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Relation between shape of liquid-gas interface and evolution of buoyantly unstable
three-dimensional chemical fronts
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Buoyantly unstable 3D chemical fronts were seen traveling through an iodate-arsenous acid reaction solution.
The experiments were performed in channel reactors with rectangular cross sections, where the top of the reaction
solution was in contact with air. A concave or convex meniscus was pinned to reactor lateral walls. Influence
of the meniscus shape on front development was investigated. For the concave meniscus, an asymptotic shape
of fronts holding negative curvature was observed. On the other hand, fronts propagating in the solution with
the convex meniscus kept only positive curvature. Those fronts were also a bit faster than fronts propagating in
the solution with the concave meniscus. A relation between the meniscus shape, flow distribution, velocity, and

shape is discussed.
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I. INTRODUCTION

Traveling chemical waves have been intensively studied
over the last several decades [1-11]. Two types of chemical
waves, pulses and fronts, can be distinguished. Pulses can
be generated in the reaction mixture repeatedly. On the other
hand, a chemical front can pass through the reaction mixture
just once. However, both types of waves are invading the
reaction mixture because of coupling of an autocatalytic
reaction and diffusion. In liquid media, natural convection
can also be involved. Natural convection can be generated by
a chemical reaction, which causes changes of surface tension,
density, or viscosity. Both solutal and thermal effects could
contribute to those processes. Although the natural convection
is connected to the chemical reaction, the convection is
independent of the type of chemical wave. The chemical waves
play other roles. For miscible solutions, the wave separates
reactants and products from each other without formation of
interfacial tension. Therefore, the wave serves as a special kind
of physical interface. The wave is also the site where gradients
of physical properties are located. The interaction of chemical
waves and the natural convection has been studied for several
chemical systems, among others the Belousov-Zhabotinsky
(BZ) reaction and the iodate-arsenous acid (IAA) reaction.
In the BZ reaction system, primarily effects of Marangoni
convection on traveling pulses were studied [9,12-16]. In
the TAA reaction system, the influence of density-driven
convection on fronts was investigated [2,3,7,8,11,17-22].

The TAA reaction can be written in two consequent steps
[Eq. (1) and Eq. (2)] [2], the linear combination of which
determines the net reaction stoichiometry and composition of
product solutions:

105 + 51" 4+ 6H' — 31, + 3H,0, (1)

H3;AsO; + I + H,O — 21" + H;AsO, +2HT.  (2)
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where [-] denotes concentration of the reactants iodate (I03)
and arsenous acid (H3AsO;3), three different regimes with
respect to product composition are possible: (1) stoichiometric
excess of arsenous acid (i.e., R > 3.0), where iodide (I7) is the
product and iodine (I;) is an intermediate; (2) stoichiometric
excess of iodate (R < 2.5), where iodine is the product and
iodide is an intermediate; and (3) when none of the components
is in stoichiometric excess (2.5 < R < 3.0), arsenous acid and
iodate are fully consumed, and both iodide and iodine are the
products.

The buoyancy effects on the IAA reaction system were
studied experimentally in two- (2D) [3,17,22] and three-
dimensional (3D) [7] arrangements and theoretically in 2D
arrangements [20,21,23]. Pojman et al. [3,17] determined that
density of the reactants is due to the thermal and solutal
effects higher than the density of products. Therefore, the
descending fronts are stable, whereas the ascending and
vertical fronts are buoyantly unstable. In all studies the
vertical fronts were tilted in lateral views, and the tilted fronts
were accompanied by single convection roll [3,7,17,18,20].
Although the fronts propagated with constant velocities, the
velocities were increasing with solution depth [7,20-22].

This article reports the influence of a naturally formed
meniscus on IAA reaction front development. The fronts
propagated through a horizontal layer of the TAA reaction
solution placed in a channel reactor. The top of the reactor
was open to air. Liquid was pinned to reactor lateral walls
S0 a concave or a convex meniscus was formed. A relation
between the meniscus shape, convection, and front evolution
is presented and discussed.

II. EXPERIMENTS

The experiments were carried out with the IAA reaction
solution containing a stoichiometric excess of arsenous acid.
The net reaction stoichiometry then reads

105 + 3H3As03 — 1™ + 3H3As04. 4
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FIG. 1. Experimental arrangement. The experiments were per-
formed in a plexiglass channel reactor illuminated from below. Top
views were directly recorded by the camera.

