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A new method is presented for the numerical solution of the transient flow of viscous
incompressible fluids having free surfaces. The method is based on Lagrangian coor-
dinates in contrast to other methods, which use the Eulerian representation. Lagrangian
coordinates permit the accurate treatment of fluid interfaces and free surfaces, and make
it a simple matter to include the effects of surface tension. Several examples illustrate
the properties of this new technique.

A. INTRODUCTION

Many methods have been developed for calculating the transient dynamics of
incompressible fluids. A partial list of developers is given in [l1] and [2]. All
techniques in [1] use the vorticity and stream function as primary dependent
variables. There are two advantages with this approach for two-dimensional
problems. Only two dependent variables are needed, and mass is easily conserved,
since the use of a stream function identically satisfies the mass conservation condi-
tion

V-u=0. )]

The disadvantages associated with the vorticity-stream function method are its
extension to three dimensions, which requires the introduction of a vector potential
for velocity [3], and the difficulty encountered in satisfying free surface boundary
conditions. To overcome these difficulties the methods in [2] were developed using
the pressure and velocity as primary dependent variables. These methods maintain
accuracy with a minimum of computer time through the use of a corrective
procedure [2, 4].

All methods in [1] and [2] are based on the Eulerian concept of a fluid moving
through a stationary network of cells, and are most useful for problems involving
large fluid distortions. Their biggest drawback is the lack of definition given fluid

* This work was performed under the auspices of the United States Atomic Energy Commission.
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interfaces, small localized regions of the flow, and low amplitude motions. For
example, to include surface tension forces complicated spline fitting techniques are
needed to estimate surface curvature from a set of surface marker particles [5].
furthermore, interfaces between different fluid species can be handled only when
density differences are small and the flow is of low viscosity [6].

To overcome the difficulties associated with free boundaries in Eulerian methods,
this paper describes a new Lagrangian technique for incompressible fluids, called
LINC. The fluid is covered by a mesh of cells whose vertices move with the fluid.
In this way, fluid in the interior of a cell always remains in that cell, and fluid
boundaries always move with the cell boundaries. Although the Lagrangian
method is not applicable to flows undergoing large distortions, where cells can be
twisted into unacceptable shapes, its advantages are the ease with which it handles
free surfaces and interfaces, which makes it applicable to a wide variety of problems.

As it is presented here, the LINC method is applicable to two-dimensional flows
in plane Cartesian coordinates, but it can be extended to three-dimensional flows
and other types of coordinate systems.

In an incompressible Lagrangian calculation the volume of each mesh cell must
remain constant during the course of a calculation. To satisfy this constraint LINC
uses a corrective procedure as described in Section B. Boundary conditions are
discussed in Section C, and the inclusion of surface tension is considered in Section
D. The computational stability of the method is discussed in Section E. Section F
presents sample calculations that include fluid sloshing in a rectangular tank,
growth of a Rayleigh-Taylor instability, and the transient formation of a meniscus.
Detailed difference equations are given in the Appendix, but are omitted from the
main body of the paper to simplify presentation of the essential features of the
LINC method.

B. Basic METHODOLOGY

The Eulerian equations of motion for an incompressible fluid are the Navier-
Stokes equations
(Gufoty +u-Va= —V¢ 4+ V-yE 4+ g (2.3)

and the incompressibility condition
V-u=0. (2.b)

Since the density p is constant we have introduced the kinematic pressure ¢ = p/p
and the kinematic viscosity v. The body force is denoted by g, and E is the rate of
strain tensor whose components are

E,p = (Oup/0x,) + (0u,/0xp). 3)
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The position vector for a fluid element, r, satisfies the equation
dr/dt = u. C)

The left side of (2.a) is the total convective derivative of w, which represents the
time rate of change of u in a fluid element moving with the fluid. Thus, it is the time
rate of change for a Lagrangian fluid element. Although the derivatives on the
right side of (2.a) could be written in terms of the Lagrangian coordinates, it is
more convenient to retain them in their Eulerian form. Therefore, the Lagrangian
equations we wish to solve are the momentum equation

dujdt = —V¢+ V- 1E +g, (5.2)

and the position equation
drjdt = u. (5.b)

The incompressibility condition (2.b) is replaced by the constraint that the volume
of each fluid element remain constant.

