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Influence of wettability on bubble formation
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This paper presents experimental results of the surface phenomena effect on bubble
formation from a single orifice in water and at nozzle in liquid aluminium with gas blowing
at small flow rates. The usage of coated orifice in water and nozzles of different materials in
the melt realized wide range of contact angles. The meaningful stages, termed (1)
nucleation period, (2) under critical growth, (3) critical growth and (4) necking, were
identified during bubble formation in a regime referring to simultaneous forced flow and
surface tension control. It was revealed that bubble formation is substantially dominated by
hysteresis of contact angle. Evolution of interface equilibrium and force balance conditions
distinctive for bubble formation is clarified. X-ray fluoroscope was used to carry out in-situ
observation of bubble formation in the melt. It was shown that bubble volume increased
with wettability worsening both for agueous and metallic systems. A further insight into the
mechanism of the bubble formation was obtained by comparison of the bubble behaviour

at the tip of the injection devices in liquid aluminium and at the orifice in water.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

The size of bubbles plays an important role in various
processes involved dispersions of gas bubbles in lig-
uids. Although bubble formation in aqueous and metal-
lic systems is considered to be extremely complicated
phenomenon a number of single-stage or two-stage
models [1-14] have been developed for description of
bubble growth and prediction of its volume. The general
outline relates to the geometrical assumptions concern-
ing the spherical or hemispherical shape of the bubble
[1,3,4].

Close prediction of experimental results under high
flow rate conditions has been seen, even though the
theoretical models developed are different in concept
[3, 4, 7]. However, the discrepancies between theoret-
ical prediction and experimental results could be illus-
trated by extension of these models on bubble formation
at lower flow rates. Since the surface tension force is the
dominating factor at these conditions it is reasonable to
conclude that these discrepancies occur due to the in-
fluence of surface phenomena on bubble formation.

A few studies in liquid metal showed too that wet-
tability of nozzles plays an important role in bubble
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growth [15-17]. These authors observed that the outer
diameter of non-wetted nozzles controls the bubble size
in liquid mercury, silver, and iron.

The evidences above indicate that bubble growth
mechanism at varying wettabilty especially that in high
temperature melts is still unclear.

This paper aims to study experimentally bubble for-
mation mechanism and volume at detachment at a sin-
gle orifice in water as well as at the free standing nozzle
in liquid aluminium under low gas flow rate and wide
range of wetting contact angles.

2. Experimental procedure

The apparatus used in this study (Fig. 1 [18]) consists
of a clear container filled with water, an orifice block of
acrylic plastic with hole (diameter 1 mm) submerged
to a depth of 24 mm, air delivery, measuring and con-
trolling systems.

Gas was blown through orifice at flow rate of
1-5 cm®/min and high speed CCD camera recorded
the bubble formation process. Every bubble image was
divided into regular geometrical parts to calculate the
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Figure 1 Schematic view of the experimental set up for bubble formation
study in water.

volume and surface area of each bubble. Measurement
data were much precise than assumption of the previ-
ous researchers for bubble to have either spherical [19]
or ellipsoidal [7] shapes.

To vary wetting conditions the orifice plate was
coated by vacuum silicon grease (referred as “good
wettability”, 6, = 68° < 90°, where 0, is a contact
angle, formed with water drop at equilibrium on the
smooth substrate) or paraffin provided “poor wettabil-
ity”, 6, = 110° > 90°. Pure acrylic plastic performed
“neutral wettability”, 6, = 90°.

Bubble formation at the nozzle in aluminium melt
was studied with the X-ray system of 150 kV source,
described in [20]. The nozzles facing upward with inner
diameter, D; = 0.1-0.4 cm and outer one, D, =0.2—
1.0 cm were used to inject argon into the melt. Injection
devices were connected to gas cylinder via flow rate
controller and pressure gauge.

The nozzles were made of steel, silica and alumina
to establish different wettability by liquid aluminium
with reference to rough values of the contact angle in
high-temperature melt. Since iron is perfectly wetted
by aluminium (6, < 90°) [21] and 6, ~ 33° [22] low
carbon steel was chosen to perform good wettability as
well as alumina nozzle leads to poor wettability, 6, ~
120° > 90° [23, 24]. Authors [25] reported the contact
angle for SiO; in liquid Al to decrease from 150° to 90°
with time and temperature increase, whereas Kaptay
[26] indicated that 6, = 50-60°. So, wettability of silica
nozzle is considered here to be neutral, i.e., better than
that of alumina and poorer than that of steel.

