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appropriate Green’s functions which are independent on the governing equations.
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1. Introduction

Consider a system of two viscous fluids with different but comparable density, separated by a sharp interface. One
example of such a configuration is the case where a denser fluid lies above the lighter fluid, and the interface is initially
plane, and oriented such that gravity is acting normal to the interface. This configuration was studied by Rayleigh [1] and
Taylor [2], and the resulting instability is known as the Rayleigh-Taylor instability. A related problem also studied here is
the problem of a bubble of a dense liquid enclosed inside a lighter liquid. Such a bubble will have the tendency to sink
to the bottom. While the mean velocity of the bubble can be approximately computed using relatively simple arguments,
describing the concurrent deformation of the interface is no simple task.

The chief purpose of the present paper is the presentation of a straightforward numerical method for computation of
interfacial dynamics in situations like the two mentioned above. The two main assumptions used here are that the fluid
motion is essentially two-dimensional, and that the difference in density between the two fluids is so small that the inertial
terms of the governing equations can be disregarded. Two-layer fluid systems with very small density gradient can be found
in seismology problems when flows in the uppermost part of the mantle of the earth are studied [3-6]. Such problems also
arise in other subsurface flows and flows in porous media.

The governing equations in the case at hand are the Navier-Stokes equations

du
pE+Vp+pg=uAu, (M
where V = (04, 9;), u = (u, v), u is the horizontal, and v is the vertical velocity, and d% = 0 + (u, V) is the material
derivative. The constant u denotes the dynamic viscosity (the same constant for both fluids) and g = (0, g) is the
gravitational acceleration.
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We shall denote by p; and p, densities of the lower and upper fluids, respectively, and by py = (o, + p1)/2 the mean
density. We rewrite the pressure in the form
p = const. — gpoz + P,
and use the dimensionless coordinates
x = Lox, z=1Lyz, and t=Tt,
and the dimensionless velocity
Lo _ Lo _
—1u, v=—0.
T T
The scaling factors Ly and T will have to be chosen such that they represent a relevant length and time scale in any given
physical setup. We define the relative density difference Ay and the Froude number Fr by

- u
Aozu and Fr= 2

Po Vig
In general, small density differences lead to slow fluid velocities, so that the Froude number #r and the density difference
Ap are of similar magnitude. Therefore, an appropriate definition of dimensionless density p and pressure p is given by

u=

p = po(1+ Agp), and P =gpoloFTp.

As shown in [7], assuming £ = Aq for simplicity, leads to the dimensionless Navier-Stokes equations

'f‘r(1+A‘)du+V‘+E‘—$rA——ﬁ (2)
0P T pPt+ep= Re S

where Re = % is the Reynolds number, and &, = (0, 1).

The aim of the present paper is the development of a numerical method to study the evolution of a sharp interface
between two fluids governed by (2). We focus on the case where the Froude number is much smaller than unity, so that the
inertial terms in (2) can be disregarded. However, in general the ratio #r/Re is not small, so viscous effects are kept in the
description.

The method to be proposed is based on tracking the interface between the fluids by describing its dynamics by a
conservation law which can be solved by computing the characteristics via Green functions connected to the biharmonic
equation. This formulation enables us to avoid implicit numerical methods, and to describe the dynamics with rather simple
numerical schemes.

The paper is organized as follows. In Section 2, the dynamics of the interface in terms of the Green functions are developed.
In Section 3, we introduce the numerical procedures and apply the method to the situation of a bubble of heavy liquid sinking
inside a lighter liquid.

2. Formulation of the problem in terms of Green functions

The basis for the procedure used here lies in the analytical work of Danilov and Omel’yanov [7]. While their analysis
focused on vertical movements of the interface, we shall adapt their procedure in such a way which makes it possible to
track horizontal movements, as well. The underlying idea of reformulating the flow problem in terms of the Greens functions
has also been used in previous papers, notably in [8,9].

In order to present the numerical method, we first remove the factor #r/Re by a further scaling (cf. [7]). Moreover, recall
that the inertial terms in (2) are disregarded. Omitting overbars on the new variables, and keeping the notation p, and p,
for the normalized densities of the upper and lower layer, respectively, the system (2) reduces to

ap

— = Au, 3

™ (3)
d

p+ L = Av. (4)
0z

These equations are supplemented with the conservation of mass and the component conservation equation in the form

au n av —0 (5)

ax 9z

dep + ox(up) + 9;(vp) = 0. (6)

In order to specify the quantities and equations given in the introduction, we consider the process in the strip I7T = {(x, z) €
R? : x € [-m, 7],z € (—00, 00)}, and assume that the interface is x-periodic with period 27, and even around x = 0.
We assume that z = ¢(x, t) describes the location of the interface I" = {(x,z) : z = ¢(x, t)}. For the presentation of the
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method, this simpler case which assumes that the interface can be described by the graph of a function is assumed. However,
the method can easily be extended to the case where the interface is given by a level set {¢(t, x, z) = 0} for a function ¢,
and indeed this case will be treated in Section 3.

