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Abstract

A new volume of fluid method for tracking two-dimensional interfaces is presented. The method involves a mul-
tidimensional advection algorithm based on the use of edge-matched flux polygons to integrate the volume fraction
evolution equation, and a spline-based reconstruction algorithm. The accuracy and efficiency of the proposed method
are analyzed using different tests, and the results are compared with those obtained recently by other authors. Despite
its simplicity, the proposed method represents a significant improvement, and compares favorably with other volume of
fluid methods as regards the accuracy and efficiency of both the advection and reconstruction steps.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Among the different approaches developed during the last three decades to simulate free surface and
interfacial flows (see, for example, the review by Scardovelli and Zaleski [1]), volume tracking is one of the
most widely used. A review of the historical development of volume tracking methods since the earliest
works of Debar [2], Noh and Woodward [3], Chorin [4], Hirt and Nichols [5] or Youngs [6], can be found in
[7-10]. In the volume of fluid (VOF) method the interface evolution is described using a discrete function,
F, whose value in each cell of the computational mesh, in single fluid problems, is the fraction of the cell
occupied by the fluid, so that it is equal to one in cells full of fluid, zero in empty cells and a value between
zero and one in mixed cells containing the interface. This volume fraction is a discretized version of a
function, f, which is continuous everywhere except at the interface, where it jumps from zero to one, and
satisfies a standard advection equation,
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The initial distribution of the discrete volume fraction is determined from the initial interface geometry.
At any time step, the interface is first “reconstructed” at each cell from the F distribution, and is then
advected by solving Eq. (1), using geometric considerations to compute volume fluxes through cell
boundaries. The different VOF methods can be distinguished by the features of the interface reconstruction
algorithm and the method used for time integration of the volume fraction equation. Successive im-
provements in the VOF method have kept this method competitive with more recent methods such as the
front tracking [11] or level set [12] methods. Rider and Kothe [9] proposed a linearity-preserving, piecewise
linear interface geometry approximation and a multidimensional unsplit time integration scheme, in which
material volume fluxes are computed systematically with a set of simple geometric tasks. These authors use
trapezoidal flux polygons at cell faces such as those represented in Fig. 1(a), in which edge 1-2 is parallel to
edge 3—4. Harvie and Fletcher [13] proposed a new VOF advection algorithm (termed the Stream scheme)
that also uses a piecewise linear interface calculation (PLIC) method coupled to a fully multidimensional
cell face flux integration technique. This technique is based on splitting each cell face flux into a discrete
number of streamtubes corresponding to equally-spaced face sections (see Fig. 1(b)). The volume of fluid in
each streamtube which is fluxed through a particular cell face during a time step is approximately deter-
mined by integrating backwards in time through the computational time step along the central streamline
of the tube. More recently, Harvie and Fletcher [14] proposed another new multidimensional advection
algorithm (the defined donating region (DDR) scheme), which conserves fluid volume rigorously without
the need for a local redistribution algorithm, although with an accuracy comparable to that of the PLIC
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Fig. 1. Examples of flux polygon construction at cell faces: (a) Rider and Kothe [9]; (b) Harive and Fletcher [13] (worst-case scenario);
(c) present work.
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direction-split advection scheme of Youngs [6]. Another example of a multidimensional advection algo-
rithm can be found in [15].

In PLIC methods, the interface is approximated in each cell by a straight line defined by n- x + C = 0,
where n and x are the outward unit vector normal to the interface and the position vector of a generic point
on the line, respectively, and C is a constant. Methods, such as those of Youngs [16] and Puckett [17], or
that proposed in the present work, mainly differ in the algorithm used to determine the orientation of the
interface. Youngs’ method is an explicit method with an accuracy between first and second order, in which a
finite-difference gradient approximation of the volume fraction is used to obtain the interface normal as
n = Vf/|Vf|. Puckett’s method is a second-order iterative method, which is based on minimizing an error
function defined by the difference between the actual volume fractions and those obtained by extending the
approximate interface over 3 x 3 cells. Both Rider and Kothe [9] and Harvie and Fletcher [13] use these
PLIC reconstruction methods. A more efficient second-order algorithm, named ELVIRA, which reduces
the computational effort of the iterative method of Puckett [17], was proposed by Pilliod [18]. In this al-
gorithm, the interface orientation is selected from six different candidates for which the above mentioned
error function is determined using backward, central and forward finite-difference approximations for the
volume fraction gradient. Another second-order method, only applicable to orthogonal grids, was pro-
posed by Chorin [19], in which the normal » and the local curvature of the interface are obtained from the
osculating circle of a curve defined by a 3 x 3 array of volume fractions. Recent enhancements of this
method, which perform well on unstructured meshes, were proposed by Mosso et al. [20] and Garrioch and
Baliga [21]. In a more recent work, Scardovelli and Zaleski [22] presented two new reconstruction algo-
rithms based on a least-square fit technique (one of them with a variant that maintains the continuity of the
interface at the boundary of adjacent cells), and a new mixed split Eulerian implicit-Lagrangian explicit
(EI-LE) advection algorithm.

The main objective of this work was to develop an improved VOF method based on multidimensional
advection using edge-matched flux polygons, and spline-based interface reconstruction, whose accuracy is
compared with that of other existing approaches, in particular the above mentioned methods recently
proposed by Rider and Kothe [9], Harvie and Fletcher [13] and Scardovelli and Zaleski [22]. We will refer to
the coupled Edge-Matched Flux Polygon Advection and Spline-based Interface Reconstruction algorithms
proposed in this work as the EMFPA-SIR method.

2. Multidimensional advection algorithm

For two-dimensional (2D) incompressible flows, Eq. (1) can be integrated over a given cell Q of area 4
and the time interval Af = ¢,,| — t,, to obtain, at each time step,

1 thgl a a
n+l _ pn - .
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where the divergence constraint V - v = 0 is taken into account. The integral in Eq. (2), which represents the
net area of fluid advected out of the cell, 4z, is solved geometrically using the method described hereafter.

In each face of a given cell, a flux polygon such as that represented in Figs. 1(c) and 2 is constructed. The
volumetric flux (per unit length) through any face I' can be expressed as

q:/r(udy—vdx), (3)

and, to ensure volume conservation, the area of the flux polygon must be determined from

1
Ay = / gdt. (4)
In
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Fig. 2. (a) Edge-matched flux polygon. (b) Area of fluid advected through a cell face.

