the variational derivative

—a—g of the elastic energy functional E[X(:,-,t)] of the form

EX(-,-t)] = 'y/ %—): X %—)j drds, 9)

which is simply the constant surface tension v times the total area of the internal foam
boundary. It is important to note that, from Egs. (6) and (9), the boundary force density
F is normal to the boundary, see the Appendix. The fact that F is normal to the boundary

simplifies the formulation of the problem, as explained in more detail below.
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Figure 1: A foam boundary with permeability.

Egs. (7) and (8) both involve the three-dimensional Dirac delta function 6(x) = 6(z)d(y)d(z),

which express the local character of the interaction between the fluid and boundary. Eq. (7)
simply expresses the relation between the two corresponding force densities f(x,¢)dx and
F(r,s,t)drds. Eq. (8) is the equation of motion of the immersed foam boundary in which
M is the permeability constant. In order to derive Eq. (8), we start with the special case
of zero permeability. When the permeability M = 0, Eq. (8) becomes the familiar no-slip
condition. In the following, we use the notation U(r,s,t) to represent the fluid velocity

evaluated at the boundary point X(r, s, 1), i.e,
U(r, s, t) = u(X(r,s,t),t) = /u(x,t)é(x — X(r, s, t))dx. (10)

Now we consider the nonzero permeability of the foam boundary. We assume that the gas
(fluid) goes through the liquid-film boundary only in the normal direction. Consider a patch
of the boundary of which the area is %—)f X %‘ drds. The net amount of gas per unit time
transported through the patch will be proportional to the pressure difference and the area of
the patch. This means that the flux through the patch is equal to M (p; —p2) %—)f X %—f drds
where M is the permeability and p; and po are the pressures on the two sides of the foam
boundary, see Figure 1. We assume here that the thickness of the foam boundary is a
constant. (Otherwise, the flux could also be inversely proportional to the thickness of the

foam boundary.)

The flux through the patch can be also evaluated by considering the difference between



the fluid velocity at the internal boundary and the velocity of the boundary itself. That is,

the flux can be written as

n(r,s,t)- (U(r,s,t) — a—X(r, s,t)) ‘r X o

T drds. (11)

where n(r, s,t) is the unit normal to the internal boundary. Setting the above two expres-

sions for the flux equal to each other, we get

M(p1 — p2) = n(r,5,1) - (U(r,5.6) = 22 (r,5,0). (12)

From the normal component of mechanical equilibrium at the foam boundary, we see
that the pressure jump (p; — p2) can be related to the normal component of the boundary
force F(r,s,t) [13, 14] as

0X 0X
7><7

or Os

(p1 — p2) +F(r,s,t) -n=0. (13)

Combining these equations and using the fact that F(r,s,t) is normal to the boundary as

discussed above, we obtain

X X X
(%—t(r,s,t) —U(r,s,t))) = MF(r,s,t)/ ‘887” X 88—8 . (14)
Note that the tangential no-slip condition is automatically satisfied in Eq. (14), i.e.,
0X t
((g’ts’ ) _U(rs,t)) -7 =0. (15)

One can see that our IB formulation has the advantage of not needing to evaluate
the pressure differences between bubbles in order to move the internal boundaries of the
foam, since the relative slip between such a boundary and the fluid can be naturally found
directly from the boundary force. This is important, since the pressure is only computed
on the uniform grid that is used for the fluid mechanics (see next section), and the internal
boundaries of the foam cut through this grid without being constrained to conform to it
in any way, so the direct evaluation of the fluid pressure on the two sides of an internal
boundary would require some sort of extrapolation procedure. This is completely avoided

here, since our formulation makes no explicit reference to the pressure at all.



3 Numerical scheme

3.1 Computational procedure

What has been stated so far is the mathematical formulation of the problem in immersed
boundary form (i.e., with delta-function forces instead of explicit boundary conditions).
For the numerical implementation, we use a first-order IB method, generalized to take a
permeable foam boundary into account [6]. We use a superscript to denote the time level,
thus, X"(r, s) is a shorthand for X(r, s,nAt), where At is the duration of the time step,
and similarly for all other variables.