Under the assumptions given above, the density may be written in the form

p=p+ (ou — p)HZ — @) = p; + poAoH(Z — @), (7)

where H is the Heaviside function. Taking into account the form of the density p given by (7), we obtain from (6):

0 0]
—(pS(z—go)—i-u—(pS(z—ga)—vS(z—go) =0. (8)
at ox
Evaluating the velocity on the interface can be written as
dp dp
E—i—ulzz(pa — V= = 0. (9)

Note that (9) is a first-order hyperbolic equation which could be solved by the method of characteristics. Indeed, the system
of characteristics corresponds to the conservation law (9) is given by

x=ux,z,t), @=vzt),

x(0) =%,  ¢(0) =z, (10)

where x is a function of time ¢, and the initial position of a point in the interface is denoted by (xg, zo). It is well known
that the characteristics, at least locally, define the classical solution to (9). However, the coefficients u and v depend on the
unknown ¢ in a complicated and a priori unknown way. Therefore, the numerical algorithm used to solve the equation will
be based on a different approach.

To obtain a convenient formulation of the problem, first recall that (5) guarantees the existence of the stream function F
which at any time ¢ satisfies

oF oF
— = —U, — = (]])
0z ox
Taking curl of (3) and (4) shows that
0
A F = 2P (12)
0x

Next, we shall analyze the boundary condition associated to (12) more closely. Recall that we assume that the solution of
the problem is given in terms of periodic and even ¢. As shown in [7], it can be concluded that p, v and p are periodic and
even, while u is periodic and odd. With regard to F, observe that (5) shows that ffn v dx is independent of z, and since the
velocity is zero at great distances from the interface, the streamfunction F is periodic. Furthermore, assuming p to be even,

g—g is odd, and it follows that

AY(F(x,2) + F(—x,2)) = 0.

Since the function (F(x, z) + F(—x, z)) is bounded and it is a solution to the biharmonic equation, it must be equal to a
constant. Thus we conclude that F is an odd function in x. Moreover, note that since u is periodic and odd, u(+mx) = 0, so
that F is constant on the boundaries x = 4 of the fundamental domain. Since the streamfunction is only defined up to a
constant, we may assume that the streamfunction is zero on x = =+z. For the numerical integration, we may also assume
that F satisfies homogeneous Neumann conditions on the boundary of I7. Next, for a fixed x; € (—m, 7r), we introduce an
auxiliary function G; satisfying

A*Gi(x, 2) = 38/ (D) (8(x — X)) — 8(x + X)), (13)

and we assume that G; satisfies the same boundary conditions as F. The distribution §'(z) (8 (x — x;) — 8 (x + x;)) denotes the
tensor product of a distribution in the independent variable in z and a distribution in x (see [10, pg. 225], for example). In a
similar fashion, we introduce Green’s function G satisfying

A = 8(2)8' (%). (14)

It is well known that solutions of the problems (13) and (14) exist (see [11,12]). However, since it is not completely
obvious how to obtain expressions for the functions G; and G in a concrete situation, we demonstrate how the function
G may be found in the case of homogeneous Dirichlet conditions. In general, one may have to use numerical methods
to find these Green’s functions. First, notice that the fundamental solution of the equation AN = §(x)§(z) given by
N(x,z) = 5= log{|x* +z%|"/?}. Therefore, the function 3,N(x, z) = 5~ - solves the equation Ao,N = &'(x)8(z). From

27 x2 422
here and (14), it follows that if we find a function G such that AG = X__ which takes the required boundary conditions,

1
27 X422
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we have obtained Green'’s function. This problem can be solved in many ways, but we choose an elegant approach from
complex analysis.! Denote

n(w) =tan(w/4), 5 Yw)=4atan(w), (D) (w) = w € Z.

