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Abstract

We simulate flow movement in an hourglass occupied by two fluids
with surface tension on the interface and compare the difference of
movements of fluids between the non-slip and slip boundary conditions
and small and large coeflicients of surface tension. The simulation
is carried out by an energy-stable finite element scheme developed
recently by ourself.

1 Introduct ibn

Multifluid and multiphase flows with surface tension are encountered fre-
quently in scientific and engineering problems. Many numerical schemes have
been developed and applied to those flow problems, see e.g.,[4, 10, 11, 12] and
references therein. It is, however, not an easy task to construct numerical
schemes, stable and convergent. To the best of our knowledge, there are no
numerical schemes whose solutions are proved to converge to the cxact one.
There are very little discussion even for the stability of schemes [1].

Recently we have developed a class of finite element schemes based on
energy-stable approximation [5, 6, 7]. In the case of no surface tension, the
schemes are unconditionally stable in the energy norm. When there exists
surface tension, they are proved to be stable if a quantity corresponding to
L?-norm of the curvaturc remains bounded in the computation. Since we
do not use the maximum norm, the computation proceeds stably while the
integral value is bounded even if the interface becomes singular and if the
curvature becomes infinite at a point.

In this paper we apply an energy-stable finite element scheme to simulate
and analyze flow movement in an hourglass. Two immiscible incompressible



viscous fluids occupy the hourglass. Surface tension is exerted on the interface
of the two fluids. We consider two boundary conditions, non-slip and slip
conditions, on the whole boundary of the hourglass, and also change the
surface tension coefficients. We compare the difference of movements of fluids
and reveal the effects of the non-slip and slip boundary conditions, and small
and large coefficients of surface tension.

The contents of this paper are as follows. In Section 2 we formulate
two-fluid flow problems with surface tension. In Section 3 an energy-stable
finite element scheme is described. We discuss the stability in the energy
norm in Section 4. In Section 5 we show numerical simulation results for the
movement of fluids in an hourglass.

2 Two-fluid flows in an hourglass

Suppose that two fluids, fluid 1 and fluid 2, occupy an hourglass, see Fig.
1. They are immiscible incompressible viscous fluids. Fluid 2 (black part)
is heavier than fluid 1 (white part), and it falls to the bottom. Surface
tension is exerted on the interface of the two fluids. On the boundary of
the hourglass the fluid is of non-slip or of slip. Both fluids are governed by
the Navier-Stokes equations. We simulate numerically the movement of the
fluids.

Figure 1: Two fluids in an hourglass.

We consider a two-dimensional model, whose mathematical formulation
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can be written as follows. The interior of the hourglass is denoted by €,
whose boundary T' is smooth. Let T' be a positive number. The problem
is solved from time ¢ = 0 until 7. At the initial time £ = 0 the domain
is occupied by two immiscible incompressible viscous fluids; each domain is
denoted by Q, k = 1,2, whose interface 902 N 90 is denoted by I'd,. T, is
expressed by a closed curve. We suppose that fluid 2 is surrounded by fluid
1. At ¢t € (0,T) the two fluids occupy unknown domains Q4 (2), k = 1,2,
and the interface curve is denoted by I'12(t). Let p, and g, k = 1,2, be the
densities and the viscosities of the two fluids. Let

uw:Qx(0,7T)—>R? p:Qx(0,T)—R

be the velocity and the pressure to be found. The Navier-Stokes equations
are satisfied in each domain Q4 (1), k =1,2,¢ € (0,7),

ou

oG+ Vb - VW] + 95 = o, 1)
V-u = 0, (2)

where f : QO x (0,7) — R? is a given function, usually, the acceleration of
gravity, and D(u) is the strain-rate tensor defined by

1/ 0u;  Ougy
Di;(u) = - : 7).
J(u) 2 (Z‘)IEJ * 8:@)
The interface I'j5 is assumed to move with the velocity u at that position,

that is, any fluid particle on I'Y, remains on the interface I'15(t) at any time
t. On T'12(t), t € (0,T), interface conditions

