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The effect of electrolytes on the critical velocity for bubble coalescence
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bstract

An experimental study concerning the influence of electrolytes on the critical velocity for bubble coalescence is presented. Bubble collisions
n water and two NaCl solutions (0.100 and 0.300 wt%) were recorded with a high-speed video camera at four different operating temperatures
10 ≤ TL ≤ 40 ◦C), using air as the dispersed phase in all cases. For all operating conditions analysed, the critical velocity was observed to be
nitially a decreasing function of the equivalent diameter of the colliding bubbles up to a given value, at which it became constant. This behaviour

as physically reasoned in terms of the importance of bubble deformation during the drainage of the liquid film between the bubbles. Regardless
f the composition of the liquid phase, an increase in the liquid temperature enhanced bubble coalescence. An empirical equation including three
arameters was proposed to describe the experimentally observed trends. Two parameters were only temperature-dependent and all electrolytes
ffects were hence lumped together in the third parameter.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The dispersion of a gas into a liquid phase with or without sus-
end solids for promoting mass and/or heat transfer is a common
tep in both reactors and separation units from several industrial
rocesses. Bubble columns, gas strippers, distillation towers,
irect-contact evaporators, flotation columns and stirred aerated
anks are just some examples of important units which comprise
he general class of gas–liquid contactors. In this kind of equip-

ent, the transfer rates are closely related to and may even be
ontrolled by the interfacial area, which therefore constitutes an
mportant design parameter. The accurate determination of the
nterfacial area in gas–liquid systems is a challenging task, as
his parameter depends on the frequency of break-up and coa-
escence of bubbles, complex phenomena whose mechanisms
re still not fully understood [1,2]. Apart from its influence on
he interfacial area, bubble coalescence, in particular, also plays
n important role in the transition of flow regimes in bubble
olumns [3], as well as in the transient evolution of the overall

as hold-up in direct contact-evaporators [4].

Due to its importance for the performance of gas-liquid
ontactors, bubble coalescence has been the subject of intense

∗ Corresponding author. Tel.: +49 511 762 3860; fax: +49 511 762 3031.
E-mail address: cprj@peq.coppe.ufrj.br (C.P. Ribeiro Jr.).

c
o
c
c
t
p
r

385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2006.08.029
ontact evaporators

esearch. Most of the past work can be divided into three sub-
ects, namely, the development of film-drainage models [5–8],
he physical understanding of the effects of surface active solutes
9–13] and the establishment of new experimental strategies for
etermining coalescence times or film thickness [14–17]. The
umber of available reports is drastically reduced when it comes
o the role of the relative velocity of the approaching bubbles in
he process.

The importance of the approach velocity for bubble coales-
ence was first pointed out by Kirkpatrick and Lockett [18].
orking with the air–water system and measuring the coales-

ence time between a bubble and a free interface, these authors
emonstrated that the coalescence time was very small at a low
pproach velocity but increased significantly for large approach
elocities. In agreement with these observations, Chesters and
ofman [19] stated that, due to the competition between the

hinning of the liquid layer between two approaching bubbles
nd the increase in the free energy of the system on account of
he increase in the surface area of the bubbles, there should be a
ritical Weber number for bubble coalescence defined in terms
f the maximum relative velocity of the bubbles at which coales-
ence took place, the so-called critical velocity, uc. These authors

arried out a theoretical analysis of the flow and deformation of
he liquid film between two bubbles in an inviscid liquid and
roposed an equation for this critical Weber number, which was
egarded as only qualitatively reliable due to many simplifica-
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Nomenclature

d bubble or drop diameter (m)
de equivalent bubble diameter defined by Eq. (1) (m)
Eo Eötvös number (g(ρL − ρG)d2σ−1)
Fol overlapping function defined by Eq. (2)
g gravitational acceleration (m s−2)
n number of collisions
Re Reynolds number (ρLUdη−1)
T temperature (K)
uc critical velocity for coalescence (m s−1)
urel relative velocity between bubbles (m s−1)
U particle velocity (m s−1)
V vector of experimental relative velocities of the

bubble collisions (m s−1)

