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Predicti®e performance of a free-surface simulation technique is assessed using the
( )®olume-of-fluid VoF method, in the context of a challenging, yet simple and well-de-

fined, unsteady-flow configuration mimicking the in-mouth kinematic processes occur-
ring during the consumption of liquid foods. An experimental ‘‘mouth-analog’’ setup
consisting of a ca®ity initially filled with a liquid and agitated by a ram mo®ing periodi-
cally was modeled and simulated. Experimental and computational results are com-

( )pared for a range of liquid ®iscosities silicon oil and water and o®er a range of process-
( )ing conditions low- and high-agitation frequency that trigger important effects such as

surface reconnection and breakup, wall coating, filament formation, and air inclusion.
E®en with the large mesh and time-step sizes used in the computations, the main rele-
®ant bulk kinematics of this complex transient free-surface flow can be represented with
a Euler ®olume-tracking method such as the VoF method.

Introduction

The prediction of the flow of two immiscible fluids sepa-
rated by a well-defined interface is of interest for many in-
dustrial applications. The efficient numerical simulation of
these flows still constitutes a challenge, especially when the
motion of the free surface is complex and subjected to large
topological deformations. In the area of food processing for
instance, free-surface flows are ubiquitous, from jar-filling and
batch mixing applications to the flow of liquid food and saliva
in the mouth during product consumption. It is actually the
latter example that motivates the present study. The release
of flavors in the mouth during consumption of liquid foods
involves a number of physicochemical phenomena that have
to be taken into account in any modeling and simulation ef-
fort. Among them are the simulation of free-surface flows

Ž .induced by internal moving bodies the tongue and the jaw ;
Ž .the transport of mass the flavor within the bulk food and

saliva mixture, its transfer across the deformable liquidrgas
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Ž .interface food and salivarair , and its transport in the head
Ž .space the buccal and nasal cavities ; the thermal transfer be-

tween the body and the food; the rheological changes of the
food as a consequence of shear forces, and thermal and con-
centration changes; and the geometrical complexity of the

Žsimulation domain buccal cavity shape, including tongue mo-
.tion and deformation, teeth . The success of the overall simu-

lation relies on the capability of adequately modeling and
simulating all these phenomena separately. In this context,
the primary aim of this work is to evaluate and assess a
method for simulating the unsteady motion of a liquid with
free surfaces. The present study focuses on a test case involv-
ing a simple geometry with a simple moving body, the
‘‘mouth-analog,’’ and two immiscible and segregated fluid
phases having a Newtonian rheology. This simple flow config-
uration is used to test the technique in a number of modes
directly relevant to the parent in-mouth consumption prob-
lem. Experimental data on the same test configuration have
been gathered in order to carefully assess the ability to cap-
ture the most relevant features of the transient flows gener-
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ated, including surface merging and breakup, wall coating,
and air inclusion. Future work based on these results will
then help to answer questions related to the sensory percep-

Ž .tion of food ‘‘mouthfeel’’ as far as its relation to the dynam-
ics of stress distribution on the solid surfaces is concerned.
Other issues, such as the influence of mixing on the transfer
of flavors to the headspace, could also be further understood.

The remainder of the article is organized as follows. The
following section gives more details about the numerical
technique used to simulate free surface flows, while the third
section presents the experimental setup used for the compar-
isons with the simulations, which are discussed in the fourth
section. Finally, some conclusions are drawn in the last sec-
tion.