[w] =0,  [—pn+2uD(u)n] = oorn (3)

are imposed, where [-] means the difference of the values approached from
both sides to the interface, x is the curvature of the interface, oy is the
coefficient of surface tension, and n is the unit normal vector. On the whole
boundary I' the non-slip conditions

u =10 (4)

or the slip conditions



are imposed. Initial conditions at ¢ = 0 for the velocity
u =1’ (6)

are given.
The problem described above can be reformulated as follows: find func-
tions

x:[0,1] x (0,7) = R% (u,p): Q% (0,T) -R®*x R
satisfying for any ¢ € (0,7,

%§=M%@, (s €[0,1]) | (7)

and (1) and (2) in Qi(2), £ = 1,2, with the interface conditions (3), the
boundary conditions (4) or (5), and the initial conditions (6) and

x(,0) = x°, (8)
where x° : [0,1] — R? is an initial closed curve in . For any ¢, x(1,t) =
x(0,1) and '

C(t) = {x(s,1);s € [0, 1]}
is a closed curve in 2, where s is a parameter. C(t) is nothing but the interface

curve at ¢, and Qi (1), k = 1,2, are defined as the exterior and the interior of
C(t), respectively.

3 An energy-stable finite element scheme

In the paper [6] we have presented a finite element scheme based on the
energy-stable approximation [8]. We apply it to the problem described in
the previous section.

Let X, V, and Q be function spaces defined by

X ={xe H'(0,1)%;x(1) =x(0)}, V=H(Q)? or H(Q)?, Q= L),

where V is set to be the former space when the non-slip boundary conditions
(4) are imposed and the latter when the slip boundary conditions (5) are
imposed. We introduce an auxiliary function space ¢ defined by

3 = L™(Q).
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The solution is regarded as a set of functions
(X?pauap) : (O,T) - X x®dxV x Q

Let Xy, ®n, Vi, and @ be finite-dimensional approximation spaces of X, P,
V,and Q. Let At be a time increment and Ny = |T/At]. At t = nAt we seek
an approximate solution (X%, ¥, uf, p?) in X5 X @5 x V4 X Qp. More precisely,
these approximate function spaces are constructed as follows. Dividing the
domain €2 into a union of triangles, we use P1, P2 and P1 finite element
spaces for ®;, Vi and @y, respectively. They are fixed for all time steps n. On
the other hand, X}, is composed of functions obtained by the parameterization
of polygons. We denote by {s? € [0,1];7 =0,--- , N?} the set of parameter
values such that s3 = 0 and s, = 1 and that {x}(s}7);4 =0,---, Ny — 1}
are vertices of a polygon. We set x7?(1) = x7(0). The number N7 may
change depending on n. The notation X,(N7?) is used to express X with
N? parameters. We denote by Da; the backward difference operator, i.e.,

DAtUZ =
Our scheme is to find

{(XZ’p27u27p2) € Xh X ®h X Vh X Qhan = 1’ 1NT}

satisfying
Xh—Xh ' _
At
ur (G, = g
SR O — 3uR P0G T AT OGTY), Vs n>
= Xh (jzh: A%): (gb)
Ph = Ru(Xk), (9c)
_ 1
(o™ D+ G Dy i) + s (6, ™ i, 0n) + aolef, i, vn)
+ b(vn, o) + At dr(uf, vr; Cp) = (0RIIaf™, vn) — du(xh, vn; CR),
Vop, € W, (9d)
b(up,qn) =0, Vau € Qn (%)



subject to the initial conditions
Xp =ax"  ph=Ralxh), up=Tw’, (10)

where [T is the Lagrange interpolation operator to the corresponding finite-
dimensional space and A{ is the area of the domain surrounded by x?. Equa-
tions (9a)-(9e) are composed of the four stages.

Stage 1. Let (X7~ 1, up ™, uf™%) € Xn(N21) x Vi x Vi, be given for n > 2.
When n =1, (x?,u)) € Xp(N2) x Vj, is given by (10), where the definition
of Ry is given in Stage 3. By (9a) we get a temporary function x7,

(G ) — 7F € Xa(NZ ™), n 22

(Xh uh) = Xh € Xa(Np), n=1.