1-2

The integral in Eq. (3) is determined from the velocity components at the face centers, using a midpoint
rule, and the integral in Eq. (4) is solved using a trapezoidal quadrature rule. For example, the area of the
flux polygon corresponding to the right face (1-2) of the quadrilateral cell shown in Fig. 2 reduces to
Ay =1}, + uiT})AyAe, with f_, and u{"} being the horizontal velocity components at the face center at
instants ¢, and ¢, , respectively, and Ay the cell size. Note that the volume in each cell is conserved provided
that the velocity field at the centers of the cell faces satisfies the discrete continuity condition. The velocity at
the cell corners, v;, are obtained by interpolation using a weighted average of the velocities at the center of
the four surrounding faces, v;:
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where d; is the distance from the cell corner j to the face center i. The slopes of the flux polygon edges are
determined from these velocity components at the cell corners as follows (see Fig. 2):
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The locations of points 3 and 4 are obtained from Eqgs. (5)—(8) and the condition expressed by Eq. (4). It
should be pointed out that the corner velocities are not used to calculate the area of the flux polygon, but
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only the slopes of its edges. Note that these slopes are calculated from the corner velocities at the inter-
mediate time ¢, + %At, which are obtained from linear interpolation between the values corresponding to
the instants #, and ¢, ;. Also note that, although the mesh represented in Fig. 2 is Cartesian, the method can
also be applied, without lack of generality, to unstructured meshes.

The area of fluid advected through each face of a given cell, Ar, which is taken to be positive when the
fluid leaves the cell, will depend on the shape of the face flux polygon and the location of the reconstructed
interface. Obviously, if the flux polygon is full of fluid or empty, the value of A will be equal to the value of
Ay obtained from Eq. (4) or zero, respectively. Otherwise, the intersected area between the flux polygon and
the area occupied by the fluid (Fig. 2(b)) must be calculated. The problem turns out to be purely geometric,
and can be solved using techniques such as those discussed by O’Rourke [23].

Once the interface has been reconstructed (using, for example, any of the methods mentioned in the
Introduction), and its intersection with the face flux polygons has been determined, the total net area Ag, of
fluid that leaves each cell is calculated from

4
Ap = ZAFN )
=1
and Eq. (2) can be expressed as
| &
F'''=F"—— % 4. 10
10 ; A (10)

Notice that, in the proposed advection algorithm, the flux polygons of cell faces with a common node
have an edge with a common orientation (although, in general, the length of this edge may not be the same
in all these polygons). This, in the presence of spatially-varying velocity fields, avoids the over/underlapping
of flux polygons, which, as discussed by Rider and Kothe [9], tends to produce overshoots or undershoots
in the distribution of F (volume fractions greater than 1 or lower than 0) and make the use of a local
redistribution algorithm necessary. Fig. 3 shows a comparison between the flux polygons constructed using
the method proposed by Rider and Kothe [9] (Fig. 3(b)) and the edge-matched flux polygons proposed in
this work (Fig. 3(c)), for the flows corresponding to three different advection tests that will be considered
below: diagonal translation, pure rotation and the “vortex-in-a-box” test. It can be observed that both
methods produce the same flux polygons for the simple translation case. For the other two cases, partic-
ularly for the “vortex-in-a-box” test, where the vorticity is not uniform, the differences are appreciable.
Notice the absence of over/underlapping between the polygons constructed in accordance with the pro-
posed method.

For the rotation and the ““vortex-in-a-box’ cases, we also represent in Fig. 3, with dashed lines, the
“almost exact’ limits of the donating flux regions corresponding to each cell face, which are obtained by
integrating very accurately the equations that determine the location of the fluid particles that cross the face
during the integration time interval A¢. It can be observed that the shape of the flux polygons generated
with the method proposed in this work follows these “exact” limits very closely. The suppression of
polygon over/underlapping situations, together with the increase in accuracy which results from the re-
duction of discretization errors, obviously tend to reduce interface advection errors and the need for a
redistribution algorithm. Also note that the proposed advection algorithm ensures overall conservation of
fluid volume (area), and so this is also a highly desirable property of any redistribution algorithm, which is
the case with that proposed by Harvie and Fletcher [13].

It should also be pointed out that the procedure described for constructing the flux polygons at cell faces
entails a discrete area-conservation constraint, meaning that a divergence correction such as that intro-
duced by Rider and Kothe [9] is unnecessary. Fig. 4 shows, for the single vortex test, typical error distri-
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Fig. 3. Flux polygons at cell faces corresponding to three different flows: (a) velocity vectors; (b) flux polygons constructed using the
method proposed by Rider and Kothe [9]; (¢) edge-matched flux polygons proposed in this work.

butions obtained in the calculation of the flux through the cell faces, defined as Ep, = Zf | AL — A5,

and of the divergence, Eg, = Z, 45, in each cell, using our own implementation of the Rider and Kothe
[9] advection method. The upper and lower results in this figure were obtained, respectively, with and
without taking into account the correction of the flux polygons at the cell corners proposed by Rider and
Kothe [9], and show that a subsequent divergence correction is necessary in the first case. Notice, however,
that the accuracy of the algorithm deteriorates unless some type of flux correction, such as that mentioned
above, is introduced. In the new algorithm that we propose here, such divergence correction is not nec-
essary, and the need for systematic corner flux polygon correction is avoided with the polygon construction

procedure explained above.
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Fig. 4. Flux and divergence errors in the “vortex-in-a-box’ test with a 32 x 32 grid and a maximum CFL number of 0.5: (a) our
implementation of the Rider and Kothe [9] advection algorithm, before divergence correction; (b) without flux polygon correction at
cell corners.

It should also be mentioned that the constraint imposed by Eq. (4) to construct the flux polygons may
require, in certain circumstances, that the algorithm operate on a more extensive region around the cell face
(where the corresponding flux polygon may be located) when the velocity is nearly parallel to the cell face
and the CFL number is close to unity. Fig. 5 shows a case in which vertices 3 and 4 of the flux polygon lie
outside the area occupied by the cells surrounding nodes 2 and 1, respectively. In such a case, an equivalent
flux polygon is constructed in which the area constraint given by Eq. (4) is not imposed, and the lengths of
edges 2-3' and 1-4' are determined as |v,|A¢ and |v;|At. The area of fluid advected through edge 1-2 is taken
to be equal to the area of fluid intersected by the flux polygon and corrected by a factor equal to the ratio
between the area given by Eq. (4) and that of polygon 1-2-3'-4'. This modification of the algorithm may
cause small overshoots or undershoots in the distribution of 7. When necessary (in few cases when the CFL
number is close to one), a local redistribution algorithm similar to that of Harvie and Fletcher [13] is used.
Note that the problem just described is not of a fundamental character, and that other alternatives that
could have been chosen to solve it would probably have a minor effect on the results.