Atthe melt temperature of 690°C the injection device
was preheated and introduced into the melt while argon
gas blowing. Flow rate was increased step by step from
0.43 to 12 cm?/s and X-ray observation was carried out
for 30 s at every constant flow rate.

The frequency of bubble formation, f was visually
evaluated by counting the number of bubbles generated
at the nozzle exit on video tape. The bubble volume V;,
was then determined by using equation V, = Q/f,
where Q is the gas flow rate, cm?/s.

3. Results and discussion
3.1. Mechanism of bubble formation
in water
Fig. 2 shows the sequence of bubble formation in the
vicinity of the orifice in water. The main periods of
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Figure 2 Bubble growth at the orifice during all stages up to floating
start. The time is shown in seconds. 6,,—current contact angle, degree:
(a) good wettability (6, = 68°) and (b) poor wettability (6, = 110°).

bubble evolution, bubble nucleation at the initiation
and bubble growth including several meaningful stages
such as under critical growth, critical growth and neck-
ing, which extends up to bubble floating start could be
distinguished. Although the mechanism of bubble evo-
lution is similar regardless to wetting conditions, differ-
ences in bubble shape, volume, growth kinetics during
each period and stage are revealed. Attention should be
also drawn to the fact that bubble forms under condi-
tions when contact angle hysteresis is happened.

During nucleation bubble emerges from the capillary
in form of a spherical segment, transforms into part of
sphere while its periphery remains constant and causes
contact angle hysteresis referred to static case. Receded
contact angle, 6 = 6,,, decreases and at the end of the
period reaches ~90° regardless to the initial wetting
conditions (Fig. 2).

During under critical growth bubble configuration
remains part of sphere-like at the good and neutral wet-
tability whereas at poor wettability it is likely spherical
segment at the tip. The bubble expands greatly while its
base moves lengthways the plate away from the orifice
lip, allowing the dynamic case of contact angle hys-
teresis. At good and poor wettability receding contact
angle takes the equilibrium value (6, = g = 6p) when
the widening of bubble periphery stops at the end of the
stage. At neutral wetting conditions 6,, holds the con-
stancy during the all stage and it does not differ from
equilibrium value (6, = 6, = 90°).

Previous study has shown [18] that the force balance
in the direction of bubble detachment is attained during
the stage following undercritical growth and the inter-
face equilibrium at the triple line is disturbed. From
this point of view this stage is the most important one
and referred here as critical growth. During this stage
the bubble becomes elongated, expands while moving
upwards and substantial distortion of bubble config-
uration in comparison with spherical or hemispheri-
cal shape occurs. The bubble volume increases sig-
nificantly with the inversion of an air-water interface
displacement. However, bubble periphery at the base
maintains a stable value, allowing the static case of
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contact angle hysteresis. Regardless to the initial wet-
ting conditions advanced contact angle increases at the
end of the stage, attaining values 6y < 6, = 6 > 90°.

During last necking stage the spherical tip moves
continually upwards. Share of bubble spherical part
increases significantly, resulting in great progress of
spheroidization process. Moreover, contact angle hys-
teresis of dynamic nature happens since bubble periph-
ery moves continually toward the orifice due to weaken-
ing the impressed drive. Finally, the bubble detachment
starts at the neck cross-section and bubble travels away
from the orifice remaining a small volume of gas (not
exceed 1% of bubble volume detached) on the orifice.

The study shows that the difference in wettability
caused difference in both bubble volume and the time
of its evolution that increased with equilibrium con-
tact angle. Hysteresis referred to forced displacement of
the interface dominates on bubble periphery behaviour.
Static hysteresis occurred during nucleation period and
at the stage of critical growth whereas that of dynamic
case happened during stages of under critical growth
and necking. Thus, at extremely low flow rates surface
phenomena at the orifice plate control the bubble pe-
riphery dimension, the bubble configuration and mak-
ing the bubble volume dependent on its geometrical
parameters.

Despite of this a number of currently accepted the-
oretical models consider that as the flow rate tends to
zero the bubble volume V at force balance is assumed
to be independent on geometrical parameters and is
to be determined by the equating the buoyancy force,
V Apg with the surface tension force, 27 r, cos 8 as in
the “drop weight” method (where r,, is an orifice radius)
[1, 3, 4, 27].