(9a) is the Adams-Bashforth approximation of (7) for n > 2, and the forward
Euler approximation for n = 1.
Stage 2. By (9b) we fix a function x7,

(X5 AR) — X € Xn(N]).

Here we modify ¥} to have a quasi-uniform distribution of vertices of the
polygon é}: associated with ¥} and to keep the area of the surrounded domain
to be equal to the initial area A9. In the case when the distribution of vertices
of C—',’: is not good, i.e., the distance of two neighboring vertices are too small
or too large, we delete or add a particle and repeat the procedure to get
a modified function X7 € X,(N7), where N7 is the number of vertices of
the modified polygon. Since the velocity u is incompressible, the area of
the domain surrounded by C should be constant. Let C} be the polygon
associated with ¥ and A? be the area. We expand or shrink CP from the
centroid of the domain surrounded by ¥ with the ratio A}/A? to obtain
X7 € Xp(N7P). Those all procedures are denoted by X(x%, A%) in (9b).
Stage 3. By (9c) we obtain

Xh = Ph € Pn

as follows. Once x} is known, we can define Qf,, £ = 1,2, as the exterior
and the interior of the polygon C}, respectively. If the node P; belongs to
QF,, we set :

Pr(P) = pr.



This procedure is denoted by Ri(x}).
Stage 4. By solving a system of linear equations, (9d) and (9e), we get
uy and p},

,,n—1

(X;>p2>p2_17 Up ) - (U’Z,pZ) € Vi X Qh-
In (9d) the symbol (-, -) shows the inner product in L?(2)?,

ar(p,w,u,v) = /Q%p{[(w -Vu] v — [(w- V)] -u}dat, (11)
calp.uv) = [ 2up)D) : D) da,

b(v,q) = —/Q(V -v)q dz,

Ny (51 — 5i_1)?
dh(Xav;Ch) = E ooDasy;s Dasv; i,
i=1 |Xi - Xi—1|

1fp2—/) +ﬂ2p—p1 ’

P2— P P2—p1
and C}} is a polygon associated with x}. dj is an approximation to a bilinear
form d on the interface C,

p(p) = p

" Ox v
¢ Yot e
where £ is the arclength of the interface curve C.

Remark 1

d(x,v;C) = de,

(i) For smooth functions p, w, u, and v integration by parts implies the
identity,

a1(p, w,u,v) E/Q{p(w -V)u + %[(w -V)plu + %p(v : w)u} v dx

_/Cm %p(w-n)(u-v)ds.

Substituting w = u, and using (2) and the boundary condition (4) or
(5), we obtain

ai(p,u,u,v) = A{p(u -V)u+ %[(u . V)p]u} - dz.



The density p is governed by the convection equation,

dp

— . =0. 12

5 T VP (12)
We observe that (9d) is an approximation to a weak formulation

0 19
(P—u + —u—p-”> + a1(p, u,u,v) + ao(p, u,v) + b(v, p)

ot 2 ot’
= (pfa U) - d(X:/UaC)/

which is obtained by multiplying (12) by «/2 and by adding it to (1)
together with the interface condition (3).

(ii) The term At dp(u},vs;Cy) is added to improve the stability. For the
details we refer to [7, 9].

(iii) (9d) and (9e) compose a non-symmetric system of linear equations in
uy and pp. We solve it by a non-symmetric solver, e.g., GMRES.

Remark 2 In place of P1 element for the auxiliary space &, we can also
use PO element. When the interface curve intersects an element, the value
of the element is set to be the area average of the densities in the element.
We refer [7] for the details of such a choice.

4 Stability in energy

An advantage of the scheme (9) is that we can discuss the energy stability
clearly. We equip the function spaces Vj,, and Q with the norms H!(2)?
and L?(Q), respectively. They are denoted simply by ||-||1 and ||-||o. In (9d)
the functions pp~1, pP, up ™!, and x? are all known. The system of (9d) and
(%) is a generalized Stokes problem in 4} and p}. Since the P2/P1 element
satisfies the inf-sup condition [2, 3], the problem is uniquely solvable.