The experiments were performed with chemicals provided by
Merck with the quality of analytical standards. The reaction
solutions were prepared from stock solutions and their temper-
ature held constant at 21 £ 1°C. The fresh reaction mixtures
contained 0.016 M NaAsO,, 0.016 M H,SOq4, and 0.005 M
NalOj3, which gives the ratio R = 3.2. In order to visualize
the reaction progress, the fresh starch solution (0.06% w/v)
was added to the reaction mixture. The starch solution forms a
dark blue complex with iodine, the intermediate of the reaction.
Therefore, for R > 3, solutions containing either reactants or
final products of the IAA reaction are colorless. The dark blue
is seen only where the reaction is running.

Concentrations of reaction species were chosen the same
as those used in the IAA experiments performed in channel
reactors [7], in Hele-Shaw cells [19], in capillary tubes [3,17],
and in Petri dishes filled with gel media [5]. This gives us
the opportunity to compare our current experimental results
with previously published studies. For a reaction solution
containing 0.005 M NalOj3, Pojman et al. [17] determined
the total density difference (Ap = —1.6x 10~* g/cm?). Our
measured pH values (pHyeactants = 2.05 2= 0.04, pHproduets =
1.88 + 0.04) are in agreement with both Sebestikovd et al.
[7] (pHreactams =2.11 £ 0.01, pHproducls =192+ 001) and
ForStova et al. [5] (pHreactants = 2.14 £ 0.04, pHproduets =
1.92 £ 0.06).

The experimental setup consists of a channel reactor, cold
light source, and video camera; see Fig. 1. Channel reactors
with rectangular cross sections were made from transparent
plexiglass. Inner sizes of the used channel reactors were length
L, 90 mm, width L, 15 mm, and reactor height L, 2, 3, and
4 mm, respectively. The cold desk light source illuminated
experiments from below. Top views of the channel reactor were
recorded by using the computer-connected video camera.

Freshly prepared reaction solutions were injected into the
reactor. The volume of the solution was chosen so either a
concave or convex meniscus was formed. The meniscus was
pinned to the reactor edges for all performed experiments; see
Fig. 2. The reached reaction solution depth depended on L, and
the type of the meniscus. The difference between the maximal
(hmax) and minimal (A,,) solution height was 0.5 mm. For
a concave meniscus, ., Was at lateral walls, and 5 ,;, was
at L, = 1/2. For a convex meniscus, the situation was the
opposite, Aimax Was at L, = 1/2, and hy,;, was at lateral walls.
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FIG. 2. Liquid layer shape. (a) The concave meniscus; (b) the
convex meniscus. i; and h3 were measured for y = 1/2 L. h, =
L, was measured at the reactor lateral walls for both experimental
conditions. The maximal and minimal layer depth was located as
follows: Ay, = hy and hy. = hy for the concave meniscus and
hmin = hy and hy,,x = h3 for the convex meniscus.

Particular heights of the reaction solution are summarized in
Table I, where i1 = hpyi, and Ay = hpax for concave meniscus,
and hy = hpy, and s = hp,, for convex meniscus.

Immediately after filling, the chemical front was initiated
chemically by using a pipet tip filled with 20 ul of the
product solution. The tip was carefully and slowly moved
towards the reaction solution, where the tip got in contact
with the interface. The short and very gentle touch did not
induce any visible movement of the interface. Diffusion flux
of products from the filled tip into the fresh reactant solution
was sufficient to immediately start the reaction at the contact
location without any need to actively inject any volume of the
product solution. The fronts were initiated on the left side of
the reactor so they invaded the reaction solution from left to
right. We should note that the same results would be obtained
for fronts propagating from right to left if the channel reactor is
placed horizontally. After the front initiation, the reactor was
covered by a transparent plexiglass box in order to prevent air
movement caused by an air conditioning device. However, an
air layer, which remained between the reaction solution and the
cover, was at least 10 mm thick. The progress of experiments
was recorded from the moment when the reactor was filled with
the reaction solution. The temperature in the reactor and in its
environment was kept constant at 21 &+ 1°C by the laboratory
air conditioning device.