The numerical solution of (5) is accomplished by introducing finite difference
approximations for the derivatives in these equations. For a two-dimensional
calculation, the fluid is subdivided into a set of quadrilateral cells whose vertices
are labeled by indices i and j as shown in Fig. 1. For each vertex there is stored a
position, r = (x/, y;/), and velocity, u = (¥, v/). Pressures are stored for the
center of each cell, e.g., $i1}/3 is the pressure for the cell shown in Fig. 1. Volumes
(areas in two-dimensions) are also stored for each cell.

The quantities stored for the cells and their vertices are advanced in time through
a sequence of small time steps, 8¢. The necessary steps in completing one cycle of

FG. 1. Cell layout with i, j indices.
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time advancement consist of first determining the pressure in each cell under the
constraint that each cell will have the same volume after advancement as it had
before advancement. Then new values of u are calculated, and finally, the vertices
are moved to new positions.

Let "u;/ denote the value of u at vertex (i, j) at time n 8t and similarly for the
other variables. Then the finite difference approximation used for (5.b) is

'n-i—lrlj =rrj + St "+1“ij' (6)

An approximation for "*u; can be derived by averaging each term in (5.a) over
twice the volume associated with each vertex. A vertex volume will be defined as the
average volume of the cells surrounding the vertex, hence, it remains constant in
time. Since the left side of (5.a) is the convective derivative of u, the time derivative
operator can be taken outside the volume integral,

1d
v di

“(Vu)g — (Vu))

fyude Vst

Because V is constant in time this can be simplified to

1 d
—— V ~
V dt ,,Ud ot

"+1lli’ — n“iJ

™)

The right side of (5.a) is easily approximated too. The volume integral reduces to
a surface integral (or line integral in two dimensions),

—1ny(——V¢>+V-vE)dV::ins(——n¢+vn°E)dS, @®)

where n is the unit outward normal to the surface S.

In the difference approximations for the right side of (8) presented in the Appen-
dix, the line integral is taken around the dashed contour shown in Fig. (2). This
contour encloses a volume that is not equal to twice the vertex volume when the
cells deviate from parallelograms. The reason for using twice the vertex volume as
a factor in these difference approximations, instead of the actual integration volume,
is to achieve rigorous conservation of momentum. This choice assures that the
forces across each integration surface are equal and opposite, which is not the
case if the actual integration volume is used. In addition, the ratio of twice the
vertex volume to the actual integration volume reduces to unity with vanishing
mesh sizes so that the difference equations are consistent approximations to the
differential equations as they stand.

While the particular difference approximations presented in the Appendix are
relatively simple, other difference approximations could be devised. However, the



LAGRANGIAN FLUID CALCULATIONS 107

i»j"

FiG. 2. Dashed lines outline area about i, j vertex for taking averages used in momentum
equations,

basic LINC method is independent of this choice. Thus, for purposes of illustration,
it is only necessary to write

“igg = g+ 8t AJ, ©®

where A/ is the net acceleration on vertex (7, j), and it may be calculated by any
conservative difference method.

In an incompressible fluid the volume of each Lagrangian cell must remain
constant. The area of a quadrilateral at time step n -+ 1, whose vertices are at
positions (x;., y;) with k = 1, 2, 3, 4 labeled counterclockwise, is

ntlly — Z a';jlx’;“ Vs (10)
£t
where a,, is the matrix
0 —1 0 1
1 0 —1 0
ay=1/2 0 1 o —11I (1)
—1 0 1

The accelerations that determine new vertex positions are not arbitrary, but must
leave all cell volumes (10) unchanged. In the exact differential equations this
condition requires the pressure to satisfy a certain Poisson equation. In the finite
difference approach the necessary pressure equation is derived by inserting (9) into
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(6) and the result into (10). The outcome, which is to be considered as an equation
for the pressure, is