1+ w?’
It is well known that tan(w) maps the strip —7 /4 < x < 7w /4, —00 < z < oo into the unit disc D = D(0, 1), and thus

tan(4w) maps the strip —r < x < 7, —00 < z < oo into the unit disc.
Denote G(w) = Q(n(w)), w € Z.Since tan is an analytic function, we have

KN (w) = AG(w) = |n'(w)[*AQ (n(w))
implying
AQ(w) =N~ )|~ W), w e DO, 1).
The solution of this equation is
w — (p +iq)

- dq, w € Z.
1-(—igw

Q(w) = f BN 0+ 1)) @+ ig)? ln‘
D

From here, it follows that
tan(w) — (p +iq)
1— (p — ig) tan(w) '

tan(w)— (x+iy)
1—(x—iy) tan(w)

Gw) = f BN + g (1) (@ + i) In
D

tan(w)—(x+iy) | __

On the boundaries of the strip, we have G = 0 since | i) tanGey | =

1(Jtan(w)| — 1asIm(w) — o0).
In exactly the same manner we obtain the function G;. More precisely, denoting

| = 1if | tan(w)| = 1 and limym ) +o0 |

A 1 z z
0,G(x,2) = — — s
D = ((x—xoz +22 (X +x)? +z2>
G; is given by
tan(w) — (p +iq)
1— (p —ig) tan(w)

Now, we can derive the main equations describing the motion of the interface. Below, we assume that the interface is
well defined by the equation z = ¢(x, t), i.e. that the function x — @(x, t) is not multi-valued for any t € R*. This is
not always the case, but it does not change the situation significantly. In fact, computations with multi-valued ¢ will be
presented in Section 3.

Consider again the Eqgs. (10) for the characteristics. Let (x;, z;) € IT be the position of a particle in the interface. Then
using the definition of the streamfunction and the fact that it is an odd function in x, we find

Gi(w) = / 3.6~ (0 + i)"Y (@ + i)’ In
u

dx; 1

7; =u(x,z,t) = <2 B(x—x) —8(x+x))8'(z — z), F(x, 2, t)> : (15)
Using (13), identity (15) can be continued as follows.

dx;

d—; = (A%Gi(x,z — 7)), F(x, 2, 1))

= (Gix,.z — z)), A’F(x, 2, 1))
= (Gi(x,z — 2), xp(x, 2, 1)) .
To evaluate this expression, note that
T o0
—({p(x, 2, 1), xGi(x,z — z)) = (pu — P1) f 0xGi(x, z — z;) dzdx.
— Joi,t)

We consider a subinterval (xq, x1) of (—m, ) where the function ¢(x, t) is monotone in x, so that it can be inverted. Denoting
the inverse at a given t by X, (z, t), the integral can be rewritten as

X1 oo Z
/ / 0xGi(x,z — z;) dzdx = / Gi(x,(x, 1),z — z) dz.
xo Jox.t)

20

1 We would like to thank to D. Kalaj for drawing our attention to this approach.
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Fig. 1. Dynamics of a bubble of heavier liquid in the space filled with lighter liquid. The bubble is moving downwards.

As shown in [7], one may obtain a global representation by using the Leray measure on the interface I, i.e. a 1-form w such
that w A d(z — ¢) = dx A dz (cf. [13]). Since d(z — ¢) = dz — dx@dx and the manifold is given by z = ¢(x), we can take
w = dz/dye (where dyp # 0). Thus one may formulate the global relation in the form

dx;
— = u(x, zi, t) = (py — pl)f Gi(x,z2 — 2)dxp @. (16)
dt r
The vertical velocity may be represented in a similar way using Green’s function G. The global formulation is
dZ,'
T V(Xi, zi, ) = —(pu — p1) | G(X —Xi,Z — 7))y o. (17)
r

3. Discretization procedure

In this section, we shall show how to use (16) and (17) to simulate dynamics of the interface between the two fluids. For
each fixed t € R™ we split the codomain of the function ¢ on subintervals (o, ax41), k = 1, ..., I, such that the function
¢(-, t) is monotone on each subinterval. From (16) and (17), we conclude that the coordinates of the point (x;, z;) € I" are
governed by the system

dx; L et
d—t' = —(ou — 1) Z/ Gi(X, (2, 1),z — z)dz, (18)
p=1+%
and
dz; L [oos
?; = (pu — pD) Z/ G(xy(z, t) — X,z — z))dz, (19)
p=1Y%

where x,(z, t) is the inverse function of ¢(x, t) on the appropriate interval.