Throughout this section, we simplify the notation by considering only one of the internal
boundaries of the foam. Since there are many such internal boundaries, the numerical
procedures we describe below, in particular Steps 1, 2, and 4, need to be applied to all of
them. The step-by-step procedure for the time integration from time level n to time level
n + 1 can be summarized as follows.

Step 1: Using the position of the internal boundary X", calculate the Lagrangian
force density F”. To simplify the notations, we shall use F and X instead of F" and
X", respectively. We describe the foam boundary X by a triangulation {7} with vertices
{XF Xk XEV where k is the index for triangles. Then the discretized form of the energy

functional in Eq. (9) can be written as
1
EX" =7} [TM =7} 5I(X§ - XF) x (X5 - X)), (16)
k k

where |T*| is the area of the triangle T*.
Let us denote the force density acting on the vertex X’f as F’f . Then, using the formula
F¥ Ar As = —V 4 E, that is, the negative gradient of E with respect to the vector X%, we
1 xk 1

can derive the discrete form of the force density as

~ 1 0
k=1 1

Y
K AS(X’; — X5) x n¥, (17)




where nf = (X5 — X¥) x (X5 — XF¥)/|(XE — XF) x (X5 — XF)|. See the Appendix for the
detailed derivation. The force density F4 (or F%) acting on the vertex X4 (or X%) can be
obtained by using an appropriate permutation of the ordered set {X¥, X5 X} in Eqgs. (16)-
(17). Note that any one vertex Xf appears in several triangles, so it is necessary to sum
the force densities over all of these triangles to get the total force density on Xf .

Step 2: Distribute this tension force defined on Lagrangian grid points into the force
at Eulerian spatial grid points to be applied in the Navier-Stokes equations. This is done
by a discretization of Eq. (7) as

3
"(x) = Z Z F6,(x — XF)ArAs, (18)
E =1
where x = (z1, 9, x3) is the fluid mesh point, and Jj is the smooth version of Dirac delta
function [10, 15].
Step 3: Given the Eulerian force density f"(x), we are ready to solve the descritized

version of the fluid equations Eqgs. (4)-(5):

n+1 u” 1 3
P + 5 2 (wDlut DY(wa))") + D™ = Lumt 4 £ (19)
z:l

D u"! =0. (20)

In (19)-(20), D? is the standard central difference operator in the spatial direction de-
noted by i, where ¢ = 1,2,3, and L is the standard 7-point discrete Laplacian. Note that
Egs. (19)-(20) are a linear system with constant coefficients in the unknowns u”*! and p™*1.
With the periodic boundary conditions, we solve this linear system using Fourier transform
methodology.

Step 4: Update the foam boundary points which are moved at the local fluid velocity
of the updated velocity field, corrected by the relative slip. This is done by approximating

Eq. (7) as follows:

Xﬂ+1 _Xn Mzm F JAT’AS
T =N T (%), (x — XP)AS ,
IR I




where the triangles 7%, j = 1,...,m, have a common vertex Xff which we shall denote
by X7'. Thus Z;”Zl FZ’ is the total force density acting on the boundary point X7 and,
>t |T*3|/3 is the one-third of the total area of the triangles which have the vertex X in

CcominoIn.

3.2 Some implementation details

(A) No permeability at the junctions : We assume that there is no permeability at the junc-
tions where three (or more) internal boundaries meet. These junctions simply move at the
local fluid velocity, that is, by Eq. (21) with M = 0. To allow permeability at the junction
lines would result in inconsistencies, since the normal direction is not uniquely defined there.
Physically, the lack of permeability at junction points is enforced by an accumulation of
liquid at such points, resulting in a slight thickening and smoothing out of the junction. An
interesting mathematical consequence of the assumption that there is no permeability at the
junction itself is that, by continuity, the flux through an internal boundary must approach
zero as a junction is approached. This can only happen if the pressure difference, and hence
the curvature, approaches zero as the junctions are approached. Thus our internal bound-
aries are locally flat at their end points. This does not need to be imposed as a boundary
condition, since deviations from such local flatness will be automatically corrected by the
dynamics of the numerical scheme.