Greek symbols
α empirical parameter in Eq. (6) related to the effect

of de on uc (s−1)
β empirical parameter in Eq. (6) related to the effect

of electrolytes on uc (m s−1)
δ empirical parameter in Eq. (6) associated with the

minimum diameter for dimple formation (m)
η viscosity (Pa s)
Λ dimensionless extent of overlapping in the data

set
μ unit step function
μ• modified unit step function defined by Eq. (5)
ρ density (kg m−3)
σ surface tension (N m−1)

Subscripts
00 water
01 aqueous solution of NaCl 0.100 wt%
03 aqueous solution of NaCl 0.300 wt%
bou bouncing
coal coalescence
i collision i
L liquid
G gas

Superscripts
exp experimental
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pred predicted with Eq. (6)

ions involved in its deduction. Upon analysing the collision of
qually sized pairs of bubbles in water, Duineveld [20] observed
oalescence to take place whenever the Weber number based
n the relative velocity of the bubbles, urel, was smaller than
.18. However, Sanada et al. [21] have shown with their data for
ubble coalescence in different silicone oils that the liquid kine-
atic viscosity is also important in the process, so that it would
e more appropriate to speak of a critical Reynolds number. In a
ecent contribution, Ribeiro and Mewes [22] observed the crit-
cal velocity to grow linearly with the operating temperature,

s
c

ineering Journal 126 (2007) 23–33

n effect whose intensity depended on the physical properties
f the liquid phase. The data of Duineveld [20] and Sanada et
l. [21], as well as those obtained by Wiemann [23] for suspen-
ions of glass particles in water, were correlated by Ribeiro and

ewes [22] together with their own data for water and ethanol
ith a dimensionless equation in terms of a critical Reynolds
umber and a modified Morton number, whose mean deviation
as equal to 10%.
Lehr et al. [24] recognised the modelling potential behind the

oncept of critical velocity and adopted it in the development of
coalescence kernel function. The basic idea was to use the val-
es of uc and urel to assess the coalescence efficiency, instead
f the traditional option of film-drainage models and empirical
arameters adopted in other kernel functions [25–28]. Utilising
heir uc value determined for the air-water system, Lehr et al.
24] successfully adopted their kernel function in the numerical
alculation of bubble-size distributions and flow fields in bub-
le columns. The flexibility of this kernel function was later on
emonstrated by Wiemann [23], who studied the effect of sus-
ended solids on the critical velocity and subsequently used his
xperimental uc values in the kernel function of Lehr et al. [24]
or simulating the dynamic operation of slurry bubble columns
ith and without mass transfer.
It is well known in the literature that the addition of most inor-

anic electrolytes into water brings about a significant reduction
n bubble coalescence [4,9,10,29–32], which is usually indicated
y the reduction in a previously defined coalescence frequency
r by a reduction in the mean bubble diameter. Nonetheless, the
mportant issue of how this coalescence hindrance is reflected
n terms of the critical velocity has not been experimentally
ddressed so far. This would provide not only useful information
o the establishment of a mechanism for the effect of electrolytes
n bubble coalescence, but also the necessary data to enable the
pplication of the kernel function of Lehr et al. [24], which, in
urn, would provide the means for simulating, for instance, the
ynamic operation of bubble columns fed with electrolyte solu-
ions, a rather relevant issue in the case of bioreactors. Although
rue that an equation was proposed by Lehr et al. [24] to estimate
c for aqueous electrolyte solutions involving the gas hold-up
f small bubbles for developed flow in bubble columns operat-
ng with high gas superficial velocities, its predictions were not
ompared with experimental uc values.

In view of the aforementioned considerations, we present
ere an experimental study on the influence of inorganic elec-
rolytes on the critical velocity for bubble coalescence. Bubble
ollisions were recorded with the aid of a high-speed video cam-
ra in order to determine uc values in aqueous NaCl solutions
or two different salt concentrations (0.100 and 0.300 wt%) and
our distinct operating temperatures (10 ≤ TL ≤ 40 ◦C). In addi-
ion, experiments with distilled water at the same range of liquid
emperature were carried out for comparison.

. Experimental
All runs were carried out with the aid of the experimental
et-up shown in Fig. 1. It basically consisted of the coalescence
ell and a storage tank, 5.0 dm3 in volume, provided with a
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Fig. 1. Experimental set-up—(1) feed tank; (2) circulation pump; (3) coale

eating/cooling element connected to a temperature-controlled
irculation bath (Julabo® F10).