Free-Surface Simulation Method
Ž . Ž .The volume of fluid VoF method Hirt and Nichols, 1981

is a standard technique for simulating two-phase flows with
Ž .discrete interfaces Tezduyar et al., 1992 . Used in the con-

text of a mesh-based computational algorithm, it is in princi-
ple able to track large and complex deformations of the in-
terface, and lends itself to a simple implementation. The in-
terface between the two phases is represented by the discon-

Žtinuity in an auxiliary scalar field the volume of fluid, or the
.volume fraction , which is advected as a Lagrangian invari-

ant. The sharpness of this discontinuity is especially difficult
to maintain in time, and surface sharpening techniques have

Ž .to be used Lafaurie et al., 1994 to prevent excessive smear-
ing out of the interface location as the computations evolve.
The inclusion of interfacial effects, such as surface tension
and contact angle, is done using the continuum surface force
Ž . Ž .CSF method Brackbill et al., 1992 , which poses additional
difficulties that have to be evaluated as well. Finally, the
presence of the internal moving body is taken into account by
using a deforming body-fitted mesh.

Go©erning equations
The governing equations for each phase a s1, 2 are con-

servation of mass and conservation of momentum. Since there
are only two phases, the phase-volume fractions f are re-a

lated by f s1yf , and only one conservation equation for2 1
the phase-volume fractions has to be solved, say for f sf .1
Moreover, the requirement that the two phases are immisci-
ble, or segregated, means that f can only take the values 0
or 1 at any point. In this case, there will be only one phase
present at any point of the domain. Thus, one global trans-
port equation for velocity field u sua is sufficient for bothi i
phases. In this case, the governing equations written here for
incompressible fluids are,

­ ­
f qu f s0, 1Ž .j­ t ­ x j

and

­ ­ 1 ­ ­ 2

u qu u sy pqn u q g q F , 2Ž .i j i i i i2­ t ­ x r ­ x ­ xj i j

Ž .where p is the pressure, r sfr q 1yf r is the local den-1 2
Ž .sity, n sfn q 1yf n is the local kinematic viscosity, g is1 2 i

the gravitational acceleration vector component, and F rep-i
resents the volumetric surface-tension force.

Inclusion of surface-tension effects
Ž . ŽThe continuum surface force CSF method Brackbill et

.al., 1992 interprets the surface-tension force as a continuous
volumetric effect across an interface. This effect is modeled
as additional gradient forces that arise in the momentum
equations at the interface between phases and where the in-
terface touches a wall. The method is applicable to fluids in
which the surface tension coefficient is constant and the sur-
face tension force acts normal to the phase interface. More
precisely, the surface tension force is defined in terms of the

Ž .gradient of an auxiliary color function Brackbill et al., 1992 ,
which can be taken here as the phase-volume fraction f,

­
F swsk f , 3Ž .i ­ xi

where s is the surface-tension coefficient, w is a density
weighting factor that is used to ease the convergence of the
numerical scheme in the case of large density differences
Ž .Burt et al., 1996 , and k is the surface curvature, given by

n­ j
k sy , 4Ž .ž /­ x n n'j i i

where n is the normal vector to the free surface, n si i
Ž .­r­ x f.i

Wall adhesion
Wall adhesion is the surface force acting on the fluid inter-

face at the points of contact with the wall. In a static condi-
tion the surface force is balanced by a pressure gradient, ob-
served as a surface curvature. A line drawn tangential to the
curved surface touching the wall makes an angle with the
wall known as the static equilibrium contact angle. In the
case of a fluid interface moving along a wall, the contact an-
gle may vary as some function of a local variable. In most
cases, however, it is sufficient to model the moving interface
with a constant dynamic equilibrium contact angle. In the
present implementation of the wall adhesion boundary condi-
tion, the free-surface normal and the phase-volume fraction,
f, at the wall are repeatedly modified until the equilibrium
contact angle condition is satisfied. Changing the surface nor-
mal at the wall modifies the curvature and introduces an ad-
ditional force calculated from Eq. 3. This force tends to move
the interface toward the desired contact angle and balances
the pressure gradient at convergence. More details on the

Ž .implementation can be found in Burt et al. 1996 .