Measurements of surface tension of reactants, products, and
iodine-water solutions were performed with a Tensiometer
K11 MK2 (Kriiss GmbH, Hamburg, Germany). Surface
tension was measured at 21 °C by both Wilhelmy plate methods
and De Noty ring methods. Fresh reaction solutions were
prepared as described above. lodine-water solutions were
prepared by dissolution of solid iodine in distilled water

TABLE L. The height of the reactor wall (L) and the correspond-
ing liquid layer depth (%;). The layer depth was measured at both
reactor walls and at y = 1/2L,; for details see Fig. 2.

L (mm) hy (mm) hy (mm) hs (mm)
2 1.5 2 2.5
3 2.5 3 35
4 35 4 4.5
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FIG. 3. Definition of front parts seen on top views.

(c1, = 0.4 mM). For the reaction solutions, surface tension was
measured both before the reaction had started and when the
reaction was completely finished. For all measured solutions,
surface tension was determined to be 71 £ 1 mN/m, which
corresponds to water containing inorganic ions.

III. RESULTS

The fronts were 3D objects developing in time. After the
initiation, the fronts propagated in all directions. This initial
period ended when the fronts approached the rector bottom
and the reactor lateral walls. The fronts then traveled along the
reactor from its left end to its right end. Fronts shown on top
views look like a dark spot; see Fig. 3. The right border of the
spot delineates the front head, which is located at the liquid-gas
interface. This is the front leading edge. The opposite border
is called the front end. Finally, the front foot, which is the front
head located at the reactor bottom, is seen as a darker curve in-
side the gray spot. In lateral views, tilted fronts were observed.

Figure 4 shows the shape of fronts in dependency on the
layer depth and the meniscus shape. All images show fronts
when their leading edges were approximately at 1/2 L, except
one image, where the leading edge was approximately at 3/4
L,. Under the concave meniscus condition, leading edges,
foots, and ends had a V-like shape with negative curvature.
Under the convex meniscus condition, the front leading edges
and front foots had a parabolic shape with positive curvature.
The front ends were seen as parabolic only for L, < 4 mm.
For L, = 4 mm, the very fuzzy front end made determination
of the shape problematic. Under both experimental conditions,
distances between the leading edge and the foot and distances
between the leading edge and the end were increasing with L.

Distance between the leading edge and the foot defines
mixing length (W) of liquid motion passing through the

L concave meniscus convex meniscus

zmm | < | | | I

FIG. 4. Dependence of the front shape on the solution layer depth
and the meniscus shape. L, = 15 mm, L, = 90 mm.
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FIG. 5. Determination of the front leading edge x; g and the front
foot xr. (a) An original image; (b) an intensity profile obtained from
the original image along the x coordinate at y = 1/2 L,. The obtained
x.g and xp were then included in Eq. (5), from which the mixing
length Wy« was calculated.

liquid layer. Determination of the mixing length Wy, was
done as follows:

Wouik = Vh? + (x g — xp)?, &)

where h is the solution depth, x; g is the position of the
leading edge, and xg is the position of the foot. x;r and
xr were determined by the following procedure. At first, for
chosen position y, to which corresponded particular %, a color
intensity profile was obtained from an original image; see
Fig. 5. On the intensity profiles, the clear white and the clear
black are represented by values 255 and 0, respectively. Under
this condition, the darker color seen as the lower number of
the color intensity was obtained. In Fig. 5(b), color intensity
profiles consist of three characteristic parts. Reading from right
to left, a very fast drop is replaced by a slow decrease, which
is followed by a faster increase. The place where the intensity
falls, is the position of the leading edge x; . The place where
the slow decrease is changed into the increase is the position
of the foot xr. When values of x;r and xr are known, a
corresponding mixing length Wy, can be calculated.

In order to examine time development of the particular
Whuik, space-time plots were constructed from the original
images. For a chosen position y, 1 pixel thick windows were
cut along the x coordinate. The size of such window was
then 1 pixel times 90 mm. Those windows were placed in
chronological order. The time period between two consequent
windows was 1 s. Figures 6(a) and 6(b) shows space-time
plots of fronts propagating along the reactor under both convex
and concave meniscus conditions, respectively. Except for the
beginning and the end of the experiment, the front traces look
like tilted stripes of constant thickness. The right border of the
stripe shows the position of the leading edge. The left border
traces the foot. Traces of the leading edge and the foot are
parallel. Therefore, mixing length Wy, which is given by
the distance between leading edge and foot, was constant for
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FIG. 6. Space-time plots. (a) The concave meniscus; (b) the
convex meniscus. L, = 90 mm, L, = 4 mm.

chosen liquid layer depth 4. This result allowed us to evaluate
Whuk from one particular image. Images, where the leading
edge was approximately at position x = 1/2 L,, were chosen
for Wy evaluation.