"V =Y au{xye+ St(uye + xo02)
£z

+ Ot%(ueve + Appye + xeAy,)
S Aygve + udyg) + S A, 12)

All positions and velocities on the right side of (12) are evaluated at time level »,
so the pressures are the only unknowns. Equation (12) is an approximation to the
Taylor series expansion for the volume,

o () () (5] 30",

(13)

The last two terms are not complete, since terms of order 812 were neglected in (9).
These partial terms are of higher order and are dropped from further consideration.
Also, a coefficient of 1/2 does not appear in the 622 term because vertices are moved
with velocities at time (n + 1) 8¢ rather than (n + 1/2) 8¢. Moving vertices with
the average velocity 1/2("u + *lu) would introduce a factor of 1/2, but in the first
test program this would have required the storage of two velocity values and was not
considered worthwhile.

The constancy of cell volumes implies that »+'¥ = ), and consequently, that
the 8¢ and 812 coefficients in (12) individually vanish. Closer investigation reveals
that the 8¢ coefficient is a finite difference approximation for the volume integral
of V « u, which should be zero. When the 612 coefficient is set to zero the result is an
approximation for the usual Poisson equation for pressure,

V2¢ + V- (u- Vu) = 0. (14)

Actually the 8¢2 coefficient also contains terms proportional to the divergence of
the viscous and gravitational accelerations. Although these terms vanish in differen-
tial form, they do not vanish in finite difference form for a nonrectangular mesh.

By finding pressures that satisfy (12), when all other quantities are known at time
level » and with »t1¥ set equal to the initial cell volume, it is clear that we always
maintain constant cell volumes.

In attempting to solve (12) for ¢, it is tempting to drop the zero-th order term
(°V — V) and the 3¢ terms, and simply set the 6¢2 term equal to zero. We do not do
this, however, since the lower order terms serve as corrective elements that allow
a coarse solution to be used while still maintaining accurate volume conservation



LAGRANGIAN FLUID CALCULATIONS 109

[4). For example, if an error is made in solving (12) and *V is too small, the term
(°V — V) acts as a positive source that drives the pressure up and forces the volume
to increase back to its initial value.

Many iteration schemes are available for solving the pressure equations. We use
a Gauss-Seidel technique, in which successive sweeps are made through the mesh
to advance the pressure values and new values are used for subsequent calculations
as they become available. A successive over-relaxation process has also proven
useful on occasion. The complete pressure equation is detailed in the Appendix.

This completes the necessary difference equations. A complete cycle of calcula-
tion consists of first solving the pressure equation (12), then calculating new
velocities from (9), and finally, moving vertices to new positions using (6). If the
pressures are determined to an accuracy of €, new cell volumes will differ from
their initial values by an amount proportional to €, and V - u will differ from zero
by a similar amount. The corrective procedure prevents these errors from accumu-
lating after many calculational cycles.

C. BounpbAry CONDITIONS

Three types of boundary conditions are considered: rigid walls, free surfaces,
and material interfaces. At a rigid boundary, such as the bounding wall of a
container, fluid may slip freely along the wall or it may stick to it. A free-slip
condition is used if the viscosity of the fluid is so low that it produces a boundary
layer thinner than the local finite cell thickness, or if the boundary is to represent
a plane of symmetry. A no-slip condition is used for viscous flows with well defined
boundary layers.

We shall first describe the general treatment of rigid boundary conditions, and
then give a2 more convenient method for free-slip walls. At a rigid wall the normal
velocity is zero and the tangential velocity may or may not be zero. In either case,
substitution of (6) into (10) must take into account these known velocities. The
pressure equation for a boundary cell will be similar to (12) except that the appro-
priate wall velocities and their accelerations must be set to zero. This prescription
is applicable along any boundary composed of straight line segments. Of course,
additional considerations are needed for free slip walls if vertices are to slide over
bends in the boundary. In the case of a straight free-slip wall, the tangential velocity
is calculated by averaging the momentum equation over the area enclosed by the
dashed contour shown in Fig. 3. A viscous stress along the wall is determined from
the condition that the normal derivative of the tangential velocity is zero, or equi-
valently, the vorticity is zero at the wall.