Discretization and numerical solution
The presence of a solid body moving within the computa-

tional mesh has been taken into account by using a body-fitted
deforming grid. Since the computations are performed in a
fixed reference frame, an arbitrary Lagrangian-Eulerian de-

w Žforming mesh ALE-DM; Hirt et al., 1974; Donea et al.,
.x Ž .1982 formulation of the governing equations Eqs. 1 and 2
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Figure 1. Geometry of the transient free-surface gener-
ation device.

has been used in order to account for the grid velocity in the
advection terms and the volume changes of the grid cells.
The mesh nodes deform during the motion of the body, and
the presence of the latter has been accounted for by consid-
ering that the nodes covered by the body have a prescribed

Ž .velocity the body velocity , and no discrete form of the gov-
erning equations is solved for them.

Simulations have been carried out using the general-pur-
pose finite-volume computational fluid dynamics package

Ž .CFX-4.2 from AEA Technology, Ltd. CFDS, 1995 . This
code uses a colocated cell-centered finite-volume approach,

Žin combination with the Rhie]Chow algorithm Rhie and
.Chow, 1983 , in the context of the simple pressure correction

Ž .scheme Patankar, 1980 . Special treatment of the surface-
tension forces is included to avoid unphysical checkerboard
oscillations of the free surface. A well-known drawback of
Euler-based methods is that the standard convective treat-
ment for the transport of the phase-volume fraction can pro-
duce an excessive numerical diffusion, leading to a spreading
of the interfacial region. The origins of this diffusivity and a

Ž .means of limiting it are discussed in Lafaurie et al. 1994
Ž .and Ubbink and Issa 1999 . In the present work, sharp inter-

faces are maintained by reconstructing the free surface at
Ž .each time step with a mass-conserving surface-sharpening

Ž .algorithm, as described in CFDS 1995 .

Figure 2. Successive positions of the ram over one cy-
( U )cle 0F t F1 , for the two agitation regimes

used in the experiments.
Note the dwell times where the ram is not moving during
the two time intervals D t and D t .2 4

Experimental Setup
The transient-flow generation device, sketched in Figure 1,

consists of a closed cavity partially filled with a liquid, and
containing a solid ram moving periodically along the horizon-
tal coordinate. The variation in time of the ram position can
be described by the relation

x tU s a q b cos c tU q d , 5Ž . Ž .Ž .p p p p

where tU s trT is a normalized time, with T the cycle time,
and ps1, . . . , 4 identifies the time segment, D t , for whichp
the coefficients a , b , c , and d take different values. Thep p p p

Ž .decomposition of the ram motion Eq. 5 into four segments
allows the representation of dwell times where the ram is not
moving, as observed experimentally when the ram reaches one
of its two extreme positions, as shown in Figure 2. Two dif-
ferent speeds of the ram have been considered in the experi-
ments, a low-speed case, for which T s4.47 s, and a high-
speed case, where T s0.903 s. Table 1 summarizes the values
of the time intervals and the coefficients for both cases, while
the geometrical dimensions of the cavity, the ram, and the
initial fill level are given in Table 2. Finally, Table 3 contains
an overview of the material properties of the two different
fluids used in the cavity. Fast video-imaging acquisition tech-
niques are used to capture and extract the instantaneous
free-surface topology, which is then used for quantitative
comparison with the numerical simulations.

Table 1. Parameters Characterizing the Cyclic Motion of Ram at Different Stroke Speeds

4.470 0.903w xT s
p 1 2 3 4 1 2 3 4
w xD t s 2.000 0.300 1.940 0.230 0.402 0.050 0.400 0.050p

w xa mm 15.706 32.300 16.094 0.000 15.793 32.300 16.036 0.000p
w xb mm y16.730 0.000 16.560 0.000 y16.543 0.000 16.414 0.000p
w xc 1rs 1.331 0.000 1.390 0.000 6.897 0.000 6.977 0.000p

d 0.739 0.000 y2.864 0.000 y5.961 0.000 y9.354 0.000p
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Table 2. Geometrical Parameters Characterizing Cavity and
Initial Fill Height

Ž .W W W W H H H L H Width z-DirectionB W E B G FS

47 6 4 6 34 20 1 33 10 30

Note: All values are given in mm.