(B) The maintenance of foam boundary point resolution : Since the internal boundary
points X7 of the foam move without any constraint on the distance between two adjacent
points, we need to address the important issue how to maintain reasonable resolution along
the boundary. If the resolution becomes too coarse, there will be leaks between the boundary
points, and if it becomes too fine, there will be too severe a constraint on the time step
to maintain numerical stability. We maintain proper resolution of the boundary by simply
adding or deleting immersed boundary points as needed in the following way.

At each time step, we start from one end point of an internal boundary and proceed

along that boundary to check the distances between neighboring boundary points Xj',

10



and X}!. Whenever | X} 1 X7| > h/2, we create a new immersed boundary point halfway
between them. Note that the addition of such a point does not change the length of the
immersed boundary at all, and therefore it has no effect on the potential energy of the
boundary. Whenever X7 1 X7 < h/4, we delete both points and create in their place
a new boundary point halfway between them. An exception to this rule is that the end
points of an internal boundary are never deleted. When a neighboring point to an end point
is within the lower-limit distance of the end point (h/4), the neighboring point is simply
deleted. Unlike addition of points, deletion does slightly change the potential energy of the
boundary, but only by lowering it. Thus, deletion may be viewed as a kind of numerical
dissipation of energy. This loss of energy is part of the numerical error of the scheme.

(C) Implementation of no-slip boundary conditions by applying a boundary feedback force
: To complete the description of the numerical IB method, we need to explain the boundary
conditions imposed along the edges of our computational domain. As discussed before, we
use periodic boundary conditions in both space directions for the fluid equations. Despite
this, we are able to impose the no-slip condition at the edges of the computational domain
by laying out an array of “target points” along those boundaries. Let Z(r, s, t) be the target
points along the boundaries, then the method used to impose no-slip condition is to apply

to the boundary by the following force:
Fo(r,s,t) = co(Z(r, s, t) — X(r,s,t)), (22)

where ¢ is a large constant and X(r, s, ) is immersed boundary points that moves at the
local fluid velocity and applies Fo(r, s,t) locally to the fluid. This provides a feedback
mechanism for computing the boundary force needed to enforce the no-slip condition. In
the present paper, the target points Z(r, s, t) are sometimes fixed (i.e., independent of time),
to simulate stationary walls, and sometimes they move along the boundaries of the domain
in a prescribed manner to simulate sliding walls. Note that the target-point method for
enforcing the no-slip condition still allows for the usage of FFT, since we do so not by

changing the boundary conditions per se but instead by applying forces that effectively
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prevent the fluid from moving, or force it to move in a prescribed manner at the specified

locations.

4 Results and Discussion

4.1 Initial setting

Consider a computational domain ) filled with an incompressible fluid in which foam bound-
aries are immersed and divide the fluid into several cells, see Figure 2. Throughout this
paper, we fix the computational domain © = [0,1] x [0, 1] x [0, 1], and the no-slip (rigid)
boundary conditions are imposed along the circular cylinder (z—1/2)?+(y—1/2)% = (1/2)?,
unless otherwise stated.

For the boundaries of the foam, we choose a part of a circular cylinder with the radius
0.25 and the height 0.5, and put it at the center of the computational domain. Then
n equally-spaced edges are chosen along the side of the circular cylinder and connected
with n radial planes to the rigid boundary (outer cylinder). These planes also divide the
circular arcs on the top and bottom of the cylinder into n edges, and we construct surfaces
containing these edges and the corresponding edges of the rigid boundary. These surfaces
intersect with the radial planes to make new edges as illustrated in Figure 2.