For a series of functions ¢, = {#?}27, in a Banach space W we prepare

norms defined by

| onlleewy = max{[|¢hllw; 0 <n < Nr},
Ny 1/2
nllew) = {At2||¢2||%V} :
n=0
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For a closed curve C we denote the L2-norm of a function v on the curve by

lolloc = 4/ / Juf2de.
C

Since C}} is a polygon, we can apply the trace theorem; there exists a positive
constant ¢ such that for any v € H'(Q) it holds that

[[ollocy < eflofls-

In general, the constant ¢ depends on the length and the smoothness of the
curve. We assume that it does not depend on A and n and that the curve is
not self-intersecting for simplicity.

Hypothesis 1

(i) Cp is not self-intersecting.

(ii) There exists a positive constant ¢y independent of i and n such that

1ollocp < collolls (Vv € HH(Q)). (13)

Remark 3

(1) If u is continuous and satisfies the Lipschitz condition with respect to
z, the ordinary differential equation (7) has a unique solution x(s) for
each s, which implies that C(¢) is not self-intersecting. On the other
hand, the approximation C}, constructed from the solution x} of (9a),
may be self-intersecting, especially when At is large.

(ii) If C} is divided into a number (independent of h and n) of parts and
if the gradients V7 are uniformly (in h and n) bounded on each part,
then assumption (13) is satisfled. Although (13) looks like a rather
mild assumption, it seems not so easy to give a sufficient condition for
it.

Let xn € Xy and {s; € [0,1]; ¢ = 0,--- , N} be the set of parameters,
s0 =0,sn, = 1,xn(1) = x»(0). We define the quantity ||xx||az, (c,) by

a,
Nz—1 9 9 1/2
beallaz, e = { D2 1(DAo) )6} (14)

i=0



where

1
b= §(€i+1/2 +4i12),  Livy2 = [xn(sie1) — xa(si)l,

(DZth)(Si) _ (Xh(5i+€1ii-l_/2Xh(5i) _ Xh(Si)g’.——l);:(Si—l)>/€i‘

Proposition 1 Suppose that scheme (9) has a solution (x%, p¥, uj, pp) €
Xp X Oy x Vi, xQp,n=0,---, Ny, and that Hypothesis 1 is satisfied. Then
there exists a positive constant ¢ independent of A and At such that

I1v/Prunlles(z2y; ||v/BaD(un)le2(r2)

Co 0o
§C{H\/ P%UgHo + |lvpw Deflle@e + \/mHXhHZ%H&h(Ch))}’ (15)

where fimim = min(uy, tg).

Proof The proof is similar to that of Propsition 4.2 of [7], where the
function space ®p is chosen to be the PO element space. The key point is
to get the finite difference formula in the energy norm, the first term of the
right-hand side of the following identity. Substituting vy, = u} in (9d), we
have

— 1 -
<PZ_1DA1;UZ + -Q-UZDAt,DZ, UZ)
- /1 - 1 g
= Dac (GIIVARGRIE) + 5IVER o Dacai

by virtue of the energy stable approximation [8]. We omit the remains of the
proof.

Remark 4 There are correspondences,

v/munlls o ~ mas{ { / Pz} 0< e < T,
Q

T ) 1/2
HXth(Hgg(ch)) ~ {/ dt/ K dé} .
‘ 0 0)

Hence, (15) is a discrete version of the fact that the total energy remains
bounded if the curvature is bounded in L?-norm.
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5 Numerical results

5.1 Preparation
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Figure 2: Domain €2 and a mesh.
The domain 2 is shown in Fig. 2, whose data are as follows. Let
1
a=03, =02 c=11 rg=1-—-.
¢