This treatment of rigid boundaries implies that (12) has a different form for
boundary and interior cells, making its solution by computer somewhat com-
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Fic. 3. Dashed lines outline integration area about a free-slip wall vertex.

plicated. For a free-slip wall this complication can be eliminated by using cells
outside the wall and then treating wall vertices as interior vertices. Cells are con-
structed outside the wall by reflecting the cells inside, and pressures in the outside
cells are chosen to make the normal acceleration at the wall equal to zero. A pressure
outside is directly related to the pressure in its symmetric neighbor, provided a
special volume ratio is inserted in the body acceleration term for vertices on walls
normal to this acceleration, and a corresponding source term is inserted in pressure
equations (see Appendix). The pressure used in a cell outside a right vertical wall
ati=1Iis

T . . '
$itje = i1 + 3 Ot — %y + X/ — XD (13)

The pressure used in a cell below a bottom horizontal wall at j = J is

= g
HE = H — B OB+ = . a16)
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For curved or slanted walls it is better to use the general approach and not employ
outside cells. The rigid boundaries used in the sample calculations of Section F
are free-slip boundaries, and the calculations take advantage of the simplified
approach.

Material boundaries are treated somewhat differently. The average stress on a
vertex at an interface is obtained by integrating around two half contours; one
lying entirely within one material and the other lying in the other material, as in
Fig. 4. The contours coincide along the interface, but are traversed in different

i,j+!

Fic. 4. Dashed lines outline integration paths used at a material interface. Heavy line indicates
material interface.

directions. The boundary condition at an interface is the continuity of the stress

tensor,
Q — —l + IE, (a7

where I is the identity tensor. Therefore, the integrations along the interface cancel
and the resultant path of integration is the edge of the quadrilateral centered at
the vertex.

At a free surface with unit outward normal n, the boundary condition is

Q.n=0. (18)

To satisfy this condition it is tempting to treat surface vertices like free-slip wall
vertices and integrate the stress over a partial integration area that lies entirely
within the fluid. Because of (18), when the integration is transformed to a surface
integral no contribution is received from integrating along the surface. Unfortuna-
tely there is a flaw in this approach. The average acceleration obtained in this way
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should be associated with a vertex located at the center of the integration area. If
the velocity tangent to the surface is varying in the normal direction, then assigning
the calculated velocity to the surface vertex is incorrect. A similar error is not
committed at a free-slip wall, because there the normal derivative of the tangential
velocity is zero.

Since the acceleration of surface vertices cannot be calculated using partial
integration areas, we have used the alternate method of inserting extra cells outside
the surface. Take, for example, a free surface extending along j = J. Cells are
constructed above the surface by extending the line segment connecting (i, J — 1)
to (i, J) out to a distance equal to its length. The end of this extension defines the
new vertex (i, J + 1). The construction is repeated for each i, and connecting
vertices at j = J +- 1 completes the construction. Pressures in these cells are chosen
to give the correct applied pressure, $3PP-, at the surface,

¢J+1/2 p— 2(¢app.)1 J—-1/2 (19)

i+1/2 i+1/2 — Pit1)er

Viscous stresses, if small, can still be integrated along the surface as a first
approximation. For very viscous flows, however, it is important to correctly satisfy
the free surface stress conditions [7]. One possibility is to extrapolate the accelera-
tion calculated for the center of the partial integration area at the surface out to the
surface edge. Of course this must be done in a way that preserves the volume of
surface cells, but it should present no exceptional difficulties.