The coalescence cell was made of Plexiglas® and had a chan-
el with rectangular cross section available for liquid flow. The
iquid was fed at the top of the cell and flowed vertically down-
ards. In order to equalise the velocity profile throughout the

ross section, an internal element with small hexagonal chan-
els was placed at the entrance of the cell. The cross-section area
or fluid flow widened from 24 mm × 5 mm at the entrance to
0 mm × 5 mm at the bottom, which brought about a reduction
n the average liquid velocity along the direction of flow. The
ubbles were injected by a capillary located at the bottom of
he cell and their sizes could be varied according to the injected
as volume. During operation, the bubbles ascended through the
ountercurrently flowing liquid up to the point where an equilib-
ium between the interacting forces was achieved. On account
f the reduced dimension of the cell’s depth, bubble movements
ere basically restricted to two dimensions.
Compressed air was used as the dispersed phase in all runs.

ouble-distilled water (with an electrical conductivity equal to
± 1 �S cm−1) and NaCl (99.8%, Carl Roth®) were utilised to
repare the solutions used as the continuous phase. Two dif-
erent NaCl concentrations were considered, namely 0.100 and
.300 wt%. In order to guarantee measurable coalescence dur-
ng the experiments, the chosen NaCl concentrations were lower
han the transition concentration of 0.145–0.175 mol dm−3

0.85–1.02 wt%) reported for this electrolyte [9,33], at which
he coalescence frequency is reduced to 50% of the value related
o distilled water. The operating temperature, measured with the
id of a pre-calibrated platinum resistance thermometer (PT-
00) located in the feed tank, was varied from 10 to 40 ◦C.

A high-speed video camera (Speedcam + 500, Weinberger®)
rovided with zoom lenses was employed to observe the motion
f the bubbles, using a frame rate of 529 fps and a spatial reso-
ution of 256 × 256 pixels. The pictures were analysed automat-

cally with the aid of the software Image J [34], version 1.33h,
ccording to the procedure detailed by Ribeiro and Mewes [22].
or each collision, the relative velocity of the bubbles perpendic-
lar to the surface of contact and the size of the colliding bubbles

l
b
a
b

e cell; (4) high-speed camera; (5) temperature-controlled circulation bath.

ere determined, the latter estimated as the diameter of the cor-
esponding circle with the same area. In addition, it was visually
etected whether the collision led to coalescence or bouncing.
ubble contours were automatically identified by the software
nd the estimated error for bubble sizes, based on measurements
or different regions with the same area selected in the gradu-
ted scale of the pictures, is equal to about 1%. With regard to
elative velocities, a somewhat higher error, equal to about 3%,
s estimated, considering that data fitting was involved.

At the beginning of each run, the whole experimental appa-
atus was thoroughly cleaned by batch circulation of double-
istilled water in closed circuit until the difference in the elec-
rical conductivity between the inlet and outlet streams became
ower than 1 �S cm−1. In a last cleaning stage, the solution to
e tested was circulated for 5 min in the whole experimental
pparatus. This cleaning solution was then discharged and the
torage tank was re-filled with fresh solution. The temperature
n the heating/cooling bath was set to the required value and the
iquid circulation pump was turned on. Time was allowed for
he whole system to achieve thermal equilibrium before bubble
ollisions started to be recorded. Liquid temperature in the stor-
ge tank was monitored throughout the recording period and it
as observed not to deviate more than 0.5 ◦C from its nominal
alue.

Taking into account the experimental results of Drogaris and
eiland [35], who demonstrated that, for bubbles with unequal

izes, the coalescence time lay closer to the value associated
ith the smaller bubble, the following equivalent diameter was

dopted as the characteristic length scale for bubble coalescence:

e = 2

(
1

d1
+ 1

d2

)−1

(1)