The positions of 4;,i=1,--- .8, are

1 1 1 1
Al(_§+7‘0)0)) AZ(E _T070)7 A3(§;TO)) A4(§72_T0)7
1 1 1 1
AS(E _T072)) AG(_§+T072)) A7(_§)2_T0)7 AS(_E)TO)
and
1 . 3
curve(AgAs) = < (z1,22); =1 = 5 7o +75c080, 19 =19+ 798Inb, 0 € [EW’ 27
curve(AsAs) = {(z1,22); 71 = a+bceosm(c(zy — 1)+ 1)}.
1 1 1
curve(AgAs) = < (z1,23); =1 = 5~ To +rgcosf, g = 5 o +rosing, 6 € [0, §7r]
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The domain is symmetric with respect to x; = 0. We set
x%(s) = (r1cos2ws,d + risin2rs), r =03, d=1.65.

The initial domains €9 and QJ are shown in Fig. 1. The initial velocity and
the gravity,
uo = (07 O)Ta f = (Oa _l)T

are given. We divide the domain 2 into the union of triangles to obtain a
mesh shown in Fig. 2. The total element number N, and the total degree of
freedom N (of the velocity and the pressure) are

N.=3974, N =18, 476.

In solving the problem by scheme (9), we practice the following two ad-
ditional technical procedures between (9b) and (9c).

(i) We impose the condition that the interface curve should not touch the
boundary I'. When a vertex of the interface curve enters into an e-
neighborhood of I', we expel it outside the neighborhood. The distance
€ was chosen as

e=1075.

(ii) Subject to either non-slip or slip boundary conditions the vertical ve-
locity component u,; vanishes on the bottom A;A; and no particles
cross the boundary. In the real computation, however, some part of
the interface curve may exceed the bottom A; A, in (9a). When At is
large, or even medium, it often occurs. In such a case we compute the
area of the fluid part outside of {2 and expand horizontally the interior
part of fluid 2 just to recover the area. This is a practical procedure
not to lose the mass of fluid 2 with a resonable size of At.

In the following we show streamlines of velocity u, which is obtained as
contours of the stream function ¢ € Hj((Q) satisfying

8U2 . 8u1
Ay =2 1
Al/) 8.’111 81132 ( 6)

The Poisson equation (16) is solved by the finite element method with P1
element on the same mesh Fig. 2. The degree of freedom N is

N =2.106.
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In all figures with streamlines the interval of contours is fixed to be 0.1. In
the place where the contours are dense, the velocity is large.

The last term of the right-hand side of (15) is important for the energy
stability. We use a simple notation K (C) defined by

K(Ch) = ||Xh||e2(Hg’h(ch)),

and the average A (Cy)

1
M(Ch) = ?HXhHZI(H&h(Ch))

is also used.

5.2 The case of the non-slip boundary conditions

The non-slip boundary conditions (4) are imposed. We take the following
values,

(pl,#l) = (1?1)7 (an/uz) = (100’2)a 0020-1'
The final time T, the time increment At, and the total time step Nr are

1
T'=300, At=7, Np=1200

In Fig. 3 the movement of the fluids is shown from ¢ = 0 until ¢ = 240 at
time intervals 16. In Fig. 4 the details of the movement are shown from

t = 48 until ¢ = 63 at time intervals 1. In this computation the quantities
K(Cy) and M(Cy) are

K(Cy) =343, M(Cy) = 19.8.

Time history of energy norms ||/pful||o is shown in Fig. 7 in thin line. A
stable computation has been done. The minimum, maximum, and average
of particle numbers N on the interfaces are

minN, = 182, maxN, =690, averN, = 467.
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5.3 The case of the slip boundary conditions

The slip boundary conditions (5) are imposed. We take the following values,

(Pla/Ll) = (17 1)/ (102,!1!2) = (100) 2)’ Gp = 1.0.

The surface tension coefficient o is 10 times larger than that of the non-slip
case. The final time T, the time increment At, and the total time step Nr
are

1
T =200, At=rz, Np=3200.

Since the speed of the falling fluid 2 is faster than that of the previous case,
we take a smaller time increment At. In Fig. 5 the movement of the fluids is
shown from ¢ = 0 until ¢ = 187.5 at time intervals 12.5. In Fig. 6 the details
of the movement are shown from ¢ = 87.5 until ¢ = 98.75 at time intervals
0.75. In this computation the quantities K(Cy) and M (Cy,) are

K(Cy) =240, M(Ch) = 16.9.