D. SuRFACE TENSION

The inclusion of surface tension forces in the LINC method is relatively easy
compared with Eulerian methods. Consider a surface at j = J on which there is
surface tension o. The surface tension force on a surface vertex (i, J) is the vector
sum of a force of magnitude o directed toward the right vertex (i + 1, J) and a force
of magnitude ¢ directed toward the left vertex (i — 1, J),

F,J =i z O x‘i,+1 _ xil) + (o4 x‘-i,—l —_ x,")
! Tr ry
s a(y{+1 - J’iJ) 0()’{—1 = yil)
L)y a0 | 20)

where i and j are unit vectors in the x and y directions, and

re =[x}, — x/» + (], — /P15,
I'L = [(x,;J - x,;’_l)2 + (y{’ - yiJ—l)2]1/2‘
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If a vertex lies at the intersection of a free surface with a rigid wall it cannot have
an acceleration normal to the wall, but adhesion will modify its tangential motion.
Adhesion effects are included by adding a force on the corner vertex, directed along
the walland out of the surface, with magnitude y — o, where y is a measure of the
adhesion. When y equals o there is no attraction between the fluid and the wall.
When y exceeds o the fluid wets the wall.

Equation (20) expresses the force on a surface vertex. To obtain the acceleration
it must be remembered that surface vertices have only one half the mass assigned
to interior vertices, and corner vertices have only one fourth the mass. The mass
of a vertex is equal to its volume times the fluid density.

E. COMPUTATIONAL STABILITY

A complete stability analysis of the LINC difference equations has not been made,
but experience with simpler equations does give us a guide in outlining the limits
of stability of this new method. In an analysis of one-dimensional Lagrangian
difference equations, Fromm [8] has shown that the parabolic and hyperbolic
portions of the equations can, for all practical purposes, be considered separately.
Thus, if viscosity is present, there must be a limit imposed on the size of 8¢ to prevent
an instability of the type that occurs with simple diffusion equations,

ox? 8y?

S At

@y

The space increments in a Lagrangian calculation vary in space and time so we
must satisfy (21) in all regions of the flow for all time.

As for the hyperbolic portion of our equations, it is obvious that a vertex should
not be moved so far that it crosses over a neighboring vertex. Thus, we require that

Iy (w, —m,) - r

8r - or <1 22)

where 3r is the vector distance from a vertex a, with velocity u, , to its neighbor
vertex b, with velocity w, . Such a relation must hold for every pair of neighboring
vertices in the mesh.

Another type of stability problem was encountered in the Marker-and-Cell
(MAC) method. There the nonlinear convection terms in the Eulerian equations
of motion gave rise to truncation errors that were diffusion-like terms with negative
coefficients [9]. If these terms are not compensated for with a sufficiently large
value of v, a pure growing type of instability can occur. In the LINC method there
are no explicit convection terms and this problem does not arise. Consequently, we

581/5/1-8
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can perform calculations with the viscosity set equal to z

that such calculations actually correspond to infinite Reynolds numbers. There are
diffusion-like truncation errors of order 8¢2 arising from other sources, and these
errors may obscure the effects of a very small viscosity.

Aside from errors arising in the approximation of the acceleration terms, all
truncation errors are proportional to powers of &z, and can be easily controlled
by keeping ¢ small. Thus, the only troublesome errors arise from approximations
of the acceleration terms, which depend on the orientation and size of the Lagran-
gian zones. These errors are difficult to control since zones generally become more
skewed as a calculation proceeds, and the introduction of more cells for better
resolution increases the requirements for computer storage and computing time.
We shall see effects of these errors in the examples of the next section.

When surface tension is considered, an additional stability condition must be
imposed. If the surface vertices are displaced from an otherwise flat surface to form
a sawtooth looking surface they experience a restoring force caused by the surface
tension. Having too large a value of 8¢ will over correct the surface configuration
and produce an inverted sawtooth shape with larger amplitude. Repetition of such
an over correction leads to an oscillating and exponentially growing surface insta-
bility. A simple analysis of the maximum &¢ that does not lead to an overshoot
gives the stability condition,

40 812
<1
pV,y 6x

23)

where o is the surface tension coefficient, V is the volume of the surface cells, and
8x is their width.

F. SAMPLE APPLICATIONS

This new computing technique is best illustrated by discussing the results of
several calculations. These include the sloshing of fluid in a rectangular tank,
Rayleigh-Taylor instability, and the formation of a meniscus. A study of these
examples shows the advantages and limitations of the LINC method.