With regard to the critical velocity, its value has been often
stimated [20,21,23,24] based on a visual inspection of the col-

isions data to evaluate the maximum relative velocity at which
ubble coalescence took place. In this work, however, we shall
pply the quantitative criterion for determining uc proposed
y Ribeiro and Mewes [22]. According to this criterion, for
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ach data set comprising ncoal coalescence collisions and nbou
ouncing collisions, whose corresponding relative velocities are
espectively stored in the vectors Vcoal and Vbou, the critical
elocity is estimated as the value that minimises the so-called
verlapping function, Fol, defined as follows:

ol(uc) = Λcoal(uc) + Λbou(uc) (2)

coal(uc) =
ncoal∑
j=1

Vcoal,j − uc

Vcoal,j
μ•(Vcoal,j − uc)

×
∑ncoal

j=1 μ•(Vcoal,j − uc)

ncoal − ∑ncoal
j=1 μ•(Vcoal,j − uc)

(3)

bou(uc) =
nbou∑
i=1

uc − Vbou,i

Vbou,i
μ(uc − Vbou,i)

×
∑nbou

i=1 μ(uc − Vbou,i)

nbou − ∑nbou
i=1 μ(uc − Vbou,i)

(4)

here μ•(x) is the traditional unit step function and μ•(x) is a
odified unit step function given by

•(x) =
{

0, if x ≤ 0

1, if x > 0
(5)

For a given data set, the value of uc which minimises Eq.
2) was computed with the aid of a self-developed FORTRAN®

ode that applies the direct search polytope algorithm imple-
ented in the subroutine DUMPOL from the ISML library,
hose tolerance was set to 10−10.

. Results and discussion

We shall start with an analysis of the results for the bubble
ollisions in the NaCl solutions at 21.0 ◦C. The bubble relative
elocities for both coalescence and bouncing collisions at these
perating conditions are plotted in Fig. 2 as a function of the
quivalent diameter of the bubbles. Regardless of the electrolyte
oncentration, two distinct regions are identified in the data sets.
n the first one, the boundary between bouncing and coalescence
ollisions does not seem to depend on de, which is in agreement
ith previous literature results for both water [22–24] and sus-
ensions of glass particles in water [23]. The relative velocity
ssociated with this boundary is clearly smaller than the criti-
al velocity of 9.57 cm s−1 reported by Ribeiro and Mewes [22]
or water. Moreover, it decreased as the NaCl concentration was
aised. Both observations are consonant with the coalescence
indrance brought about by electrolytes in water. Nevertheless,
n the second region of the data sets, which approximately cor-
esponds to de < 2.3 mm, the boundary between coalescence and
ouncing starts to depend on the equivalent diameter of the
olliding bubbles, and the smaller the bubbles, the higher the

inimum values of relative velocities required for bouncing

o occur. Such a behaviour was not reported in the previous
orks of Lehr et al. [24], Wiemann [23] and Ribeiro and Mewes

22], as all these authors restricted themselves to collisions with

c
i
p
r

he equivalent diameter of the bubbles for 0.100 wt% (a) and 0.300 wt% (b) NaCl
olutions at 21.0 ◦C.

e ≥ 2.8 mm. It is interesting to observe, in particular, that, in
his second region, for both NaCl concentrations, coalescence
as observed even when urel was greater than any uc value pre-
iously reported in the literature [20,22–24] for water, which is
ertainly not in agreement with the expected coalescence hin-
rance effect of electrolytes.

Taking into account this apparent contradiction in the data
btained for the region of small bubbles, it was decided to per-
orm experiments with pure distilled water, focusing now on col-
isions with de ≤ 2.8 mm. The results of our runs, together with
hose presented by Ribeiro and Mewes [22] for de ≥ 2.8 mm,
re shown in Fig. 3. Even though new data for collisions with
e ≥ 2.8 mm were also obtained in our tests, no distinction
etween the data sources was made in Fig. 3 for the sake of
learness. It can now be seen that the region in which the bound-
ry between coalescence and bouncing actually depends on de
oes also exist for water and, therefore, it is not related to the
resence of electrolytes whatsoever.