Simulation Results
The computations have been performed on a two-dimen-

Ž .sional cross-section of the cavity Figure 1 , assuming the ef-
Ž .fects of the front and back walls at fixed z-coordinates to be

limited. Also, the simulations did not take into account the
cylindrical shaft used in the experimental configuration to

Žmove the ram. A body-fitted deforming mesh shown in Fig-
.ure 3 has been used, with a total of 110 control volumes in

the x-direction, and 150 control volumes in the y-direction.
Note that the ram covers the same nodes at all times, leading

Ž .to a stretching squeezing in the x-direction of the nodes in
Ž .the fluid domain that are on the trailing leading edge of the

ram. The size of the time steps used for marching in time
were dependent on the viscosity of the filling liquid, but were
for both cases of the order of Tr100.

ŽFor each of the four cases that have been investigated two
.liquid viscosities and two stroke frequencies , a qualitative

comparison based on instantaneous free-surface topologies
will be presented together with a more quantitative assess-
ment based on the time evolution of the free-surface height
at fixed x positions. In both cases, the free-surface location is
defined as the level f s1r2. Note that due to space limita-

Table 3. Material Properties of Two Liquids in the Cavity

Silicon Oil Water
w xm Pa ? s 1.076 0.001

3w xr kgrm 998 998
w xs Nrm 0.225 0.0725
w xa deg 10 25

Figure 3. Computational mesh used for the simulations.
The grid has nodes coinciding with the moving ram, and de-
forms with its motion.

tions, only the most representative snapshots of these essen-
tially transient problems are shown over the ram’s first cycle
of motion.

It is instructive to estimate the values taken by several rele-
vant dimensionless parameters for each of the cases consid-

Ž .ered. In addition to the Reynolds Re number, the Froude
Ž . Ž .Fr and Capillary V numbers are obvious candidates, as
both gravity and surface-tension effects are involved in the

Table 4. Values of Relevant Adimensional Numbers for the
Cases Considered

U Re Fr V
y2 y3Oil at 16 rpm 1.47=10 0.27 1.1=10 0.07
y2 y3 y4Water at 16 rpm 1.47=10 293 1.1=10 2=10
y2 y2Oil at 52 rpm 7.31=10 1.35 2.7=10 0.34
y2 y2 y3Water at 62 rpm 7.31=10 1,461 2.7=10 1.1=10

Figure 4. Free surface at different times for silicon oil at low speed.
From left to right: tU s0.00; tU s0.17; tU s0.43; tU s0.50; tU s0.70. Experiments are shown on the top row.
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present flow. The definition of those numbers is

2UH U mġB
Res , Fr s , Vs , 6Ž .

n gH srRB

where Us2 LrT is the representative velocity scale, taken
here as the average ram velocity over one sweep, and the
length scale has been taken as the cam height, H . In theB
definition of the capillary number, V, the representative shear
rate can be taken as g sUrH , and the typical radius of cur-˙ B
vature Rs H as well. Table 4 gives the numerical values ofB
these dimensionless numbers for the four cases considered.
From the values of the Reynolds number, one can conclude
that the cases involving the oil will be laminar, with very little
inertial effects. The main transient modes involved with the
flow will be the ones corresponding to the cam motion. In the

case of water, the relatively large values of the Reynolds
number indicate that the flow should evolve in the time to-
ward a turbulent state, with smaller flow structures present,

Ž .and many additional inertial modes will coexist with the one
corresponding to the cam motion. The small value of the
Froude number in all the cases indicates that gravity plays a
dominant role, and the segregation between the phases is ex-
pected to return rapidly to a horizontal direction. Finally, the
low capillary numbers suggests that the breakup of filaments
into drops will not be a dominant phenomenon.

Oil at 16 rpm
As can be seen in Figure 4, most of the features of the

free-surface deformation are reproduced in the simulations,
including the bulging over the ram and the coating on the
side walls. Note also the presence of the shaft in the experi-

Figure 5. Free-surface height comparison: silicon oil at low speed.
`: experiments; : simulations.