In the first example, fluid initially at rest in a rectangular tank is impulsively set
into oscillation by a cosine pressure pulse applied at the surface. A linear analysis
for the change in surface elevation, 7, above the initially undisturbed surface height
D, gives

1= —A g5 sin (14 %8) cos e, (24
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where
¢ = kD tanh(kD). (25)

Here k == 2=/, where A is the disturbance wave length, g, = —g is the acceleration
of gravity, and the initial pressure pulse on the surface is described by

¢ = A4 8(t) cos kx, (26)

where 8(¢) is the Dirac delta function.

Calculational results for this problem are shown in Fig. 5, where g = 1.0,
D = 15, A = 80, and 4 = 11.78. The Lagrangian mesh consisted of square cells,
with 40 in the x direction and 15 in the y direction. The boundaries of the computing
mesh are rigid free-slip walls representing planes of reflection. The calculation was
performed with a viscosity of v = 0.1 to compare with a MAC calculation described
in reference [10].
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Fic. 5. Fluid configurations for a sloshing wave shown at the times indicated.
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Figure 5 shows the fluid configuration at successive times during its evolution.
The time increment between frames is approximately the theoretical quarter period
of oscillation. The over-all configuration of the cells has changed in the one period
of oscillation between the second and last frames. This change is a result of non-
linear effects, which introduce a disturbance of wavelength A/2. Because of the
distortion in cell shapes in the last frame, the surface curled up during the return
slosh to the left, and the calculation had to be terminated.

Nonlinear effects influence the amplitude of the surface as indicated in Fig. 6.
The elevated portion of the surface, the spike, has a larger amplitude than the linear
theory would suggest, while the depressed portion of the surface, the bubble, has
a smaller amplitude. Similar results were obtained with the MAC method developed
by Harlow and Welch [10]. A direct comparison of the MAC and LINC methods
is shown in Fig. 7. The irregularity of the surface in the MAC calculation is caused
by the motion of the surface through the fixed rectangular cells. It has recently
been shown by Chan [11] that these fluctuations can be considerably reduced by
using more accurate velocity and pressure interpolations near the surface. The

AMPLITUDE

0 6 12 18 24 30 36
TIME

Fic. 6. Amplitude of spike and bubble (solid lines) versus time as compared with the linear
theory (dashed lines).
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Fic. 7. Comparison of (a) MAC calculation and (b) LINC calculation for the sloshing wave
at time 6.0.

LINC method always maintains a well defined surface. In general, the LINC
method is most useful for problems not involving large distortions, but requiring
an accurate knowledge of the dynamics of free surfaces and material interfaces.

While nonlinear effects have clearly affected the spike and bubble amplitudes,
the oscillation frequency in this example was nearly equal to that predicted by the
linear theory. This result was predicted by Tadjbakhsh and Keller [12). Those
authors have shown that the frequency of oscillation decreases with increasing
amplitude if the initial depth of fluid is larger than 0.17A. For smaller depths the
frequency increases with increasing amplitude. In our example the depth is 0.18752,
which is very near the neutral point where frequency is independent of amplitude.

As a second example we consider the development of a Rayleigh-Taylor insta-
bility. Reversing the direction of gravity in the previous example produces an
unstable situation. When the surface is perturbed its amplitude continues to grow
without oscillation. The example illustrated in Figs. 8-9 was chosen to duplicate
the MAC calculation presented in reference [10]. The surface was perturbed with a
pressure pulse of the form (26) with 4 = 5.0, A = 9.6, g, = 1.0, v = 0.01, and
d = 8.0. The calculation employed 12 cells in the x direction and 20 cells in the
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Fic. 8. Fluid configurations for a Rayleigh-Taylor instability shown at the times indicated.

y direction. The values of g and D for this problem may be considered as defining
the problem units.

For times less than 0.7 problem units the calculational results are in excellent
agreement with the MAC calculation. At late times the spike correctly grows with
the constant acceleration of gravity, but the asymptotic bubble speed is somewhat

caused by tne coarsefEsS OT e LART NPT ZONTS. 11T CAICUTAON WaS Tepeared Wit

zones twice as big, and a linear extrapolation to zero zone size gave an asymptotic
bubble speed that closely approximated the theoretical value.
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t=0 t = 0.50 t = 1.00
FiG. 9. Velocity plots for the Rayleigh-Taylor instability at times indicated.