Time history of energy norms ||\/pru}||o is shown in Fig. 7 in thick line. A
stable computation has been done. The minimum, maximum, and average
of particle numbers N on the interfaces are

minN, = 182, maxN, = 565, averN, = 350.

5.4 Comparison of two cases

Fig. 7 shows the time histories of energy norms of solutions subject to the
non-slip and slip boundary conditions. The speed of falling down of the latter
is faster than that of the former, which is also recognized from the densities
of the streamlines of Figs. 4 and 6. In both cases at the beginning fluid 2 falls
rapidly to reach the narrow part of the hourglass, which produces initial large
energy. In the case of non-slip boundary conditions fluid particles (of fluid 1)
on the boundary do not move and stay at the same position. A neighborhood
of the boundary is occupied by fluid 1, which makes the stream of fluid 2
- narrow in the narrow part. Fluid 1 goes up from both sides in the narrow
part, and the phenomenon is rather stable. On the other hand, in the slip
case fluid 2 can approach the boundary, and it almost stops in the narrow
part caused by a large surface tension. After changing the shape gradually,
it passes the narrow part as a rather wide stream. In this computation fluid
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1 begins to go up through the right in the narrow part aymmetrically, but
the phenomenon is unstable. An oscillation of energy norm caused by this
instability can be observed in Fig. 7 in thick line. In both cases there are
two peaks at the time just after the falling starts from the narrow part and
at the time just before the falling finishes. Those times ¢; and ¢;, when the
local maximums attain, were

t1 = 56.75, 1o =229.75
in the non-slip case, and
t; = 93.5625, 1, = 158.5625

in the slip case. Figs. 8 and 9 show the time histories of ;- and z,-coordinate
of the centroid of fluid 2. In Fig. 8 we recognize again the movement of fluids
in the slip case is unstable. In Fig. 9 we can see that fluid 2 passes quickly
from the narrow part to the bottom in the slip case. Fig. 10 shows the
time histories of the lengths of C}. Since the surface tension coefficient is
larger in the slip case, the length stays shorter. Fig. 11 shows elevations
of the pressure at t = 80 in the non-slip case (left) and at ¢ = 100 in the
slip case (right). To see the elevations better the figures are rotated by 180
degrees; the coordinate of the left bottom corner is (0.5,2). In the latter a
large surface tension coefficient causes a high pressure in fluid 2.

6 Concluding remarks

We have simulated numerically the movement of fluids in an hourglass by an
energy-stable finite element scheme. Two boundary conditions, non-slip and
slip conditions, are treated. The surface tension coefficients differs in both
cases. We have calculated the numerical criterion for the scheme to be stable
in the energy norm, and confirmed that the computations have been done
stably. We have revealed the difference of movement of fluids between the
non-slip and slip boundary conditions. The effect of the difference of surface
tension coefficients is also discussed.
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Figure 3: Interfaces and streamlines at t = 0,16, -- ,240 subject to the
non-slip boundary conditions.
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Figure 4: Interfaces and streamlines at ¢t = 48, 49, - .-

non-slip boundary conditions.
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Figure 5: Interfaces and streamlines at ¢

slip boundary conditions.
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Figure 6: Interfaces and streamlines at ¢

the slip boundary conditions.
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Figure 7: Time histories of energy norms in non-slip (thin) and slip (thick)
boundary conditions.
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Figure 8: Time histories of z;-coordinate of the centroid of fluide 2 in non-slip
(thin) and slip (thick) cases.
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Figure 9: Time histories of z,-coordinate of the centroid of fluide 2 in non-slip
(thin) and slip (thick) cases.
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Figure 10: Time histories of the length of the interface curve in non-slip
(thin) and slip (thick) cases.
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Figure 11: Elevations of the pressure at ¢ = 80 in non-slip (left) and at
¢t = 100 slip (right) cases
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