Is is apparent that the problem has now been reduced to tracking a level set, and this can be achieved by computing the
time evolution of a sufficient number of points in the interface. Accordingly, we split the interface at the initial time moment
to into N grid points (x,, z¢), k =1, ..., N, and approximate (19) by

le‘ N
== D (@1 — 206y (2, 1) — i, 21 — z0)dz.

k=1
Note that the integral has been approximated by evaluating the integrands of the left endpoint of a given interval. A similar
approximation is used for (18). To solve the resulting system of first-order ODE, the forward Euler scheme is used. In
particular, to forward from ¢ to t 4+ At, we use the prescription

N
zi(t + At) = z(t) — At (pu — p1) Z(zk+1 = 21)G(Xy (21, ) — Xi, 2 — zi)dz
k=1
for the z component and a similar expression for the x component of the point (x;, z;). Dynamics of wide range of initial
positions can be simulated using this scheme. As an example, we simulate dynamics of a bubble of heavier liquid placed in a
lighter liquid (Fig. 1). The density difference is normalized so that p, — p; = 1, and the figure shows position of the bubble at
t =0,0.3,0.6,....The bubble moves downwards, and its shape changes from a perfect circle at the beginning to a figure
in the shape of a drop. For more in-depth studies of bubbles sinking in lighter liquids, we refer the reader to [14,15].



366 D. Mitrovic et al. / Nonlinear Analysis: Real World Applications 15 (2014) 361-366

Acknowledgments

During the preparation of this manuscript, Darko Mitrovic was appointed part-time postdoctoral fellow at the University
of Bergen, funded by the Research Council of Norway through project 180679.

References

[1] Lord Rayleigh, Investigation of the character of the equilibrium of an incompressible heavy fluid of variable density, Proc. Lond. Math. Soc. 14 (1883)
170-177.
[2] G.I.Taylor, The instability of liquid surfaces when accelerated in a direction perpendicular to their planes, Proc. R. Soc. Lond. Ser. A 201 (1950) 192-196.
[3] A.T.Ismail-Zadeh, S.L. Kostyuchenko, V.M. Naimark, The Timan-Pechora basin (Northeastern European Russia): tectonic subsidence analysis and a
model of formation mechanism, Tectonophysics 283 (1997) 205-218.
[4] A.T.Ismail-Zadeh, V.M. Naimark, L.I. Lobovskii, Hydrodynamic model of sedimentary basin formation based on development of a magnetic lens in the
upper mantle, in: D.K. Chowdhury (Ed.), Computational Seismology and Geodynamics, vol. 3, American Geophysical Union, Washington, DC, 1996,
pp. 42-53.
[5] G.I. Khodakovskii, V.P. Trubitsyn, M. Rabinowicz, G. Cenleneer, Magma migration and compaction of surrounding rocks with variable viscosity,
in: Hydrodynamics and Earthquake Forecasting, in: Computational Seismology, vol. 30, Nauka, Moscow, 1998, pp. 16-31.
[6] D.McKenzie, The generalization and compaction of partially molten rocks, J. Petrol. 25 (1984) 713-765.
[7] V.G. Danilov, G.A. Omel'yanov, Dynamics of the interface between two immiscible liquids with nearly equal densities under gravity, European J. Appl.
Math. 13 (2002) 497-516.
[8] G.Li,D. Kessler, L. Sander, Sidebranching of the Saffman-Taylor finger, Phys. Rev. A 34 (1986) 3535-3538.
[9] A.M. Tartakovsky, S.P. Neuman, R.J. Lenhard, Immiscible front evolution in randomly heterogeneous porous media, Phys. Fluids 15 (2003) 3331-3341.
[10] T. Tao, An epsilon of room, I: real analysis. Pages from year three of a mathematical blog, in: Graduate Studies in Mathematics, vol. 117, American
Mathematical Society, Providence, 2010.
[11] ]J.L. Lions, E. Magenes, Problems aux Limites non Homogénes et Applications, vol. 1, Dunod, Paris, 1968.
[12] N. Schwarztrauber, R. Sweet, The Fourier and cyclic reduction methods for solving Poisson’s equation, in: J.A. Schetz, A.E. Fuhs (Eds.), Handbook of
Fluid Dynamics and Fluid Machinery, John Wiley and Sons, New York, 1996.
[13] Y. Choquet-Bruhat, C. de Witt-Morette, M. Dillard-Bleick, Analysis, Manifolds and Physics, North-Holland, Amsterdam, 1977.
[14] ]J.Hua,].F. Stene, P. Lin, Numerical simulation of 3D bubbles rising in viscous liquids using a front tracking method, J. Chem. Phys. 227 (2008) 3358-3382.
[15] M. Sussman, P. Smereka, S. Osher, A level set method for computing solutions to incompressible two-phase flow, J. Comput. Phys. 114 (1994) 146-159.



	Dynamics of the interface between immiscible liquids of different densities with low Froude number
	Introduction
	Formulation of the problem in terms of Green functions
	Discretization procedure
	Acknowledgments
	References