The final example is the formation of a meniscus in a rectangular pipe with
Bond number —4.0 and contact angle 60°. This calculation was performed with
v = 0.15 and 8x = 8y = 0.08 with 25 cells in the horizontal direction and 6 in
the vertical. The calculation begins with the horizontal surface at rest. Adhesion
to the pipe wall at the left boundary immediately pulls the fluid upwards sending a
wave to the right, Fig. 10. When the wave reflects from the symmetry plane at the
right boundary (only the left half of the problem is shown in Fig. 10), a secondary
swell is seen to form (fourth frame). The final frame shows the equilibrium menis-
cus. Actually, in this example the equilibrium configuration was artificially induced
by setting all velocities to zero when the oscillating fluid surface was found to be
close to the equilibrium position. The calculation was continued for 62 cycles
after this zeroing to a time of ¢t = 4.0 with negligible motion of the interface
observed. This process greatly reduced the necessary computing time needed to
reach equilibrium. A comparison between the equilibrium surface in Fig. 10 and the
theoretical shape obtained by minimizing the potential energy of the system [14],
agreed to within 0.1 per cent over the entire surface.

The Lagrangian zones have become significantly distorted near the left boundary
at the time of the last frame in Fig. 10. However, this cell distortion does
not significantly alter the equilibrium surface configuration. The wavelength of
the disturbance is twice the mesh spacing, which gives a sawtooth appearance.
There is little resistance to a sawtooth motion once it is excited. In this example,
the sawtooth mode is excited when the top left corner vertex suddenly is pulled
upwards by the wall adhesion. The distortion is seen to spread from the top left
corner cell but is noticeably evident only in the last two frames. A study is currently
underway of mechanisms that will damp this type of distortion.
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Fic. 10. Formation of a meniscus in a rectangular tank with Bond number —4.0. The fluid
has reached its equilibrium configuration in the last frame.

G. CONCLUSION

A new method has been presented for calculating the transient dynamics of
viscous incompressible fluids having free surfaces. The method uses Lagrangian
coordinates, which makes the treatment of free surfaces and material interfaces
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straightforward. The new method is illustrated by several test calculations that
establish its validity and usefulness. In general, it is most suited for problems not
undergoing large distortions, but requiring an accurate knowledge of free fluid
boundaries. It is also useful for problems requiring high resolution in localized
regions of the flow, such as a thin layer of fluid on the surface of another fluid.

APPENDIX

Detailed difference equations are written out in this appendix for two-dimensional
Cartesian coordinates. The equations are for interior vertices and cells and do not
reflect the special considerations needed at different types of boundaries, as
described in Section C.

Vertices are moved with the advanced velocity values,

n+1xi;' = nxii + n+1ui;‘ St,

mHly i — nyi | ntly i g, (A-1)

The velocities needed for vertex advancement are obtained from the following

approximations used for the momentum equations,
muf = muf 4 SCA) + CA) + CA)],
wg) = m) 4 BHI(A) + CA)] + CANL (42

All quantities on the right side of (A-2) are evaluated at time step n. The various
acceleration terms are

b= 2Vf (B3RO — 7 + $A0E — i)
+ S — 2D+ SO — L)

(A = 5y WA — XD + $0L, — =)

+ 00 — X)) + ¢30, — XL,

(4); = 85;, O — ) — x4, — X
+ (I — ) — xi | 4 xf — xith)
+ Dy — P — %3 X = )
+ Wy — ¥y — X7+ X — X))

if index 7 is on a rigid vertical wall,
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(°A.){ = g,, otherwise,
C4,)} = gr5 Wy — X0 =y, + ¥ =)

+ (= X0 = Y R - )

+ = X)L, =i S =i
+ (xz+1 — xJ 1)( (ES yij_I + yz - yH-I)]’
if index j is on a rigid horizontal wall,
(°4,)f = g,, otherwise,