Dependence of the mixing length Wy on 4 is shown in
Fig. 7. Under both concave and convex meniscus conditions,
Whulk 1s increasing with 4. However, higher values of Wy are
seen for 4 > 2.5 mm under the convex meniscus condition.
Those values were obtained for measurements performed at
y =1/2 L, where the liquid depth % is equal t0 /i pax.

Figure 8 shows development of the front leading edge for
both concave and convex meniscus conditions. During the
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FIG. 7. Dependency of the mixing length Wy, on the local
solution depth 4. { and e show Wy, for the concave and convex
meniscus, respectively. Wy, were measured at both reactor lateral
walls and at y = 1/2L,. Error bars shows standard deviation obtained
for six independent experiments.
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first hundred seconds, front development is identical for both
experimental conditions. The still expanding fronts were arc
shaped. Later the fronts started to adopt the asymptotic shape
with respect to the geometry of the solution, which was given
by the geometry of the reactor and shape of the meniscus.
Under the concave meniscus condition, the leading edge kept
a shape with positive curvature fort < 250 s. Approximately at
t = 250, a 'V shape with negative curvature began to develop.
Depth of that V shape grew in time. On the other hand, the
leading edge held a shape with positive curvature during the
entire experiment under the convex meniscus condition.
Under both experimental conditions and in given time,
the rightmost and the leftmost positions of the leading edge
delineate the mixing length (Wgyface) Of the liquid motion oc-
curring at the surface. Figure 9 illustrates the procedure of the
mixing length Wy €valuation. Under a deformed interface
condition, Wyy,ce Was calculated from the following equation:

Wsurface = \/(hmax - hmin)2 + (xLEmax - xLEmin)za (6)

where /i and hpi, are the maximal and the minimal height
of the liquid layer, respectively. x| gmax and xp gmin are the right-
most and the leftmost position of the leading edge, respectively.

Figures 8(c) and 8(d) depicts development of Wyyee for
concave and convex meniscus conditions, respectively. The
plots correspond to the experiments shown in Figs. 8(a) and
8(b). For both experimental conditions, development of the
mixing length Wyyf.ce can be divided into three periods.
Under a concave meniscus condition, Wyysace increased up to
a maximum during the first period. The increase was followed
by a drop to a minimum during the second period. During
the third period, Wgysce Was again increasing. Although
such a scenario was seen for experiments performed under
the concave meniscus condition, the absolute values varied
from experiment to experiment. Under the convex meniscus
condition, development of Wy, l0oks very similar to the
concave meniscus condition during the first two periods.
Again, an increase is followed by a decrease. However, differ-
ent development was seen under convex meniscus condition
during the third period. A very slow decrease of Wgytace, as
seen in Fig. 8(d), or nearly constant Wy,.. was observed.

Finally, Fig. 10 shows dependency of front velocities on
liquid layer depth h. The front velocities were evaluated
from the space-time plots as a slope of the trace of the
leading edge. For all experiments, the space-time plots were
constructed at three positions y;; yy =1/2 Ly, yo =1 mm,
and y; = 14 mm. At y;, maximal value of solution depth
(hmax) or minimal value of solution depth (i) were reached.
Under both experimental conditions, the velocity is increasing
with the solution depth. For the concave meniscus condition,
the increase is nearly linear, and standard deviations are
relatively small. For the convex meniscus condition, different
behavior was observed. First, the velocity values are usually
higher than those obtained for the concave meniscus condition.
Second, for particular L, nearly identical velocities measured
at hyax and Ay, were obtained. However, the velocity increase
was observed, but it was related to L,. Third, the standard
deviations are bigger than those obtained for concave meniscus
condition.
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FIG. 8. Development of the front leading edge and the corresponding mixing length Wygc.. (a), (¢) The concave meniscus; (b), (d) the

convex meniscus.

IV. DISCUSSION

Development of TAA reaction fronts was studied in a
liquid system, where natural convection can be induced. The
surface tension measurements had shown that the reaction
mixture does not contain any surface active component. Since
temperature of the solutions was kept constant, there is no
driving force at the interface which could lead to onset of
Marangoni convection. Therefore, the buoyancy force remains
as the only source of convection in the studied IAA reaction
system.