The data in Figs. 2 and 3 evidence that previous authors’
onclusion of a critical velocity for bubble coalescence that is

ndependent of the equivalent diameter of the bubbles is only
artially valid. In order to account for the existence of the second
egion in Figs. 2 and 3, we propose a new relationship for the
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ig. 3. Experimental results of this work and of Ribeiro and Mewes [22] for the
utcome of bubble collisions in water at 21.0 ◦C.

ritical velocity:

c(de) =
{

αde + β de ≤ δ

αδ + β de > δ
(6)

where α, β and δ are empirical parameters whose values have
o be estimated based on experimental data. These parameters
an be estimated by substituting Eq. (6) into Eq. (2) and calcu-
ating the corresponding minimum for the overlapping function.
his procedure was adopted for each of the previous data sets
nd the obtained parameters were used to compute the contin-
ous lines presented in Figs. 2 and 3. In each case, at least 20
ifferent initial estimates of the parameters set were tested to
void the computation of a local minimum. It can be seen that
he proposed equation provides an appropriate description of
he experimentally observed behaviour in these systems. For
nstance, using Eq. (6) and the whole data set in Fig. 3, the crit-
cal velocity predicted for de > δ is equal to 9.91 cm s−1, a value
hich is less than 4% greater than the one reported by Ribeiro

nd Mewes [22].
The data related to the other operating temperatures consid-

red in this work are plotted in Figs. 4–6 for water and the
aCl solutions. In the case of water, apart from our own results,

he data of Ribeiro and Mewes [22] for de ≥ 2.8 mm were also
ncluded in the graphs, even though, once again, a distinction of
ata sources was omitted for the sake of clearness. In all cases,
he boundary between coalescence and bouncing collisions, that
s, the critical velocity, is initially a decreasing function of the
quivalent diameter, up to a specific point at which uc becomes
onstant. Furthermore, for each liquid phase, a comparison of the
ata obtained for different temperatures indicates that the influ-
nce of the bubble diameter on the critical velocity decreases
s the operating temperature is raised. All these trends are well
epresented by Eq. (6), whose parameters were estimated for
ach data set and the corresponding calculated values of uc are

hown as continuous lines in Figs. 4–6.

There are some experimental results in the literature that are
onsonant with this tendency verified in Figs. 2–6 of an increase
n the coalescence probability as the bubbles become smaller for

l
t
a
t

ig. 4. Outcome of bubble collisions with different relative velocities as a func-
ion of the equivalent diameter of the bubbles in water at different temperatures:
a) 10.2 ◦C; (b) 30.7 ◦C; (c) 40.5 ◦C.

certain range of bubble sizes. A significant increase in the coa-
escence time with the drop diameter was reported by Hodgson
nd Lee [36] for the water-toluene system (d ≤ 2.6 mm), a trend
hat was also verified by Drogaris and Weiland [37] for air bub-
les (d ≤ 3.9 mm) in aqueous solutions of n-alcohols and fatty
cids. Similarly, Doubliez [16] observed the thinning rate of the

iquid film between a bubble (d < 1.0 mm) and a free surface
o decrease with increasing bubble diameter in both water and
queous solutions of alcohols (ethanol and methanol). In addi-
ion, Kok [38] and Duineveld [20] analysed buoyancy-driven
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Fig. 5. Outcome of bubble collisions with different relative velocities as a func-
tion of the equivalent diameter of the bubbles in an aqueous NaCl solution
0
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retical results from film-drainage models [5–8] indicate that the
.100 wt% for different temperatures: (a) 10.2 ◦C; (b) 30.7 ◦C; (c) 40.5 ◦C.

ollisions of pair of gas bubbles and found coalescence in pure
ater to occur for all relative velocities tested when d = 1.00 mm

nd d < 1.42 mm, respectively. It should be noted that, according
o the data presented by Clift et al. [39], for 1.00 ≤ d ≤ 1.42 mm,
he terminal velocity of air bubbles in water at 20 ◦C may vary
rom 9 to about 30 cm s−1. Furthermore, for both electrolyte [40]
nd organic solutes [35], the concentration of solute required to

roduce a 50% reduction in the coalescence frequency in rela-
ion to water was observed to increase upon a decrease in the
ubble diameter.

r
b
t

ig. 6. Outcome of bubble collisions with different relative velocities as a func-
ion of the equivalent diameter of the bubbles in an aqueous NaCl solution
.300 wt% for different temperatures: (a) 10.2 ◦C; (b) 30.7 ◦C; (c) 40.5 ◦C.