It is well known that VOF schemes tend to produce “blobby” filaments when these become too thin to
be adequately resolved on the grid. The volume tracking algorithm induces errors in the calculation of the
interface normal from the volume fraction gradients and, in the attempt to locally enforce mass conser-
vation, incorrectly locates the fluid volume when the grid is not fine enough to resolve small fluid flow
features. Cerne et al. [24] proposed an expression based on the gradient of the volume fractions to assess the
accuracy of reconstruction and to activate, when necessary, an adaptive grid refinement algorithm or other
alternative reconstruction algorithms [25]. More recently, Aulisa et al. [26] proposed a hybrid marker-VOF
method to overcome these difficulties, which are inherent in VOF methods. On the other hand, as men-
tioned by Harvie and Fletcher [13], integration inaccuracies can also cause the artificial generation of
“wisps”’, that is, small areas of fluid in void regions or of void in fluid regions. To alleviate this difficulty,
Harvie and Fletcher [13] used an algorithm similar to the above mentioned redistribution algorithms used
to overcome the over/undershoots in the distribution of F. Note, however, that these algorithms are
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Fig. 5. Flux polygon adjustment at the time step from ¢ = 0 to t = Ar = 1/32, in the cell whose coordinates are given in the figure, in
the time-reversed single vortex test with 7 =2 and a 32 x 32 grid.

heuristic and do not completely remove the effect of these errors. In this work, in order to better assess the
intrinsic features of the new advection algorithm, we have not used any algorithm of this kind (although
one could easily have been implemented) to eliminate wisps. Anyway, in the proposed advection algorithm,
only the flux polygon adjustments may produce, in very few cases, small “wisp’ errors that do not adversely
affect the computational efficiency of the algorithm. As an example, for the time-reversed single vortex test
described in Section 4.5, with 7 = 2 and a grid with 128 x 128 cells, the proposed EMFPA-SIR method
produced (very small) wisps only when the CFL number based on the maximum velocity in the domain was
greater than about 0.95. In all tests with CFL > 0.95, a maximum of 18 cells in the whole computational
domain with a maximum void volume fraction of 3.4 x 107¢ were found in fluid regions. For a grid of
32 x 32 cells and the same test conditions, no wisps were produced with the proposed algorithm, whereas
the Stream scheme of Harvie and Fletcher [13] required the use of an algorithm to detect and correct wisps
of void or fluid volume fractions of up to 1072 in fluid and void regions, respectively.

Although in the following section we propose a new interface reconstruction method, the improvement
in accuracy produced specifically by the new advection method proposed here will be assessed and dem-
onstrated in Section 4 by comparing its results with those obtained by other authors using the same re-
construction methods of Youngs and Puckett.

The extension of the proposed advection algorithm to three dimensions will be the subject of future
work. As generally occurs with VOF methods, this extension is not straightforward, and the geometric
operations involved are much more complicated than in two dimensions. However, VOF methods can be
efficient, robust and relatively simple to implement in 3D if the geometrical operations required to compute
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fluid volume fluxes are performed systematically, using a set of simple geometric tasks, as discussed by
Kothe et al. [27]. These authors extended a PLIC-VOF method to general 3D hexahedral meshes using this
strategy. They introduced exact analytic solutions to calculate the truncation volumes formed by an ar-
bitrary plane cutting through a general hexahedron, which can be applied to extract intersections between
flux polyhedra and the volume occupied by the fluid. An extension to generalized unstructured meshes was
discussed by Kothe et al. [28]. The shapes of the flux polyhedra that may arise in the extension to 3D of the
proposed algorithm would be only slightly more complex than in previous multidimensional VOF ad-
vection algorithms (the only geometric difference being that the polyhedron face opposite the corresponding
cell face is in general not parallel to this latter), but do not increase substantially the complexity of the
geometric operations that are needed. However, we must recognize that the extension of unsplit advection
schemes to generalized unstructured 3D grids is a difficult and challenging task, to which much research
effort is currently being devoted [28].

3. Spline-based interface reconstruction algorithm

A new PLIC interface reconstruction method based on spline interpolation is presented in this section.
The basic idea is to readjust the orientation of the segments representing the interface in each cell with the
aid of a cubic spline interpolation through the center points of these segments. The first step in the algo-
rithm is to make an ordered list of the points that are to be interpolated. To this end, we use the following
procedure, which is similar to that used by Ginzburg and Wittum [29] to obtain an aligned grid by irregular
refining of the cells intersected by a spline-interpolated curve that follows the VOF distribution and rep-
resents the interface:

1. The orientation of the interface segment in each cell is initially determined using the method of Youngs
[16], and its position is obtained by imposing the condition that the area of fluid in the cell is equal to
F"Aq, using the iterative method of Brent (see, for example [30]). For rectangular grids, analytical rela-
tions such as those proposed by Gueyffier et al. [31] or Scardovelli and Zaleski [32] could also be used.

2. Two arbitrary adjacent cells, such as cells A and 7 in Fig. 6, which satisfy the condition that the interface
segment in each cuts their common face, are selected (note that the VOF representation of the interface is
not in general continuous between cells, and so the interface segments of adjacent cells may cut non-com-
mon faces). If it is not possible to find two adjacent cells that satisfy this condition along the whole in-
terface (or any closed portion of it, such as that corresponding to a drop or a bubble), the first two
selected cells will be those whose interface segment centers are closest to each other. The center points
of the interface segments of these cells (points ~ and i in Fig. 6) will be the first two points of the inter-
polation curve. In Fig. 6, the order of the points in the curve is chosen so that the cells with F = 1 remain
on the left side as we move forward in the curve.

3. The next point in the list corresponds to a cell selected from among the neighbors of the current cell 7
(including cells with only one common node). The selection is made as follows. Straight lines (dashed
lines in Fig. 6) are traced between the center point (i) of the interface segment in cell 7 and those in
the neighboring cells (4, j and k). The new point which is to be interpolated is that (j) for which the cor-
responding straight line forms the minimum angle with the line through the last two selected points (/4
and i).

4. In some cases, selecting points corresponding to cells with an F value close to 0 or 1 may produce local
distortions of the interpolation curve. To avoid this, we exclude cells with F < 0.02 or F > 0.98, in which
the readjusted interface segment orientation is determined by the normal to the spline-interpolation
curve at the point closest to the center of the initial interface segment.

5. When it is not possible to find a new valid point in the surrounding cells (because F' < 0.02 or F > 0.98 in
all of them), we seek a new point within a radius of approximately twice the cell size. If it is still not pos-
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sible to find a new point because of the presence of a wall or of the initial point is reached, the construc-

tion of a new curve begins.