Unlike that in the previous models the experiments
published in [28] have proved that the theory given
originally by Kabanov and Frumkin [29] for stable sta-
tionary bubble could be valuable to describe adequately
bubble formation in the regime referring to simulta-
neous forced flow and surface tension control when
flow rate is extremely small (~1-5 c¢m?/min). Tak-
ing into account bubble geometrical parameters such
as radius at the tip R,, height H, bubble periphery
D and maximum value of current contact angle 6,
at hysteresis, the concept of Kabanov and Frumkin,
gives that there are various forces acting on the bub-
ble: (i) Upward buoyancy force (V Apg), (ii) Down-
ward adhesive force that occurs in response to verti-
cal component of surface tension force (7 Doy g sin6,,)
(iii) Force due to Laplace’s pressure, acting upwards
(wr D*01.6/2R,), and (iv) Force due to hydrostatic pres-
sure gradient along the bubble height H, acting down-
wards (m D?pgH /4).

By comparison of the experimental results and the-
oretical approach of Kabanov and Frumkin [29] evo-
lution of the interface equilibrium and force balance
conditions could be surveyed. The analysis indicates
that interface equilibrium at the triple line takes place
only once in the instance at the start of bubble criti-
cal growth stage. Unlike that in previous models the
balance between upward and downward forces takes
place periodically at the critical points, i.e. at the end of

nucleation period and at the end of the critical growth
stage. During periods of under critical growth, critical
growth and slight necking stage the bubble formation is
dominated by the downward forces, which are greater
than the upward forces. The last overcome the former
at the bubble detachment.

Thus, the present study allows understanding the rea-
sons caused the discrepancies between theoretical pre-
dictions of the models and experimental results at the
extremely small flow rate. Firstly the discrepancies can
occur due to the considerable difference in geometrical
assumptions accepted by these models and experimen-
tal shapes of the bubbles. The second reason is that the
bubble formation occurred in four stages rather than
in single or two stages accepted by the models. Addi-
tionally, the disagreement on force balance conditions
accepted by models [1-7, 12, 13, 27] and those assigned
above may contribute directly in these discrepancies.

Indeed, one can think that the different geometri-
cal assumptions accepted by the theoretical models are
made due to different flow conditions. However, it is
reasonable to assume that the degradation process of
bubble evolution arises in response to gradually increas-
ing gas flows when the effect of surface phenomena
becomes negligible. It results in reducing stages and
modes assigned above for bubble formation up to the
disappearance of some of them.

3.2. Bubble formation at the nozzle in liquid
aluminium
The results of bubble formation study in liquid alu-
minium are presented in Figs 3—5. Volume of the bubble
issued from the nozzle of steel, silica and alumina with
equal inner diameter (D; = 1 mm) and different outer
ones (D, = 2 and 10 mm) is plotted vs. gas flow rate in
Fig. 3. Alumina nozzle produced much large bubbles
(0.7-1.0 cm? for D, = 10 mm) that nozzles of steel
and silica did (0.5-0.6 cm?). It confirms that nozzle of
poor wettability results in larger bubble. Injection de-
vices with D, = 10 mm formed much larger bubbles
than nozzles of 2 mm. Thus it may be concluded that
bubbles detached from the outer circumference for all
non-wetted nozzles. Tip of the steel nozzles supposed
to be wetted by molten aluminium was probably partly
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Figure 3 Bubble volume—gas flow rate dependence for nozzles of steel,

silica and alumina in liquid aluminium. Outer diameter is varied (D, = 2
or 10 mm) and inner diameter is constant (D; = 1 mm).
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Figure 4 Bubble evolution on the tip of the injection devices (1 mm in diameter of the hole) of different wettability in the melt a—f and in the aqueous
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Figure 5 Dependence of bubble volume, V4, on equilibrium contact an-
gle, 6p in Liquid Aluminum—Argon and Water-Air [18, 33, 34] systems.
Q—¢gas flow rate, inner diameter of the injection hole, D; = 1 mm.

oxidized while preheating in the furnace, which caused
wettability worsening. Therefore, bubble was not fixed
around injection hole but most likely spreaded over ox-
idized steel tip to some extends that results in bubble
volume comparative to that produced from silica nozzle
(Fig. 3).