This construction procedure generates an initial foam boundary which is composed of
the boundary of the inner circular cylinder, n radial planes, and the surfaces emanating
from the n edges on the circular arcs of the top and bottom of the inner cylinder. Thus, the
total numbers of cells, the boundaries, and the edges (triple junctions) are n + 3, 4n + 2,
and 5n, respectively. Also the inner cell, which is the inner circular cylinder, has n + 2
boundaries and 3n edges. Figure 2 shows two cases of this type of foam, n =4 and n = 8,
which also represents the triangulation of each foam boundary.

The mesh width of the computational domain, h = Az = Ay = 1/64, is uniform and
fixed in time, and the time step duration is At = 10~4. The fluid density is chosen as p = 1,

the viscosity p = 0.01, and the surface tension ~ used in Eq. (9) is fixed at 1.0. We use
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Figure 2: Foam boundary as a combination of the boundary of an inner circular cylinder, n
radial planes, and surfaces emanating from the n edges on the circular arcs of the top and
bottom of the inner cylinder. The left has n = 4, and the right has n = 8. The surfaces

represent the foam boundaries and are triangulated initially.

two different permeabilities, M=0 and 0.01, to see how the permeability affects the foam

dynamics.

4.2 Convergence study

In order to provide verification that the present IB method correctly solves the foam dy-
namics, we perform a convergence study. We consider a foam with a single inner cell which
was constructed above with n = 4, see the left panel of Figure 2. We choose two differ-
ent permeabilities: M=0 and 0.01. Figure 3 shows the motion of the inner cells at some
selected times. Independent of the permeability, the inner cell initially changes its shape
to have spherical surfaces. However, when the permeability is M = 0, the inner cell does
not change its volume before and after it reaches the shape of the spherical surfaces as its
steady. When the permeability is 0.01, the inner foam changes its shape and also reduce
its volume.

Now we choose the mesh sizes of the domain N=32, 64, and 128 so that the correspond-

13



Figure 3: Motion of the inner cells. The permeability is M = 0 on the top and M = 0.01
on the bottom. The times are 0.2, 0.4, 0.6, 0.8, and 1.0 on the top, and 0.8, 1.6, 2.4, 3.2,
and 4.0 on the bottom. The inner cells in both cases initially change their shape to reach
the spherical surfaces, after which, while the inner foam with the permeability M = 0 keeps

its shape (top), the inner cell with a positive permeability decreases.

ing mesh width is h = 1/N. We also choose At proportional to h, so that each factor of
two in refinement of the fluid mesh width is accompanied by the same factor of refinement
for the boundary mesh and the time step duration.

The left of Figure 4 shows the volume of the inner cell as a function of time for the three
N’s and the two permeabilities. We can see that, while the volume of the inner foam with
the permeability M = 0 is a constant in time, that with a positive permeability decreases.
We can also observe that, for each permeability, the volume changes are close for the three
cases of N’s. Especially, The difference of the volumes between the cases of N = 64 and 128
is smaller than that between the cases of N = 32 and 64, which might imply the convergence
behavior of the solutions.

To get a more quantitative measure of convergence, we compare the velocity fields
computed on the three different meshwidths. Figure 4 shows the convergence ratios of the
computed fluid velocity u(x,t). Since we do not know the exact solution of the problem, the
estimation of the convergence ratio requires three numerical solutions for three consecutive

N’s. Let (un, vy, wn) be the velocity field, and let ||-||2 be L norm. The left panel of Figure

14
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Figure 4: The volume changes of the inner cell in terms of time for the three N’s and the
two permeabilities (left) and the convergence ratios of the computed velocity field u(x,t)
of the fluid (right). The dotted line is the convergence ratio for M = 0, and the solid line

is the rate for M = 0.01. The convergence ratios are near 2 (first order accuracy).