Once the centers of the interface segments have been ordered, their coordinates are parametrized as
[x;(s;),»;(s;)], where s is an approximation to the length of the curve from the initial point, which, for the
point j, is defined as

S = . [(xiﬂ —x;)* 4 (i —J’i)z} 1/2- (11)

Other possible parametrization methods can be found in Farin [33]. The parametric curve x = x(s),
¥ =y(s) is then constructed using a natural cubic spline interpolation (see, for example, [30]), and the
normal to each segment of the interface is obtained as

(=)' (s,),%(s))] 12
2 (s;) + y2(s)]'"* (12

except at the extreme points of the interpolation curve, where the normal to the interface segment is ob-
tained from the circle formed by the three starting and end points of the curve, respectively. The equation
for each interface segment is finally determined using Brent’s method.

The smooth, twice differentiable cubic spline curve constructed as described above, allows an analytic
determination of the interface curvature at each cell from

K — X"(s)y/(s) = y”(sj));’ 2(s,-) . 13)
(¥2(s;) +37(s7))”
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At the extreme points of the interpolation curve, the curvature may be determined, for example, by the
circle formed by the three starting or end points of the curve.

In general, standard VOF methods are not very accurate in computing geometric characteristics such as
curvature, and so different authors have attempted to improve the accuracy of calculating the curvature
from volume fractions (see, for example, [34-37]). On the other hand, in the context of front tracking
methods, Popinet and Zaleski [38], among others, found that cubic spline interpolants were sufficiently
smooth to ensure an accurate calculation of the interface curvature when modeling the surface tension
force. In the present work, in order to assess the accuracy of the methods based on using Eq. (13), a test that
involved computing the curvature of a circular interface of a given radius, d, was applied. Fig. 7(a) shows
the results for the average curvature as a function of the grid size computed from the spline-based re-
constructed interface. These results are compared with those reported by Meier et al. [39], which were
obtained with the continuum surface force (CSF) method of Brackbill et al. [40], and with a new method
based on using an adjusted estimator function. In the first case, the function F was convolved with a
quadratic B-spline kernel to construct a smoothed volume fraction function (a discussion of the merits of
different kernels for smoothing the F distribution can be found in Aleinov and Puckett [41]). It can be
observed from Fig. 7(a) that the results obtained with the proposed SIR algorithm substantially improve
those obtained with the CSF method and are slightly better than those reported by Meier et al. [39]. It can
be observed from Fig. 7(b), which shows the curvature distribution along the interface obtained with the
SIR algorithm, that the level of noise in the curvature estimates can be further reduced by using wider F
ranges to exclude cells with F' values that are too high or too low from the list of points to be interpolated
(the results obtained excluding points with F <0.05 and F > 0.95 are indicated in Fig. 7(b) with open
circles). However, a better alternative consists of detecting points where the curvature oscillation obtained
from Eq. (13) is too high, and relocating them by successive point-removal and interpolation operations
(smoothing algorithms of this type are discussed, for example, in [33,42]). The improvement achieved with
this smoothing procedure is shown in Fig. 7, where the corresponding results are represented with thick
lines. The method has second order accuracy, as deduced from the average errors obtained using different
grid sizes. For example, [k — kexact|/kexact = 8.04 x 1073, 2.23 x 1073 and 3.07 x 10~* for d/Ax = 12.8, 25.6
and 51.2, respectively.
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141 g Meier et al. (2002) ;,-' CSE.3x3 ] L4r d/Ax =224
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Fig. 7. Comparison between results for the curvature of a circular interface obtained with the proposed SIR algorithm (with and
without smoothing) and those obtained by Meier et al. [39] using an adjusted estimator function and the CSF method of Brackbill et al.
[40] with kernel matrices of sizes 3 x 3 and 5 x 5 to smooth the F distribution: (a) normalized mean curvature as a function of the
interface diameter made dimensionless with the grid size, d/Ax; (b) normalized curvature as a function of the dimensionless arc length
along the interface, s/nd, for a case with d/Ax = 22.4.
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The extension of the proposed spline-based reconstruction algorithm to 3D is not straightforward and
requires reformulation of the algorithm. As with the advection algorithm, this will be the subject of future
work. However, it is worth making a few comments on the outlook of the method for 3D. Although the
parametrization proposed in Eq. (11) cannot be applied directly to the extension to 3D, the algorithm
proposed for determining the interface normal is amenable to the use of efficient geometric tools in 3D. As
discussed by Ginzburg and Wittum [29], the geometric tasks needed to reconstruct the interface as spline
interpolant can be facilitated by using parametric non-uniform rational B-spline (NURBS) surfaces (see,
for example, [33,43]). One of the main advantages of the proposed VOF method is that it does not require
special procedures to handle topological changes of the interface and so, in this respect, its extension to 3D
is easier than in the case of front tracking or marker methods, which involve greater algorithmic complexity
and which are not so robust when dealing with interface merging and breakup. On the other hand, among
other advantages, front tracking methods generally need lower resolution to maintain the accuracy of front
capturing methods. Three-dimensional (3D) interface representation has been successfully implemented by
Tryggvason and others (see, for example, [44,45]) in front tracking methods, and some of the ideas used
with these methods in three dimensions could also be useful in the implementation of the proposed re-
construction algorithm in 3D. Compared with level set methods, the extension of the proposed method to
3D is much more complicated, but, on the other hand, it is superior as regards local volume conservation
and compact interface width. It should also be mentioned that the algorithm proposed to determine the
interface normal is non-iterative, which makes it more efficient in 2D than other iterative and less accurate
VOF algorithms, which, as mentioned by Rider and Kothe [9], can be prohibitively expensive in 3D.

4. Discussion of results

In this section, the accuracy and order of convergence of the proposed advection and reconstruction
algorithms are analyzed using different numerical tests, for which many results obtained with different
methods are available in the literature. The accuracy of the proposed reconstruction algorithm is first
assessed in a test that analyzes its ability to reconstruct interfaces of known geometries. The next tests
correspond to the advection of a circular fluid body in simple translational and rotational flows. Then, the
capacity of the method to handle interfaces with high curvature is analyzed with the Zalesak slotted disk
test, and, finally, the time-reversed single vortex test of Rider and Kothe [9] is used to investigate the ef-
ficiency of the method in handling thin filaments in a flow of non-uniform vorticity. Since advection errors
are almost always accompanied by reconstruction errors, in order to better assess the performance of the
advection algorithm proposed in this work and its relative merits compared with other algorithms, some of
the tests presented in this section have been carried out using the same reconstruction methods as used in
the compared simulations. The results obtained in the different tests are compared with those of other
authors, in particular Rider and Kothe [9], Harvie and Fletcher [13] and Scardovelli and Zaleski [22].