In situ observation allows comparing mechanism
of bubble formation on the tip of injection devices (1
mm in hole diameter) of different wettability in the
melt (Fig. 4a—f) and in the aqueous system (Fig. 4g-1).
Although the surface tension of molten aluminium and
water are different (owaer = 72.37 x 1073 Nm~! and
oal = 860 x 1073 Nm~") the experiments were carried
out at the same range of contact angles (similar wetting
conditions), which include those typical for metal-
lurgical processes. Moreover very low gas flow rate
employed here ensured regime of predominance of the
surface forces in bubble formation for the both systems.
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It is also important to note that orifice surface in water
had almost unlimited area for bubble spreading whereas
nozzle in the melt was confined with the outer diameter.

Similar stages of bubble evolution were revealed,
named under critical growth, critical growth and neck-
ing. In water every stage depicted in the Fig. 4g—k con-
cern the end of the corresponding stages from Fig. 2. Af-
ter arising from the hole gas spread to a limited extend
over the wetted tip of steel and acrylic plastic (Fig. 4a
and g), whereas it covered larger adherence area over
non-wetting surface (Fig. 4e and k) being at the inter-
mediate position under neutral wetting (Fig. 4c and k).
After spreading bubble base was fixed in the position
between outer and inner diameter of the steel nozzle
(Fig. 4a and b). The larger adherence area was the more
extended time was needed to establish conditions for
bubble detachment from a nozzle (force balance). Dur-
ing this period bubble was supplied with an additional
gas with increase in the bubble volume at detachment.
The bubble further grew only upward in the melt (Fig.
4b and d) as happened during critical growth stage in
water (Fig. 4h and j) when bubble shape deformed and
became elongated. Similar bubble behaviour and shape
was also observed in aqueous system [11, 29-31] and
mercury [32]. During the last stage the neck formation
began (Fig. 4f and 1 shown here only for non wetted
systems) and final bubble volume formed under poor
wetting conditions was found to be much larger than
that under good wettability. So, at very low gas flow
rate bubbles formed over the solid surface in liquid alu-
minium and water in similar way under predominant
effect of wettability.

Fig. 5 shows the dependence of the bubble vol-
ume on contact angle in liquid aluminium and water
[18, 33, 34]. Experimental bubble volume in metallic
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system is presented for the lowest gas flow rates (Q =
0.648 cm?-s~1) used in the present study. It was deter-
mined that bubble volume increased as contact angle
increased both for aqueous and metallic systems. Ap-
parently, bubbles formed in water [18] are one order
of magnitude smaller (0.03—0.06 cm?) than that in lig-
uid aluminium (0.17-0.49 cm?). This can be mainly
attributed to the significant difference in surface forces
taking place in aqueous and metallic systems and gas
flow rates applied for bubble formation study. Data of
Mukai et al. for aqueous system [33, 34] (Fig. 5) con-
firms that increase in gas flow rate up to 10 cm?®/s re-
sulted in bubble volume increase and fitted the data to
that of the present metallic system.

4. Conclusion

Bubble formation at an orifice in water and at the free-
standing nozzle in liquid aluminium has been studied at
small gas flow rate and a wide range of contact angles.
Two significant periods, i.e. nucleations at the initiation
and growth period have been revealed during bubble
evolution at the orifice. Under critical growth, critical
growth and necking have been assigned as meaningful
stages of the bubble growth period.

Contact angle hysteresis revealed while forcing the
triple line of contact due to gas injection was considered
to dominate on bubble periphery behaviour and, so, on
bubble formation. The substantial distortion of bubble
configuration in comparison with spherical or hemi-
spherical shape, which increased with an increase of
equilibrium contact angle, has been observed at the crit-
ical growth stage. Experimental observation allowed to
compare bubble formation with assumption accepted
by the theoretical models.

X-ray examination of bubble formation in liquid alu-
minium using nozzles of different material showed the
influence of wettability on bubble volume and evolu-
tion similar to that observed in aqueous system. It was
shown that bubble volume increased with contact angle
both for aqueous and metallic systems. Similar stages
of bubble evolution were revealed. The present study
showed that injection devices wetted by liquid melt are
reasonable to use, particularly in metal foaming tech-
niques, for producing small bubbles in the melt.
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