4 shows the convergence ratios (||uy — uan||3 + [[vny — von||3 + |Jwn — ngH%)l/z/(HuQN —

uan |3 + |Jvan — van|[3]|wan — wan||3)'/? versus time for N = 32. One can see from the
figure that the convergence ratios for the fluid velocity are around two, which indicates that

the present method is first-order accurate.

4.3 Foam with a single inner cell

The derivation of 3D generalized von Neumann relation in Eq. (2) can be based on the

following formula:
HdS = —2r(L(D) — é anei(D)). (23)
oD i=1
for a domain D with mean width £(D) bounded by a surface D consisting of smooth
surfaces that meet along curves (edges) e;(D) with dihedral exterior angle pi/3 measured
in the plane perpendicular to e;(D). Here dS is an element of area on 0D, and H is the

sum of the principle curvatures.

Although the definition of the mean width in terms of Euler characteristics [5] is useful
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for proving the formula, it is not easy to use to compute the mean width of an arbitrary
domain D. However, there are some other ways of calculating the mean width analytically
for certain special shapes, and also numerically for arbitrary domain. First, if the domain

D is a polyhedron with flat faces and u edges, we have
1z
L(D) = o z; L;0;, (24)
e

where L; is the length of edge ¢ and 6; is the exterior (turning) angle at edge i. The
formula (24) can be proven using some properties of the mean width [5] or using the direct
computation of the mean curvature of the polyhedron D where the mean curvature H is
localized only in the edges [4]. For example, if D is a cube with length L; = a, since
0; = m/2, L(D) = 3a. Note that the exterior angles 6; are not what is required for a domain
D of a foam which is 7/3.

We can approximate the mean width of an arbitrary domain in three dimensions using
a triangulation of the domain, which we have used to describe the foam boundaries in
our simulations. Since the triangles meet other triangles with a common edge, we can
consider the domain D as a polyhedron with triangular faces, and its mean width can be
computed by the formula (24). Note that the turning angles 6; may be positive or negative
depending on whether the surface curvature in the direction perpendicular to the edge is
convex or concave, respectively. Note that the mean width of an arbitrary domain D can
be approximated by that of the triangulation of the domain D which can be computed
numerically.

Among the edges of all the triangular faces of the domain D, we denote the index i € F
for the edges which constitute the triple junction of the foam. Now with the triangulated

domain D and the above formula (24), the 3D von Neumann relation (2) can be written as

vo_ ML'H ST
E - /}/(ZZ_; 11_3;‘ 1)7
o
= My (> Lt =S Lity). (25)
=1 i€EE

In the first equation, we use the assumption that the dihedral exterior angles are all /3
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Figure 5: The volume of the inner cell (top panels) and the average angle at the triple
junctions (bottom panels) as functions of time for the two permeability parameters: M =0

(left panels) and M = 0.01 (right panels).

between two triangles along the triple junction of the foam. In the second equation, however,
these angles are computed directly from the two triangles along the triple junction. The
difference between these two angles can be seen as a numerical error.

In order to check the 3D von Neumann relation (25), we consider two different perme-
ability parameters M = 0 and M = 0.01, and several different inner foams with the radial
plane from n = 4 to n = 9. Figure 5 plot the volume of the inner cell (top panels) and
the average angle at the triple junctions (bottom panels) as functions of time for the two
permeability parameters: M = 0 (left panels) and M = 0.01 (right panels). When there

is no permeability (M = 0), the volume of the inner cell does not change. When the per-
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[Ihs-rhs]|

Figure 6: Graphs of |lhs — rhs| in terms of time as logarithmic scale where lhs and rhs are
defined in the text. The right and left hand sides of (26) are close, which confirms the 3D

generalized von Neumann relation (25) and thus (2) qualitatively.

meability is nonzero, the volumes of the inner cells decrease. From the left panels, we can
see that the dihedral angle averaged over the triple junctions is around 7 /3 (60 in degrees),
which implied that the assumption that the boundaries of the domain D meet along triple
edges with dihedral exterior angle 7 /3 is correctly imposed in the theory.