Even though Eq. (6) is empirical, the existence of two dif-
erent regions in Figs. 2–6 can be physically reasoned. Bub-
le coalescence occurs when the interaction time between two
pproaching bubbles, which is a function of their relative veloc-
ty, is greater than the time required to drain the thin liquid film
etween them. Experimental evidence [16,36,37,41] and theo-
ate of drainage of the liquid film between two approaching bub-
les or drops decreases as their size grows due to an increase in
he area of drainage of the film.
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The numerical study of the bubble bouncing with a free
urface performed by Sanada et al. [21] demonstrates that for
ow relative velocities, the thickness of the liquid film is min-
mum at the bubble top and gradually increases towards the
eripherals, with a corresponding pressure decrease in the same
irection, whereas, as the bubble velocity increases, the liquid
lm becomes thicker at the bubble top than in the peripherals,
ith the formation of the characteristic liquid film shape known

s dimple. In this case, a comparatively constant pressure distri-
ution in the liquid film is obtained and the shape of the dimple
ctually prevents the bulk of the liquid from flowing out of the
iquid film. Consequently, the dimple formation seems to be the

ain responsible for the existence of a critical velocity for bub-
le coalescence.

The formation of the dimple requires bubble deformation,
hich becomes more difficult as the bubbles get smaller, since

he force required to produce a given distortion in a fluid particle
ncreases with its curvature [41]. This fact is clearly illustrated
n the work of Smolianski et al. [42], who simulated the coa-
escence of two bubbles in different shape regimes. For the
oalescence of two spherical bubbles (Re = 2, Eo = 1.2), the liq-
id was quickly squeezed out of the space between the bubbles
ue to the considerable rigidity of the bottom of the upper bubble.
owever, in the case of ellipsoidal bubbles (Re = 20, Eo = 1.2),

he bottom of the upper bubble deformed and a thin liquid film
etween the bubbles was formed. The upper bubble developed
dimpled-ellipsoidal shape and it was only when the bottom of

he upper bubble could not deform any more that the liquid film
etween the bubbles started to get thinner.

Taking the previous aspects into account, the two regions
n Figs. 2–6 may be related to two different film-drainage pro-
esses. In the first region, due to the small size of the bubbles,
heir curvature is too large for bubble deformation to be impor-
ant. As a result, film drainage takes place without the formation
f the dimple. Since the film-drainage time increases with the
ubble diameter, the larger the equivalent diameter of the col-
iding bubbles, the longer the minimum interaction time for
oalescence to take place, or, in other words, the lower the crit-
cal velocity for bubble coalescence. As the bubbles become
arger, their curvature, equal to 1/d for spherical particles, falls
apidly, so that deformation is favoured, and there comes a point
hen the dimple is formed for the first time. From this point
n, the changes in the curvature of the bubbles produced by
urther increases in their diameter become progressively less
ronounced, and, accordingly, the minimum relative velocity
equired for the dimple formation tends to stabilise. The coales-
ence time stills increases with the bubble diameter, but now, on
ccount of the possibility of deformation, the interaction time
hould also increase with the bubble size for a given relative
elocity, so that a constant critical velocity for bubble coales-
ence is observed.

According to this reasoning, the point at which uc starts to
epend on the equivalent diameter would vary for each liquid,

nasmuch as the bubble rigidity is related to the surface ten-
ion. The lower the surface tension, the smaller the bubble size
equired to obtain a curvature large enough for subsiding the
mportance of bubble deformation. In perfect agreement with

fi
t
o
a

ig. 7. Comparison of the parameters of Eq. (6) obtained in the individual fittings
or each data set.

his prediction, when working with ethanol as the continuous
hase, whose surface tension is much smaller than the one asso-
iated with water, Ribeiro and Mewes [22] found no evidence of
n equivalent-diameter-dependent critical velocity in the range
.8 ≤ de (mm) ≤ 5.0.