4.1. Accuracy of the reconstruction

In this section, the accuracy of the proposed reconstruction algorithm in reproducing the interface ge-
ometries shown in Fig. 8 is compared with that obtained with other algorithms. For this purpose, we
implemented some common reconstruction methods employed in VOF schemes. Thus, we considered a
version of Youngs’ method extended to general grids, as proposed by Kothe et al. [27], in which the in-
terface normal is calculated by solving a weighted least squares problem; a method taken from [22], based
on using central difference gradient of the volume fraction to calculate the interface normal; the iterative
second-order method proposed by Puckett [17], and the algorithm ELVIRA. The last two were imple-
mented following the indications given in [13,15], respectively. For all these methods, Table 1 shows the
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Fig. 8. Interface shapes used to assess the performance of the proposed reconstruction algorithm.

Table 1
Reconstruction errors for a circle and the interface shape of Eq. (14) using different grid sizes and reconstruction algorithms
Reconstruction algorithm Youngs Central difference  Puckett ELVIRA SIR
Circle 10 x 10 E 2.09 x 1073 2.34 %1073 3.36 x 1073 2,94 x 1073 1.94 x 1073
O 1.79 2.06 2.27 2.24 2.03
20 x 20 E 6.06 x 107* 5.61 x 1074 6.96 x 1074 6.22 x 1074 4.76 x 10~*
O 1.18 1.89 2.05 1.98 1.88
40 x 40 E 2.67 x 107* 1.51 x 107# 1.68 x 107# 1.58 x 107# 1.29 x 10~*
O 1.31 1.88 1.94 1.93 2.15
80 x 80 E 1.08 x 107# 410 x 10°° 438 x107° 4.15%x107° 291 x 1073
O 1.03 1.81 1.95 2.05 1.89
160 x 160 E 5.29 x 1073 1.17 x 1073 1.13 x 1073 1.00 x 1073 7.86 x 10°°
Interface 10 x 10 E 2.73 x 1072 2.75 x 1072 2.57 x 1072 2.78 x 1072 2.65 x 1072
shape of O 2.23 2.26 2.59 2.97 3.22
Eq. (14) 20 x 20 E 5.81 x 1073 5.74 x 1073 4.28 x 1073 3.54 x 1073 2.84 x 1073
0 2.63 2.78 2.19 2.02 2.03
40 x 40 E 9.39 x 107* 8.36 x 107* 9.37 x 107* 8.71 x 107* 6.97 x 1074
O 2.13 2.47 2.40 2.44 2.69
80 x 80 E 2.17 x 107* 1.51 x 107 1.77 x 107 1.61 x 107* 1.08 x 10~*
0 1.41 1.91 2.01 1.98 1.99
160 x 160 E 8.12 x 1073 4.00 x 1073 7.33 x 1073 4.08 x 1073 2.71 x 1073

reconstruction errors and the order of convergence for a circle of radius 0.368, which, in order to avoid
artificial regularity of the results, is centered at (0.525,0.464) in a domain of 1 x 1, as in the work of Rider
and Kothe [9], and for a more complex shape which may be represented by the Cartesian equation

cos(6mx)(4x —2)* 4 (4y —2)> = 1. (14)
The reconstruction error is defined as the area between the exact interface and its approximate represen-
tation, and the order of convergence can be determined from
In (E,,, /E,
(9:1’1( 2x/ x)7 (15)
In(1/2)

where E, and E,, are the errors obtained using two different grids with n, and 2n, cells along a di-
rection. It can be observed that the results obtained with the proposed SIR algorithm are the most
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accurate. For the complex shape of Eq. (14) and coarse grids, the convergence rate of all methods is
somewhat higher. For the finest grid, all methods reach a nearly second-order convergence rate, except,
as expected, Youngs’ method. In general, the errors obtained with the ELVIRA algorithm were slightly
lower than those obtained with Puckett’s iterative method. This was also found in [15] for different
translation and rotation tests similar to those presented in the following sections. We shall also show
below that the ELVIRA algorithm requires a computational effort lower than that needed by Puckett’s
method.

Rider and Kothe [9] developed the same type of study for the circular shape, and compared the
accuracy of three different methods: Youngs’ method, an implementation of Puckett’s iterative method
based on the work of Pilliod [18], and an iterative second-order method based on the work of Swartz
[46]. Although at the cost of a higher computational time, the last method produced results that are
very close to those obtained with the SIR algorithm for the simple circular shape. For the other two
methods, the differences between the results of Rider and Kothe [9] and those presented in Table 1 are
small.

4.2. Simple translation test

Harvie and Fletcher [13] carried out a detailed discussion on the errors resulting from reconstruction and
from cell boundary flux calculations. One of the tests they considered for this purpose was the translation of
a circle of fluid of radius 0.2, initially located at (0.25, 0.25), by a steady and uniform flow with velocity
components (1,1), during a time 7 = 0.5, in a domain of 1 x 1. The error was estimated with an L, norm
defined as

E=> "4y
ij

Flf — F

[

: (16)

where Ag"" ! is the area of the cell (i,j), and E(:'}) and F"/) are, respectively, the calculated and exact liquid
fractions corresponding to the final instant of the test. Notice that, for the simple velocity field considered in
the test, the contribution of the advection step to the error is negligible, and so the total error is solely due
to reconstruction. On the other hand, the reconstruction error should vanish as the Courant number tends
to one and remain bounded as the Courant number approaches zero [13]. This dependence of the error on
the Courant number is illustrated in Fig. 9, where the results obtained in the present work using the
proposed advection algorithm and both Puckett’s and the proposed spline-based reconstruction algorithms
are compared with those obtained by Harvie and Fletcher [13] using Puckett’s method, for three different
grid sizes. We have also represented the results obtained with the coarsest grid using our implementation of
the advection algorithm of Rider and Kothe [9], which, as expected (see Fig. 3), in this test gives almost
exactly the same result as ours. Note that the agreement between the results obtained with the proposed
advection algorithm and those obtained by Harvie and Fletcher [13] (using in both cases Puckett’s re-
construction method) is very good. The differences existing in the case of coarse grids may probably be
attributed to the limitations pointed out in [13], which arise when the streamlines are aligned with the
interface (see Fig. 1(b)). Also note that the spline-based reconstruction method substantially increases the
accuracy of the results. For the finer grid and low CFL values, the orders of convergence of the proposed
and Puckett’s methods are of 1.8 and 1.6, respectively.