Unlike the 2D von Neumann relation, the 3D von Neumann relation is not topological.
The rate of change of the volume of a given domain (a curved polyhedron) in a three-
dimensional dry foam is dependent on the domain size as well as the number of faces of the
cell. Thus the volume change is not linear, and we have to check the discrete von Neumann
relation (25) at each time iteration. To do that, we record the volume of the inner cell V' (¢),
the length L;(t) of the edge i, and the exterior (turning) angle 0;(t) at edge i at time level ¢.

Then the trapezoidal rule for (25) (first equation) gives the following discretized equation:

V(t+AAti_V(t): - Mv(izu;(Li(tJFAt)ei(tﬁLAt)+Li(t)0i(t))/2
— S T(Lilt+ A Oi(t + AL) + Li(t) 6:(t))/ 2). (26)

1€l
Let the right and left hand sides of (26) be lhs and rhs, respectively, Figure 6 draws
|lhs — rhs| in terms of time as logarithmic scale. The inner foam has the radial plane from

n =4ton =29, and the permeability parameter is M = 0.01. We can see from the figure
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Figure 7: Motions of the inner foam which has the radial plane n = 6 with three different
cases: zero permeability in a steady flow (top), permeability M = 0.01 in a steady flow
(middle), and permeability M = 0.01 in a dynamic flow (bottom) The times are 1, 2, 3, 4,

5, and 6.

that the right and left hand sides of (26) are close, which confirms the 3D generalized von
Neumann relation (25) and thus (2) qualitatively.

We can see from Figure 5 that the volumes of the inner cell with the radial plane from
n =4 ton =9 all decrease in time. However, it is known that, when a cell has a number
of faces larger than some critical number, the volume increases. The critical number of
faces which have been found theoretically or experimentally is between 14 and 16. In order
to find the critical number numerically, we simulate the 3D foam which has the inner cell
with the radial plane from n = 10 to n = 16. Note that the inner cell with n radial plane
has n + 2 faces. Figure 5 plot the volume of the inner cell (top panels) and the average
angle at the triple junctions (bottom panels) as functions of time for the two permeability
parameters: M = 0 (left panels) and M = 0.01 (right panels).

The fluid dynamics of a foam is not necessarily restricted to the slow coarsening regime
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Figure 8: The volume of the inner cell (top panel), the average angle at the triple junctions

(middle panel), and |lhs — rhs| (logarithmic scale) as functions of time.

that has been considered up to now. To illustrate this, we use the same initial configuration
of the foam as in Figure 2 in which we have used no-slip (rigid) wall along the circular
cylinder represented as (% + %cosﬂ, % + %sinQ, z), where 0 < 0 <27 and 0 < z < 1. Instead
of using the fixed wall, we create target points which rotate on the rigid wall in an oscillatory

manner. This motion of the target points can be created by defining the surface as

(% + %COS(Q +0(z,1)), % + %sin(@ +0(z,1)), 2), (27)

where 0(z,t) = Asin (2rz)sin (27wt), 0 < 6 < 27, and 0 < z < 1. The target points on
the cylinder rotates right and left with amplitude A sin (27z) and frequency w. We here use
A = /4 and frequency is w = 0.5.

Figure 7 shows the motions of the inner foam which has the radial plane n = 6 with
three different cases: zero permeability in a steady flow (top), permeability M = 0.01 in

a steady flow (middle), and permeability M = 0.01 in a dynamic flow (bottom). We can
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Figure 9: The initial configuration of a general foam (left) and the numbers of cells versus

the numbers of faces (right).

clearly observe the interaction between the foam boundaries and the fluid flow (bottom).
Even though the foam is now far from equilibrium, the areas of the inner cells still follow

closely the von Neumann relation, see the lower panel of Figure 8.