In order to get more insight into the behaviour of the param-
ters of Eq. (6) and their physical meaning, a comparison is
rawn in Fig. 7 between the values obtained from the individual

ttings for each operating condition considered. Starting with

he parameter δ, the data in Fig. 7a demonstrate that the values
btained for the three different liquids at a given temperature
re similar. Moreover, no straight correlation between the elec-
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on the operating temperature and the electrolyte concentration,
so that the ratio between the experimental urel and the predicted
uc could be calculated. The natural logarithm of the obtained
ratios is plotted in Fig. 8 as a function of the equivalent diameter

Table 1
Empirical parameters for computing the critical velocity with Eq. (6) estimated
considering simultaneously, for each temperature, the data for water and the
NaCl solutions

Parameters Liquid temperature (◦C)

10.2 21.0 30.7 40.5

δ (mm) 2.710 2.447 2.182 2.182
0 C.P. Ribeiro Jr., D. Mewes / Chemica

rolyte concentration and the value of δ was verified, that is,
aximum and minimum values for each temperature were asso-

iated with different liquids. Therefore, within the adopted range
f electrolyte concentrations, it seems that δ is not affected by
he presence of electrolytes. Based on this conclusion, the dif-
erent values for the three liquids tested can be now viewed as
ifferent estimates of a single parameter. Consequently, a clear
rop is noticed in the value of δ as the temperature is raised from
0.2 to 30.7 ◦C, but a further increase in temperature does not
ause changes in δ.

According to the physical reasoning used to understand the
wo regions in Figs. 2–6, the parameter δ would represent the

inimum diameter for bubble deformation to play an impor-
ant role in the film thinning process. Hence, its value would
e sensitive to changes in the rigidity of the bubbles, and, more
recisely, in the surface tension. According to the experimen-
al data of Weissenborn and Pugh [43], at 21 ◦C, a maximum
ncrease of about 0.11 mN m−1 in the surface tension of water
s to be expected for the higher NaCl concentration adopted in
his work, which is consonant with the fact that δ was indepen-
ent of the composition of the liquid phase. The drop in surface
ension with increasing temperature lessens the rigidity of the
ubble for a given diameter, favouring bubble deformation and
hereby reducing the value of δ. Considering that liquid viscos-
ty considerably decreases as the temperature grows, the degree
f deformation in the dimple required to suppress bubble coa-
escence is expected to increase with the operating temperature.
he competition between these two opposite effects may be the

eason for the stabilisation of δ after TL = 30.7 ◦C.
Focusing now on α, as shown in Fig. 7b, the individual values

or water and the two NaCl solutions at a given temperature are
lmost identical, which plainly suggests this parameter be inde-
endent of the electrolyte concentration within the investigated
ange. In addition, a significant drop in α upon an increase in the
iquid temperature is noticed. In Eq. (6), α is the derivative of uc
ith respect to de. It represents a lumped parameter to account

or all processes which lead to the influence of the equivalent
iameter on the critical velocity. As a result, a physical interpre-
ation of the effect of TL on α is by no means straightforward.

e shall limit ourselves to the observation that, since the exis-
ence of the dependence of uc upon de was reasoned in terms
f a film-thinning process in which the curvature of the bubbles
as too large for deformation to be important, one should expect

his dependence to become less significant, and hence the value
f α to fall, as the bubbles rigidity decreases, which is precisely
hat occurs with an increasing temperature due to the reduction

n the surface tension.
As far as the third and last parameter of Eq. (6) is concerned,

he data in Fig. 7c reveal that, similarly to what occurred to α,
is a decreasing function of the liquid temperature. The new

nd interesting aspect in this case is the fact that, contrary to
he other two parameters in Eq. (6), β is a function of the elec-
rolyte concentration. Thus, β constitutes a lumped parameter

hat describes the effect of electrolytes on the critical velocity in
he proposed model.

Although true that the significant reduction in bubble coales-
ence promoted by the addition of most electrolytes into water

α

β

β

β

ineering Journal 126 (2007) 23–33

onstitutes a well-known fact in the literature, the actual mech-
nism responsible for such effect is not completely understood
nd, consequently, it seems difficult to develop a physical rea-
oning for the trends verified in Fig. 7c. Different theories have
lready been proposed to explain the effect of electrolytes on
ubble coalescence, including the increase in the viscosity of the
olution combined with changes in the water molecular struc-
ure caused by the presence of the solute [9], the increase in the
lasticity of the liquid film [5,44], a reduction of the so-called
ydrophobic force of attraction responsible for bubble coales-
ence [10], the decrease in the amount of dissolved gas in the
olution [11] and electrostatic effects [12]. All theories, however,
ave their limitations and fail to explain some experimentally
bserved trend, as discussed by Deschenes et al. [13].