March 2002 Vol. 48, No. 3 AIChE Journal456



Figure 6. Free surface at different times for water at low speed.
From left to right: tU s0.00; tU s0.19; tU s0.44; tU s0.50. Experiments are shown on the top row.

Figure 7. Free-surface height comparison: water at low speed.
`: experiments; : simulations.
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ments, which introduces a variation of the free-surface shape
in the z-direction and may significantly affect its height.

Similar to what occurs in the experiments, a large air bub-
ble is enclosed in the oil phase after the first half-cycle, when
the free-surface merging occurs. However, in the simulations
the bubble progressively disappears as the ram continues over

Ž .the rest of the cycle not shown here , whereas the bubble
remains visible in the experiments. This spurious effect can
be easily explained. The discretization cannot maintain struc-

Ž .tures i.e., sharp gradients of f that have a size comparable
to the grid cells, even with the use of the interface-sharpen-
ing algorithm. Any small structure will be progressively
smeared out in time due to numerical diffusion. Overall mass
conservation is nevertheless guaranteed by the interface-

Ž .sharpening algorithm CFDS, 1995 . This means that effects
such as air entrapment or bubble inclusion can only be cap-
tured with a VoF method at sizes much larger than the mesh.
In other words, and this is obvious, Euler volume-tracking
methods should be used to capture the dynamics of phases
that are segregated on scales much larger than the mesh size.

A more quantitative comparison between the simulations
and the experimental results is shown on Figure 5 over one
cycle. Note that the height measurements are reconstructed
from the video images taken during the experiments. Due to

the curvature of the free surface in the z-direction close to
the front and back walls of the cavity, there is an inherent
ambiguity on the exact height of the free surface, which is not
present in the simulations, since these were performed on a
two-dimensional domain. Note also that in the case of multi-

Ž .ple values folding of the free surface , the image analysis
algorithm did extract only the lowest value of the free-surface
height. As can be seen in the figure, there is good agreement
between the simulations and the experimental results, espe-
cially for the points P , P , and P . Note also that due to the2 3 4
coating occurring on the side walls, the error at points P1
and P will be larger due to the large slope of the free sur-5
face in these regions.

Water at 16 rpm
In the case of water at low agitation speed, the hydrostatic

pressure difference between both sides of the ram drives a
backflow in the small gap under the ram that is large enough
to prevent the water to flow over the ram, as seen in Figure
6. Due to the low viscosity of the water as compared to the
silicon oil, the coating on the side walls drains very fast, and
no film is visible on either side. The comparison of the time
evolution of the free-surface height at several locations shown

Figure 8. Free surface at different times for silicon oil at high speed.
From left to right: tU s0.00; tU s0.10; tU s0.18; tU s0.38; tU s0.44; tU s0.50; tU s0.56; tU s0.62; tU s0.76; tU s0.94. Experiments are
shown on the top row.
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in Figure 7 gives an excellent agreement between the simula-
tion and the experimental results.

Oil at 62 rpm
As seen from the sequence shown in Figure 8, mechanisms

as complex as coating, filament formation, breakup, and bub-
ble coalescence are all present and captured in this challeng-
ing case. As the ram approaches its extreme right position,
the squeezed oil volume reaches the top wall of the cavity,
and adheres to it. Although the bulk of the oil falls down
under gravity, a filament is formed, which eventually breaks,
leaving a drop of oil on the ceiling. Once again, nonuniform-
ity in the z-direction makes the experimental snapshots less
clear.