In order to guarantee the same initial conditions, the
fronts were always initiated chemically as circular waves.
The chemical initiation has several advantages in comparison
to the electrochemical one. First, the exact location and the
exact time of the front initiation is under full control. Second,
the wave is initiated at the liquid-gas interface, from where
it invaded the reaction solution. On the other hand, when
electrochemical method would be used, both exact time and
exact location of the front would not be predictable. Since the
electrodes have to be immersed into the reaction solution, the
initiation place will be somewhere on the electrode surface,
but not necessarily at the liquid-gas interface. Due to the
buoyancy effect, such a front will first travel towards the
interface, and then it will invade the rest of the reaction

(@) (b)

FIG. 9. Determination of the mixing length Wyygyee. (a) The
concave meniscus and (b) the convex meniscus.

solution. Moreover, the electric current has to be applied on
the system in duration longer than 2 min in order to initiate
the chemical front. However, the exact time is unpredictable.
Therefore, the priority was given to the chemical initiation.

The influence of buoyancy driven convection on devel-
opment of the IAA reaction fronts propagating through
the horizontal layer of the reaction solution was already
studied. The buoyancy-driven convection controls both the
front velocity and the front shape. Although the front velocity
is constant in time [3,7,17,22], it is increasing with the solution
depth [7,20,22]. Several authors have reported about tilted
fronts seen in lateral views [3,7,17,20,22,23]. For top views,
V-shaped fronts were seen in the shallow layer of the reaction
solution, while parabolic fronts were seen in the reaction
solution deeper than 13 mm.

Our results are in very good agreement with the literature
[3,7,20]. Our results and the previous studies [7] coincide with
each other in the experiments performed with the solution
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FIG. 10. Dependence of the front velocity on the local liquid layer
depth . { show velocity, which was obtained for concave meniscus
experiment and evaluated at both positions: at 1/2 L, and at reactor
side walls. For the convex meniscus condition, e represent velocity
measured at y = 1/2 L,, and o represents velocity measured at both
reactor walls. Error bars show standard deviation obtained for six
independent experiments.
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TABLE II. Front velocities observed for liquid layer depth
h =4 mm.

Concave meniscus
Convex meniscus
Sebestikova et al. [7]

0.085 £ 0.004 mm/s
0.118 £ 0.007 mm/s
0.11 £ 0.01 mm/s

depth & =4 mm. The front velocities, which are shown in
Table II, are very similar. Dependency of the velocities on &
and dependence of mixing lengths of the tilted fronts on % are
also in accord with previous studies [3,7,20]. However, some
differences between experiments performed with the concave
and convex meniscus were observed.

The interface deformation influences the front velocity,
front shape, mixing length Wy face, and mixing length Wyyk.

The front velocities and mixing length W, became
sensitive to the interface deformation when the solution depth
h was higher than 2.5 mm. For 2 < 2.5 mm, the velocities
and the mixing length Wy, were independent on the shape of
the meniscus. This behavior can be understood as a boundary
effect of the reactor bottom on the buoyancy flow. For & >
2.5 mm, the velocity values and W,k values were observed to
be higher in experiments performed with the convex meniscus.
The relation between the observed differences and the shape
of the meniscus is discussed below.

Development of the front shape can be divided into three
consequent periods.

During the first period, development of the circular fronts
was not affected by the boundary of the system. The borders
of the system were still far enough that their presence did
not influence the buoyancy-driven flow. The circular fronts
were expanding in all directions under both experimental
conditions. The fronts grew faster at the liquid-gas interface.
Curvature of the fronts was positive. During this period,
increase of mixing length Wy g,ce Was observed under both
experimental conditions. In the used channel reactors, the first
period ended when the fronts reached the lateral walls. At
this moment, the mixing length Wf.ce Was at its maximum.
During the first period, the front shape was developing like the
shape of fronts, which would be propagating in a system with
an ideally flat surface.

During the second period, the fronts are adapting to the
shape of the liquid layer. The fronts were not expanding
anymore towards the reactor lateral walls, but they started
to move along them. The front shape was also adapting to the
new condition, which is expressed in the decreasing mixing
length Wyyace- Under the convex meniscus condition, the
changes were not so dramatic like under the concave meniscus
condition. Under the convex meniscus condition, the front
curvature slightly decreased, but it was higher than zero. At
the end of the second period, fronts propagating under the
convex meniscus condition reached the asymptotic shape. On
the other hand, under the concave meniscus condition, the
curvature was decreasing, and it became nearly zero at the end
of the second period. As a consequence of the wall boundary
effect on the flow, the fronts were always a bit curved at the
lateral walls, which means that the minimal value of Wyface
cannot be zero. However, curvature of the front part, which
was far enough from the lateral walls, was zero at this time.