4.3. Rotation test

We consider the same problem configuration used by Rider and Kothe [9], in which a circle of fluid of
radius 0.15, initially centered at (0.5, 0.75), rotates around the center of a domain of size 1 x 1 in a uniform
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Fig. 9. L, error norm as a function of the CFL number for the simple translation of a circular fluid body test, obtained with different
advection and reconstruction algorithms.

vorticity field. A constant time step, which corresponds to a CFL parameter based on the maximum ve-
locity in the domain of approximately 0.5, is used. In the exact solution, the circle of fluid obviously keeps
its shape, and so this test is especially appropriate for assessing the efficiency of the proposed advection
algorithm. Notice that, when the interface undergoes a large distortion, the accuracy of the whole method
relies to a large extent on the reconstruction algorithm, which may drastically reduce the order of con-
vergence, especially when the size of small fluid structures approaches the cell size. The error in the nu-
merical solution will be defined as in Eq. (16), with T being the time the circle of fluid takes to complete a
revolution (which, for a grid of 32 x 32 cells, for example, corresponds to 201 time steps). The order of
convergence can be determined from Eq. (15).

The values of E and (¢ obtained with the proposed EMFPA algorithm for grids of 32 x 32, 64 x 64 and
128 x 128 cells are compared in Table 2 with those obtained by Rider and Kothe [9], using in both cases the
interface reconstruction method proposed by Puckett [17]. It can be observed that, for this simple advection

Table 2
L, error norm and order of convergence, as defined by Egs. (15) and (16), obtained in the rotation of a circular fluid body test using
different advection and reconstruction methods

Advection Rider and Kothe [9] EMFPA EMFPA EMFPA
Reconstruction Puckett Puckett SIR Exact circle center
32 x 32 E 1.61 x 1073 1.42 x 1073 8.68 x 107+ 4.08 x 10~*

O 2.19 2.08 1.76 1.78
64 x 64 E 3.54 x 1074 3.37x10°* 2.57 x 107 1.19 x 10°*

O 1.98 2.08 2.22 1.84

128 x 128 E 8.95x 1073 7.96 x 1073 5.52x 1073 3.32x 1073
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problem, the proposed method exhibits a second-order convergence rate and produces errors appreciably
lower than those obtained by Rider and Kothe [9]. These results are also compared with those obtained
using the combined EMFPA-SIR algorithms proposed in this work. Note that there is a further and more
appreciable reduction in the error when the proposed reconstruction method is used instead of Puckett’s
method. In the last column of Table 2, we have also included the results obtained with the proposed ad-
vection algorithm and a reconstruction algorithm based on determining the interface normal by joining the
center of each cell interface segment with the exact location of the circle center at each time step, and using
an iterative procedure starting with an initial segment orientation calculated using Youngs’ method. Note
that, for this test, this reconstruction procedure provides the maximum possible performance of PLIC
methods.

4.4. Zalesak slotted disk test

In this test, a slotted circle of fluid rotates in a uniform vorticity field [47]. The same domain as in [8] and
a grid with 200 cells along each coordinate were used. The time step was chosen so as to make the circle
complete a revolution at the instant 7 = 2524A¢, which corresponds to a CFL parameter, based on the
maximum velocity in the domain, of approximately 0.25. The test ends when the first (anticlockwise)
revolution is completed. The error is defined as

(i) (i)
Zi,j FTJ _Fo !

(i)
Zi,j Fy ’

where Fo(i‘/ ) and FT(i‘/ ) are the fluid fractions in the cell (i,J) corresponding to the initial and final instants,
respectively. The errors in the results obtained using the proposed advection algorithm, EMFPA, and three
different reconstruction methods, including the new proposed method, SIR, are compared in Table 3 with
those reported by other authors. Note that the proposed advection algorithm produces errors slightly lower
than those obtained with the Stream algorithm and the same interface reconstruction method. Only two of
the very recent three reconstruction methods proposed by Scardovelli and Zaleski [22] included in Table 3,
which are based on a quadratic least-square technique and approximate the interface in each cell using two

E =

; (17)

Table 3

Errors, as defined in Eq. (17), obtained in the slotted disk rotation test using different advection and reconstruction algorithms
Advection/reconstruction algorithms E (Eq. (17))
SLIC 8.38 x 1072
Hirt-Nichols 9.62 x 1072
FCT-VOF 3.29 x 1072
Youngs 1.09 x 1072
Harvie and Fletcher [13] (Stream)/Y oungs 1.07 x 1072
Harvie and Fletcher [13] (Stream)/Puckett 1.00 x 1072
Harvie and Fletcher [14] (DDR)/Youngs 1.56 x 1072
Harvie and Fletcher [14] (DDR)/Puckett 1.50 x 1072
Proposed EMFPA/Y oungs 1.06 x 1072
Proposed EMFPA/Puckett 9.73 x 1073
Proposed EMFPA-SIR 8.74 x 1073
Scardovelli and Zaleski [22] (linear least-square fit) 9.42 x 1073
Scardovelli and Zaleski [22] (quadratic fit) 5.47 x 1073
Scardovelli and Zaleski [22] (quadratic fit + continuity) 4.16 x 1073

Results for the four first methods are taken from [8].
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consecutive segments, produce errors lower than that obtained with the reconstruction algorithm proposed
here, although at the cost of a higher computational time, as discussed below. Less accurate reconstruction
methods (see, for example, the three first cases of Table 3) produce errors that may be up to one order of
magnitude larger. This test is indeed more appropriate for assessing the efficiency of the reconstruction
method than that of the advection algorithm. Fig. 10 shows that the interface location error is concentrated
at regions of high interface curvature. That the error in these regions largely represents the main contri-
bution to the total error is confirmed by comparing the errors obtained with the proposed algorithm, given
in Table 3, with those obtained for a non-slotted circle of fluid using the same algorithm and test condi-
tions, which were found to be equal to 1.95 x 10~* and 7.33 x 107#, respectively, when Youngs’ and
Puckett’s reconstruction methods were used.

4.5. Vortex-in-a-box test

In this test, introduced by Bell et al. [48], a circle of fluid of radius 0.15, initially centered at (0.5, 0.75), is
advected in a domain of 1 x 1, where the solenoidal velocity distribution given by the stream function
y=1 sin’(mx) sin®(my) is imposed. All the results presented in this section were obtained using a CFL
parameter (based on the maximum velocity component in the domain) equal to one.