4.4 General Foams

We now consider more general foam configurations. While we use the same computation
domain = [0,1] x [0, 1] x [0,1] as before, here we use the periodic boundary conditions
without the rigid wall. We construct a Voronoi diagram to set up an initial configuration
of a foam [?]. To do that, we first choose randomly a set of points in {2 which will sit inside
each cell of a foam. In order to take the periodicity into account, we extend the unit cube
into a cube [—1,2] x [—1,2] x [-12] and copy the set of points chosen in 2 periodically into
the extended cube. Next, we construct the Delauney tessellation which divides the space
into a set of regions of which apices belong to the set of the initially chosen points. Now
we consider only the unit cube 2 as the computational domain in which a network of foam

boundaries exist periodically, see Figure 9 which shows the initial configuration of a general
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Figure 10: The motion of a general foam at some chosen times: 0.12, 0.24, and 0.36 (top),
and 0.48, 0.6, and 0.72 (bottom).

foam. The left panel describes how many cells have the given number of faces. For example,
only one cell of the foam has 10 faces, 6 cells have 15 faces, and 3 cells have 22 faces.

Figure 10 shows the motion of the general foam at some chosen tiems: 0.12, 0.24, and
0.36 (top), and 0.48, 0.6, and 0.72 (bottom). Since the initial foam is composed of planar
faces, we can observe clear motions of some cells, compare the 1st and last ones. After some
transient time, the foam does not show clear movement, especially it is difficult to differ the
last two configurations. Even though the foam seems to stop moving, the foam continues
to change. In order to see that, we carefully look at the motions of two cells in time and
volume changes of some selected cells, see Figure 11.

The top panel of Figure 11 shows the motion of two cells with 12 faces (small one) and

22 faces (larger one) at some chosen times: 0, 3, and 6. We can observe that, while both
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Figure 11: The motion of two cells with 12 faces (small one) and 22 faces (larger one) at
some chosen times: 0, 3, and 6 (top) and the volume change in terms of time for some

selected cells (bottom).

cells change their shape, the cell with 12 faces decreases its volume and the cell with 22
faces increases its volume. The bottom panel draws the volume change in terms of time for
some selected cells. The volume is averaged over the cells with the same number of faces,
for example, the volume of the 22-faced cells is the average volume of all the 22 faced cells.
We see that there are 3 cells have 22 faces from Figure 9. Whereas the volumes of the cell
with small number of faces decrease, the volumes of the cells with large number of faces
increase. Even though the cell volumes are not linear in time as suggested in the 2D von
Neumann relation, the overall volume changes induce the coarsening of a foam structure.

More detailed investigation on the coarsening is left as a subject for future work.
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5 Summary and Conclusions

We have presented an immersed boundary method to simulate the fluid dynamics of a two-
dimensional dry foam. We model the gas phase of the foam as a viscous incompressible
fluid, and the liquid phase as a massless network of permeable internal boundaries under
surface tension. The internal boundary force, generated by the surface tension, is every-
where normal to the internal boundaries. Permeability is modeled by allowing the internal
boundaries to slip relative the fluid, at a velocity (speed and direction) proportional to the
boundary force. This is equivalent to slip in the normal direction only at a speed propor-
tional to the pressure difference across each internal boundary, and thus models correctly
the diffusion of gas through the liquid phase of the foam.

An algorithm is described that maintains the resolution of each internal boundary within
predetermined bounds despite arbitrarily large changes in length of the internal boundary.

We have validated the method by checking that the von Neumann relation is well satis-
fied, except when the assumptions under which it was derived are violated. A striking fact,
confirmed by our results, is that the derivation of the von Neumann relation does not re-
quire the assumption of uniform curvature along each internal boundary, and therefore does
not require uniform pressure within each bubble of the foam. The von Neumann relation
therefore remains valid in dynamical situations with nontrivial fluid dynamics in the gas
phase of the foam, as we have seen. Additional validation has been provided in the form of
a convergence study, which confirms the expected first-order accuracy of the scheme.