PHYSICAL REVIEW E 88, 033023 (2013)

The minimal value of Wy, signalized the end of the second
period for both experimental conditions.

During the third period, asymptotic behavior of the front
was seen. Under the convex meniscus condition, the fronts had
a shape with positive curvature. The mixing length Wyygace
was nearly constant. On the other hand, the V-shaped front
was seen under the concave meniscus condition. The front
curvature became negative. The mixing length and depth of
the cusp were increasing.

The shape of any chemical wave (the pulse or the front) is
connected to the mass flow across the wave. In pure reaction-
diffusion (RD) media, the wave development is controlled by
diffusion flux across the wave. Since the intensity of the diffu-
sion flux is constant along the wave, the wave holds shape with
positive curvature. When the wave is growing, the curvature is
asymptotically decreasing toward zero. The asymptotic shape
of the RD waves is a planar wave. However, Brazhnik et al.
[24] reported that a single wave having a asymptotic shape
with negative curvature can also exist, when the following
condition is fulfilled: mass flow of some reaction species
dominates in some particular direction. Recently, formation
of the V shape was observed in the chlorite-tetrathionate
reaction system, as a result of the buoyancy-driven flow [10].
However, this V shape was the shape of the wave end, while
the leading edge was parabolic. Stability of the observed V
shape depended on solution depth. For a deep solution layer,
the depth of the V shape was constant. Contrary to that, for
shallow layers, oscillation of the depth of the V shape was
reported [10].

In our experiments, both diffusion and the buoyancy flow
contribute to the mass flow across the front. However, the
buoyancy flow dominates. For a 2D arrangement of the
reaction-diffusion-convection system, numerical simulation
[20,23] predicted one roll traveling together with the wave.
Those simulations show that the lighter products are rising
behind the front since the heavier reactants are sinking ahead of
the front. For a 3D arrangement of our experiments, a sketch of
possible flow maps is shown in Fig. 11. Under both conditions,
the light products move from the reactor bottom up to the
liquid surface. Since the surface is not flat but is deformed,
the surface flow is formed. The surface flow pushes the light
products to the highest point of the surface. Therefore, under
the concave meniscus condition, the ascending flow has to split
into two streams at the lowest part of the surface located at 1/2
L,. Those streams then continue moving up to the highest
point of the surface, which is located at the reactor lateral

-
(@)

FIG. 11. The flow maps. (a) The concave meniscus; (b) the convex
meniscus. Solid-line arrows show direction of the flow behind the
front. Dotted-line arrows depict the flow ahead of the front.
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walls. Since the mass flow across the front is controlled by
the buoyancy flow, which pushes the chemical species in one
particular direction, the formation of the asymptotic V-shaped
fronts and lower velocity values achieved by those fronts are
results of the stream splitting. Under the convex meniscus
condition, stream splitting does not occur. The highest part
of the surface is at the middle of the reactor at 1/2 L, and
the buoyancy flow pushes the chemical species from bulk and
from both lateral walls towards the center. Therefore, those
waves were faster under convex meniscus condition. In the
case of an ideal flat surface, no surface flow will be generated.
The shape of the front would depend only on the bulk flow
geometry.

V. CONCLUSIONS

For the buoyantly unstable reaction solution, the shape of
the liquid-gas interface significantly influences front develop-
ment. The fronts were under the effect of the nonuniform distri-
bution of the solution depth. The local solution depth depended
on the meniscus shape. The same signs of curvature of the
deformed interface and the asymptotic shape of the fronts were

PHYSICAL REVIEW E 88, 033023 (2013)

observed. Under the concave meniscus condition, both the de-
formed interface and the asymptotic V shape of the fronts had
negative curvature. On the other hand, under the convex menis-
cus condition, both the deformed interface and the fronts had
positive curvature. Due to the differences in flow distribution,
fronts propagating under the concave meniscus condition were
a bit slower than those propagating under the convex meniscus
condition. However, the front velocities were increasing with
the liquid layer depth, which is in very good agreement with
previous experimental and numerical studies [7,20].
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