Figs. 11(a) and (b) show, for different instants and grid sizes of 32 x 32 and 128 x 128 cells, the area
occupied by the fluid in every cell of the interface (where 0 < F < 1) obtained using the proposed advection
method and, respectively, Puckett’s reconstruction method and the one proposed in this work. The typical
fragmentation of the fluid filament, which tends to occur when its thickness becomes close to the cell size,
can be observed in the last instants represented in Fig. 11, particularly for the coarser grid. The results of
Fig. 11(a) are consistent with those obtained by Rider and Kothe [9] and Harvie and Fletcher [13], and
slightly improve the accuracy of those obtained by Rider and Kothe [9] for the same test conditions, which
can be attributed to the better performance of the new EMFPA advection algorithm. The qualitative
improvement introduced by the proposed reconstruction method with respect to Puckett’s method can be
observed by comparing Figs. 11(a) and (b).

................. Exact interface location
--------- EMFPA /Puckett
Proposed EMFPA-SIR

T

T T T

0.80 7

0.70 -

0.65

0.60

0.55

0.40 0.50 0.60

Fig. 10. Interface profiles obtained in the slotted-disk test of Zalesak [47] using the proposed EMFPA advection algorithm in com-
bination with Puckett’s and the proposed SIR reconstruction algorithms.
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Fig. 11. Results obtained in the single vortex test using the proposed advection algorithm, two different reconstruction algorithms and
two grid sizes: (a) Puckett’s algorithm; (b) SIR algorithm proposed in this work.

To quantify the accuracy of the proposed method, the time-reversed single vortex test used by Rider and
Kothe [9] was carried out, in which the above stream function is multiplied by the factor cos(nz/T). The
location error at t = T and order of convergence (as defined by Egs. (15) and (16)) obtained with the
proposed advection algorithm are compared in Table 4 with those obtained by Rider and Kothe [9] and
Harvie and Fletcher [13] for two values of 7, three grid sizes and Youngs’ and Puckett’s reconstruction
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Table 4
L, error norm and order of convergence, as defined by Egs. (15) and (16), obtained for two values of 7 and different grid sizes in the
time-reversed single vortex test, using different advection methods and Youngs’ and Puckett’s reconstruction methods

Reconstruction Grid size T=05 T=20
algorithm E ) E 4
Youngs Harvie and Fletcher [13]
32 x 32 342 x 1074 2.49 x 1073
0.99 1.82
64 x 64 1.72 x 107 7.06 x 107*
0.84 1.66
128 x 128 9.60 x 1073 223 x 107
Proposed EMFPA
32 %32 229 x 107* 2.32x 1073
0.51 1.79
64 x 64 1.61 x 107 6.72 x 107*
0.84 1.58
128 x 128 8.99 x 1073 2.24 x 107*
Puckett Rider and Kothe [9]
32 x 32 7.29 x 107* 2.36 x 1073
2.36 2.01
64 x 64 1.42 x 107 5.85x 107*
1.86 2.16
128 x 128 3.90 x 1073 1.31 x 107
Modified Rider and Kothe algorithm
32 x 32 5.32x 1074 2.47 x 1073
2.21 2.15
64 x 64 1.15x 107 5.57 x 107*
1.7 2.06
128 x 128 3.54 x 1073 1.34 x 107
Harvie and Fletcher [13]
32 x 32 5.51 x 107* 2.37 x 1073
2.32 2.07
64 x 64 1.10 x 107 5.65 x 107*
1.71 2.10
128 x 128 3.38 x 1073 1.32 x 107*
Proposed EMFPA
32 x 32 4.45x 107 2.14 x 1073
2.48 1.99
64 x 64 7.99 x 1073 5.39 x 107*
1.97 2.06
128 x 128 2.04 x 1073 1.29 x 107*

methods. Table 5 shows the same type of results obtained by Garrioch and Baliga [21], Scardovelli and
Zaleski [22] and Aulisa et al. [26], along with those obtained using the proposed advection and recon-
struction algorithms, EMFPA-SIR. The results of Garrioch and Baliga [21] were obtained using a mul-
tidimensional advection algorithm similar to that of Pilliod and Puckett [15], with some modifications to
ensure strict mass conservation.

It can be observed from Table 4 that, for both Youngs’ and Puckett’s reconstruction algorithms, the
error is always lowest when the proposed advection method is used, except in the case of 7 = 2 and a grid



Table 5

J. Lopez et al. | Journal of Computational Physics 195 (2004) 718-742

737

L, error norm and order of convergence, as defined by Egs. (15) and (16), obtained for two values of 7 and different grid sizes in the

time-reversed single vortex test, using different advection and reconstruction methods and the hybrid method of [26]

Grid size T=05 T=20
E 0 E O
Garrioch and Conservative Pilliod and Puckett [15] advection/circle-fit
Baliga [21] 32 x32 - 223 x 1073
2.18
64 x 64 - 493 x 107
2.14
128 x 128 - 1.12x 107
Scardovelli and EI-LE advectionllinear least-square fit
Zaleski [22]
32x32 - 1.75 x 1073
1.91
64 x 64 - 4.66 x 107
2.19
128 x 128 - 1.02 x 1074
EI-LE advectionlquadratic least-square fit
32x32 - 1.88 x 1073
2.08
64 x 64 - 4.42 x 107
2.24
128 x 128 - 9.36 x 1073
EI-LE advectionlquadratic least-square fit + continuity
32x32 - 1.09 x 1073
1.96
64 x 64 - 2.80 x 107#
2.29
128 x 128 - 5.72 x 1073
Aulisa et al. [26] Hybrid markers and volume of fluid method
32x32 - 1.00 x 1073
1.89
64 x 64 - 2.69 x 107*
2.30
128 x 128 - 5.47 x 1073
Present work Proposed EMFPA-SIR
32 x32 2.07 x 107 8.62 x 107*
1.95 1.86
64 x 64 5.36 x 1073 237 x 1074
2.11 2.08
128 x 128 1.24 x 1073 5.62 x 1073

size of 128 x 128 cells, for which all the advection algorithms, for a given reconstruction method, produce
similar results. It should be pointed out that the results of Harvie and Fletcher [13] were obtained using 100
donating regions at each cell face, which significantly increases the computational cost. The advantages of
the proposed advection algorithm are more appreciable in the test where 7' = 0.5, for which the recon-
struction errors are expected to be lower.
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We have also included in Table 4 the results obtained by implementing a modified version of the
method used by Rider and Kothe [9] to construct the flux polygons, in which the polygon edge (3-4)
parallel to the corresponding cell face (1-2) (see Fig. 1(a)) is appropriately displaced to enforce the area
conservation constraint of the Eq. (4) (solved using a trapezoidal rule), which avoids the need for a
subsequent divergence correction. It can be observed from Table 4 that this modified version of the
Rider and Kothe [9] algorithm produces results similar to those of the original algorithm, although a
slight improvement is obtained for cases with 7 = 0.5, particularly for coarse grids. The further im-
provement in accuracy that is obtained with the EMFPA algorithm, is mainly due to the use of matched
flux polygons.