Within the context of two-dimensional foams, the principal limitation of the method as
currently implemented is that we do not allow for the resolution of quadruple or higher order
junctions into triple junctions. A more important limitation, of course, is the restriction to
the two-dimensional case. The extension of the methodology introduced here to the study

of three-dimensional foams will be the subject of future work.
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6 Summary and Conclusions
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Appendix. We here derive the force density using the variational derivative of an

energy functional. First suppose that the energy functional is given as

E[X] = ’y/ X, x X,|drds, (28)
where X(r,s) is a parameterized surface and X, = %—)T( and Xy = %—)S(, see Eq. (9). Let

X + €Y be a perturbation of X, then the variational derivative is defined as follows:

OFE .. EX+€Y] - EX]
8—X(r,s)-Y(r,s)drds = ll_rg% ;
X, + €Y, Xs+eYs)| — X, x X,
_ hn%,y/\( +eYy) X (Xs + €Yo)| = Xy X Xof |
€—> €

(X, + €Y)) X (Xs + €Y% — X, x X2
e | (K, F oY) x (X + Y3 + X, x X))
2e¢(Y, x Xs+ X, x Yy) - (X, x X) + O(e?)
0 T+ X)X (X + o)+ Xy x Xo])
(Y, x X5+ X, xYs) - (X, x Xy)
- ’V/ X, x X

drds

drds

drds
= fy/(Y,,xXS—i—XTst)-ndrds

= ry/((Xs xn) Y, + (nxX,) Ys)drds

= —fy/((XS xn), + (n x X,;)s) - Ydrds.

Here n = (X, x X;)/|X, x X;| and we use the integration by parts in the last equality.

According to the principle of virtual work, the force density F is given by

F 02 = 5((Xax m)y 4 (0 X,)u) = 7K 0 £, 5 X ). (29)

Now, from the fact that the Weingarten map (see any differential geometry textbook)

is of the matrix form with its element Lg for i, j = 1,2 using the basis {X,, X}, it is well
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known that n, = —L%XT — L%Xs and ng = —L%XT — L%Xs. Thus the force density can be

further simplified as

F = (X, x (-LiX, — L?X,) + (-LiX, — L3X,) x X,)
= (L1 + L3)X, x X,

= 29vH|X, x X;|n, (30)

where H is the mean curvature. An important consequence of this derivation is that the
boundary force density F is normal to the boundary, as we used in Section 2.
Now we consider the discretized form of force density which is also derived from the

partial derivatives of the corresponding energy functional:
1
EX] =~ [T =7 SI(X5 - X}) x (X§ - XF)], (31)
k k

where T* is the triangular element with vertices {X¥, X% X%1. As we mentioned before,
the total force on Xf is the summation of the force over all the triangles which have the
vertex Xf in common. Thus it is sufficient to know how to compute force density generated

from the energy functional of one triangle:
1
B[TH] = 4|7 = 72(X§ — X§) x (X6 - X§)|. (32)

Let X% = Xﬁlel +X{“72e2 + Xf3e3 where {e1, ez, e3} is the standard basis for 3D Euclidian

space, then the partial derivative of the energy F [Tk] with respect of X’fl can be computed

as follows:
OBITY o |(XE — X — cer) x (Xk — Xk — cer)| —|(Xh = XF) x (X - X})|

- _%((X’g — X5) x ¢;) - nf, (33)

where n} = (X5 — X¥) x (X§ — X§)/|(X5 — XF) x (X5 — X¥)|. When we write the force

density acting on X% as F¥ = (Fllfl, Flkz, Ff3), we have

FfArAs = — =25 = 2(X5 - X§) xe)) - nf. (34)



for i=1, 2, 3, and we can obtain

FFArAs = %(X’g — xk) x nb. (35)

This equation is used in Eq. (17) of Section 3 for the force generator. Note again that the

force density F5 (or F%) acting on the vertex X% (or X%) can be obtained by using an

appropriate permutation of the ordered set {X¥, X% Xk}
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