The odd shape of the volume of oil that has passed over
the ram and reconnects with the liquid level on the other side

may be qualitatively explained by the fact that the simula-
tions have been carried out in a two-dimensional, closed do-
main. Since there is no mechanism for the air to escape in
the third dimension, the only possibility for the spilled-over
oil to reconnect with the layer below it is to push the in-be-
tween layer of air away faster to the left. Because the ram
itself is already pushing both the oil and the water in that
direction, it becomes even more difficult to expel that layer
of air, and the oil layer seems to be ‘‘floating’’ over it. Figure
9 shows the evolution of the free-surface height at various
fixed x positions. In this case also, the agreement between
the simulation and the experiment are good, bearing in mind
that the curvature of the free surface in the third dimension
Ž .z-direction makes it difficult to accurately measure the
free-surface height. Also, as already mentioned, in the case
of the multiple values of the free surface height, only the

Žlowest experimental point was measured. This explains why

Figure 9. Free-surface height comparison: silicon oil at high speed.
`: experiments; : simulations.
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the bubble sticking on the ceiling of the cavity is not found
.back in the experimental data at point P .5

Water at 62 rpm
Finally, the wave generation and reflection phenomena oc-

curring in the case of water at high agitation speed are shown
in Figure 10. In this case, the interface shape changes very
fast, with waves traveling along the free surface across the
cavity. The highly dynamic regions of surface spillover and
merger show a clear three-dimensionality that is probably en-
hanced by the presence of the shaft in the cavity. Neverthe-
less, the overall agreement between the simulations and the
experimental results is strikingly good, showing that the main

Žcharacteristics of the free-surface topology are captured e.g.,
height of the water front on the side walls, shape and extent

.of the spill-over flow, wave shedding .
This is confirmed by the comparisons between the evolu-

tion of the computed and the experimental free-surface height
at several positions, shown in Figure 11. Here it also should
be noted that in the case of multiple values in the experimen-
tal free-surface height, only the lowest value has been ex-
tracted.

Conclusions
The suitability of the VoF method has been assessed for an

application to the simulation of a free-surface flow induced
by an internal moving body. An experimental ‘‘mouth-analog’’
setup consisting of a cavity partially filled with a liquid and
agitated by a ram moving periodically has been modeled and
simulated. In order to test the method over a range of situa-
tions relevant to in-mouth consumption of liquid foods, two
different liquid viscosities and two different agitation fre-
quencies have been used. As the comparisons have shown,
most features of the complex free-surface deformation could
be captured by the simulations, including the bulging over
the ram, the coating on the side and top walls of the cavity,
the filament formation and breakup, and the free-surface re-
connection. However, it has also been shown that maintain-
ing structures of a size comparable to the mesh cells is not
possible within the context of this Euler volume-tracking
method, and the topological changes of the interface be-
tween two nonmiscible phases can only be captured for phases
that are segregated on a scale significantly larger than the
mesh size. Also in this essentially transient problem, a sur-
face-sharpening algorithm is required. With the mesh sizes
used, numerical diffusion would very rapidly spread the inter-
face over a large portion of the domain. As expected from

Figure 10. Free surface at different times for water at high speed.
From left to right: tU s0.00; tU s0.15; tU s0.35; tU s0.42; tU s0.44; t s 0.46; tU s0.50; tU s0.62; tU s0.94; tU s1.00. Experiments are
shown on the top row.
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Figure 11. Free-surface height comparison: water at high speed.
`: experiments; : simulations.

the length scales considered in the present experimental
setup, inclusion of surface tension and wall contact effects
are also critical. Some spurious effects observed in the simu-
lations, such as the persistence of an air layer under the sili-
con oil after bulging over the ram could be explained by the
fact that the simulations were performed in a two-dimen-
sional domain.

In conclusion, even with the large mesh and time-step sizes
used in the computations, the representation of the main rel-
evant bulk kinematics of the complex transient free-surface
flow studied is possible with the VoF method, as shown ear-
lier. This opens the way for future work related to the study
of in-mouth processes, such as the relation between the sen-
sory perception of food consumption and the time and space
distribution of stresses on the boundaries of the oral cavity,
the influence of coating and drainage on the mouthfeel, and

the effect of mixing on the release of flavors to the nasal
cavity.
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