(4} = s [T — ) + oo, — )

2V’

T @l RO = X))+ el iy — )

C4,)7 = 55 (RO =yl + H01, — 2
+ wi:iﬁ(yg_l =Y+ ‘“Hf;()’m -yl

In the last two accelerations we have introduced a cell vorticity, which is defined as

wij = 2V£ii¢§ [ — o, )/ — YD) — @it — o)hy — 7
T 07 — )0 — X)) — @ —u)x, — X)) (AY)

The factor of 1/2 in ®4 and 4 arises because the integration volumes used to
calculate these average accelerations are twice as big as the volume of the vertex.
Recall that a vertex volume is 1/4 the sum of the quadrilateral volumes touching
the vertex,

Ve = UAVIRE + VI + VR Vi (a4
The gravitational accelerations are not simply g, and g, , but have dimensionless
ratios multiplying them. These ratios are necessary to simplify the free-slip
boundary conditions at a rigid wall.

To conserve volume the pressures needed in (A-2) must satisfy the equation
derived by substituting the new velocities (A-2) into the volume equations

1/2 - 0 1/2
n+1VJ+ / Viilfz ,
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which produces (12). Rewriting (12) so the pressures appear explicitly we have

Ty N 1/2 3/2 i+3/2 i+3/2
:B‘ﬁ:ﬂfz [Vk‘l’iia/z + Vux‘ﬁis/z + YU¢211¢2 + Yo ?—1;2
12 ~1/2 12 172 2 -
+ v, 4 et Yo ®lZ 1;2 + vsbina) et YBR¢:+3;2] + R:+1;2 (A-5)

The v factors and B for cell i -+ 1/2, j + 1/2 are defined as

iy
[(x) — xi}

[(xl+1 —_ x1+1)2 + (yl+1 — y‘: H)Z] + V]

i+l

=3
(07 = PR + i [y — X+ Oy — 2]

1+1
i+1

+ Vfﬁ [ — x4+ i — ¥,
YR= P i o) = XD — X)) + 7 — YD — yiw)
+ V;ii [(x,ﬂ - XHI)(XZE {+1) + (y;:+1 - ygf“)(yﬁ; - yg+1)]’
Yor = iz ey — M — XD+ Oy — 900 = D)
Yo = et (¥l — SO — 3D + O — VP — i)

1+1

+ _—_V.;—#—l [O5 — x Ml — X3 + Ol — )2 — yid)

Yor = prm (03 — XA — X9 + (5 — y )0t — 9
1

1. . . o .
v = 37 (05 — X )00, — 7)) + O =yl — yi]

v
1 N
+ g [y — xDC/ — x2) + i — v)7 — vl

1
[(xH-l - x] 1)(x]_1 - x’ 1) + (yH-l - yH,l)(yJ 1 y] 1)]5

YoL = "VT
1 ) ) .
Y= 771_ [(xH-l - x1+1)(x1+1 xi'—l) + (y?.l . +1)(y1+1 J’§_l)
+ o V, (/= XD — %) + (v — yiEDOiE — v))L
1 . . ,
ey 6 X2 ™ x:+i) + (yi] - yﬁ})(ywz y:ﬁ)]

YBR = i [(x’ — X,
BR V:+ i+1
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The source term in (A-5) is

N e , 1
R:iﬂ; = —4 ) 52 ( Vf-ﬁ/g oVﬁng) + 5t Y a,uy, + xn,)
Yy,

+ IZ autiete 1 Y. aul(UAs)e ye + XA°A,)4]
A £,¢

+ ; aul(CAz)e ye + x("Ay)el}s
L

where summations are over cell vertices as in the definition of a,, in (11). Equation
(A-5) is a Poisson equation for the pressure that is solved using a Gauss-Seidel
iteration with successive-over-relaxation. Once the pressures are determined from
(A-5), with the appropriate boundary conditions, they can be used to calculate new
v and v values, using (A-2). Because of the way the pressure equation was derived,
when the vertices are moved according to (A-1) the new cell volumes remain
unchanged.
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