It can be observed from Table 5 that the proposed EMFPA-SIR method gives the lowest error except
for the hybrid method of Aulisa et al. [26] with a grid size of 128 x 128. As shown below, this better be-
havior of the hybrid method of [26] is more pronounced in cases with higher interface deformation, and can
be attributed to the sub-grid resolution provided by the representation of the interface with Lagrangian
particles. It should also be pointed out that all the results in Tables 4 and 5 were obtained with CFL number
equal to one, and that the accuracy of this hybrid method in general may increase substantially with lower
CFL numbers [26]. On the other hand, in the proposed VOF method, volume conservation is better than in
the hybrid method (although the results reported in [26] are also very good in this respect, and only for
coarse grids and high CFL numbers does the mass error become more appreciable), and topology changes
can be handled in an easy way, particularly in 3D flows.

A comparison of the results obtained using the proposed advection algorithm, EMFPA, and Puckett’s
and SIR reconstruction algorithms (Tables 4 and 5, respectively), shows that the spline-based interface
reconstruction algorithm proposed in this work substantially improves the accuracy of Puckett’s algorithm,
which, in turn, reduces considerably the errors obtained with Youngs’ algorithm. This can also be quali-
tatively observed from Fig. 12, which presents a comparison between the results for the interface location at
t =T, obtained in the test for 7 = 2 and a grid of 32 x 32 cells.

Table 6 shows that the relative CPU time required for this test by the proposed SIR algorithm is
around 65% lower than that required by the iterative Puckett method, and around 10% higher than that
needed for Youngs’ method (using in all cases the EMFPA algorithm). Relative CPU times required by
the central difference and ELVIRA reconstruction algorithms are also shown in Table 6. According to
Scardovelli and Zaleski [22], their quadratic least-square reconstruction algorithm with added continuity
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Fig. 12. Interface location obtained at # = T in the time-reversed single vortex test, with 7 = 2 and a grid of 32 x 32 cells, using the
proposed advection algorithm and three reconstruction algorithms: (a) Youngs’ algorithm; (b) Puckett’s algorithm; (c) proposed SIR.
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Table 6
Relative CPU time required by the proposed EMFPA algorithm and different reconstruction methods and the corresponding Z; error
norm, for the time-reversed single vortex test with 7 = 2 and a grid of 32 x 32 cells

Reconstruction Youngs Central difference Puckett ELVIRA Proposed SIR

algorithm

Relative CPU time 1.00 1.01 3.27 2.19 1.10

Error, Eq. (16) 2.32x 1073 231 %1073 2.14 x 1073 222 %1073 8.62 x 1074
Table 7

L, error norm, as defined by Eq. (16), obtained for 7 = 8 and a grid of 128 x 128 cells in the time-reversed single vortex test, using
different advection and reconstruction methods and the hybrid method of [26]

Vortex in a box (T = 8)

Advection/reconstruction algorithms Error, Eq. (16)
Rider and Kothe [9]/Puckett 1.44 x 1073
Harvie and Fletcher [13]/Youngs 2.16 x 1073
Harvie and Fletcher [13)/Puckett 1.18 x 1073
Proposed EMFPA/Y oungs 2.13x 1073
Proposed EMFPA/Puckett 1.17 x 1073
Proposed EMFPA-SIR 7.57 x 1074
Aulisa et al. [26], hybrid markers/VOF 4.78 x 107*

(whose results for this test, using the EI-LE advection algorithm, are slightly less accurate than those
obtained with EMFPA-SIR), is twice as time consuming as Youngs’ method, whereas for the proposed
SIR algorithm the relative CPU time is as low as 1.1. However, despite this good behavior of the pro-
posed algorithm compared with others as regards the required computational effort, and although an
efficient method is desirable, the time consumed in tracking the interface may not always be of great
importance when solving the Navier—Stokes equations simultaneously. Robustness and accuracy are
usually more important than efficiency.

In Table 7 we compare the errors obtained in a test with 7' = 8, a grid size of 128 x 128 and a maximum
CFL number equal to 1, using the proposed EMFPA-SIR method and other methods. It can be observed
that the proposed method produces the lowest error among the non-hybrid VOF methods. Only the error
produced by the hybrid markers and VOF method is lower. It should be pointed out that, as in the other
tests presented in this work, it was not necessary to use any redistribution algorithm to alleviate the very
small wisps that appeared in the few cases in which the flux polygon area had to be readjusted to satisfy the
area-conservation constraint of Eq. (4). The significant improvement in accuracy provided by the proposed
reconstruction method can be visually observed from Fig. 13, where the interface locations obtained at
t=7T/2,3T/4 and T using the last four methods of Table 7 are represented. Note the significant reduction
in numerical surface tension effects obtained with the advection and reconstruction methods proposed in
this work.

A comparison of the proposed method with the hybrid particle level set method of Enright et al. [49]
cannot be made directly because of the different interface location error metrics used. Enright et al. [49]
mentioned that the L, errors reported in their paper compare favorably with those reported by Rider and
Kothe [9], which, in turn, are improved on by the proposed method. A qualitative comparison shows that
the results for the interface location of the hybrid method are slightly better than those obtained with the
proposed method, although a considerably larger area is lost (0.7% in the case of a 128 x 128 grid and
T =238).
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Fig. 13. Results obtained in the time-reversed single vortex test, for 7 = 8 and a grid of 128 x 128 cells, using the proposed EMFPA
advection algorithm and three reconstruction algorithms: (a) Youngs’ algorithm; (b) Puckett’s algorithm; (c) proposed SIR; (d) the
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Stream scheme of Harvie and Fletcher [13] and Puckett’s algorithm.
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5. Conclusions

We proposed a volume of fluid method which introduces a new multidimensional procedure to integrate
the volume fraction advection equation and a new spline-based reconstruction algorithm. The proposed
advection algorithm, which is based on constructing edge-matched flux polygons at cell faces, locally en-
forces mass conservation and does not require any posterior divergence correction. The new reconstruction
algorithm uses a cubic spline curve to represent the interface, which allows an accurate determination of the
interface curvature. Different tests have demonstrated the accuracy and efficiency of the proposed method,
which compare very favorably with other existing VOF methods. It has been found that the proposed
advection algorithm tends to reduce the formation of over/undershoots and wisps, thus diminishing the
need for using local redistribution algorithms, and increases the accuracy of similar algorithms without
increasing the computational effort. The new reconstruction algorithm hinders the formation of jetsam, and
shows an accuracy which is substantially higher than that of most existing algorithms of comparable
complexity, and similar to that of more complex algorithms proposed recently, which require considerably
longer computational times.
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