In view of the fact that the results of the individual fit-
ings indicated the parameters δ and α to be independent of
he electrolytes concentration, it was decided to conduct a new
stimation of the parameters from Eq. (6). This time, for each
f the two smallest operating temperatures, the data related to
he three different liquids were used simultaneously in a single
tting for the estimation of five parameters, namely α, δ and
ne different β value for each liquid. Since there was no evi-
ence in the individual fittings that the parameter δ should have
ifferent values at 30.7 and 40.5 ◦C, the data related to these
wo temperatures were considered simultaneously in a single
tting for the estimation of nine parameters: δ, one distinct α for
ach temperature and one different β for each pair temperature-
lectrolyte concentration. In each case, several initial estimates
f the parameters set, including the values obtained in the indi-
idual fittings, were tested to avoid the computation of a local
inimum. Such estimation procedures might not result in many

n improvement in the case of the values of β, but are certainly
seful to reduce the uncertain for both δ and α on account of the
ubstantial increase in the number of data used in their estima-
ion. The final values of the parameters estimated according to
hese procedures are listed in Table 1.

With the aim of assessing the quality of these new fittings, for
given experimental bubble collision, the equivalent diameter
as used in Eq. (6) to compute the corresponding critical veloc-

ty with the proper set of parameters from Table 1 depending
(s−1) −92.59 −64.30 −50.54 −30.80

00 (cm s−1) 32.31 25.64 23.13 21.65

01 (cm s−1) 29.64 22.96 20.67 18.45

03 (cm s−1) 26.09 19.78 19.02 17.74
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ig. 8. Ratio of the experimental relative velocity to the critical velocity calcu
iameter of the bubbles for the different liquid temperatures tested.

or the four operating temperatures analysed. Regardless of the
iquid temperature, the data in Fig. 8 demonstrate that the fit-
ed model provides a good description of the experimental data,
ince uexp

rel /upred
c ≤ 1 for the vast majority of the coalescence

ollisions and uexp
rel /upred

c > 1 for all but a few bouncing colli-
ions. Therefore, Eq. (6) and the parameters in Table 1 could
e used to predict the critical velocity in the coalescence ker-
el function of Lehr et al. [24] for the simulation of gas–liquid
ontactors operating with the liquids considered in this
ork.
Since Eq. (6) is able to represent the experimental data, we

hall now utilise it to further illustrate the effect of electrolytes on
he critical velocity. For each operating temperature, a compar-
son is drawn in Fig. 9 between the uc values predicted with
q. (6) for water and the two NaCl solutions, based on the
arameters listed in Table 1. In order to enable a direct com-
arison between individual graphs, the same scale was adopted
or all plots presented in Fig. 9. In perfect agreement with the
oalescence hindrance effect of electrolytes, regardless of the
quivalent bubble diameter, the critical velocity for bubble coa-
escence decreases as the NaCl concentration increases. It is

nteresting to observe, in particular, that the absolute drop in uc
oes not depend on de, and hence the electrolyte addition actu-
lly leads to a translation of the curve related to water towards
ower values. Whatever the mechanism for coalescence hin-

t
b
T
t

with Eq. (6) and the parameters from Table 1 as a function of the equivalent

rance may be, the reduction in the critical velocity demonstrates
hat the presence of electrolytes requires a longer interacting
ime between approaching bubbles for coalescence to take place,
hich could be a result of an increase in the time for draining

he liquid film between the bubbles.
Upon comparing Fig. 9a–d, one notices that the extent of the

lectrolyte effect for a given concentration seems to decrease as
he operating temperature is raised, since the individual curves
ecome progressively closer to each other. Consequently, it can
e concluded that the presence of electrolytes and the liquid
emperature have opposite effects on bubble coalescence. In par-
icular, focusing on the region of constant critical velocity, it is
lear that, for a given liquid phase, the uc value grows with the
iquid temperature, which is a further evidence of the enhance-

ent of bubble coalescence with increasing temperature recently
eported by Ribeiro and Mewes [22]. Any suitable mechanism to
escribe the effect of electrolytes on bubble coalescence should
e consistent with all these experimental behaviours. Deschenes
t al. [13] have stated that none of the available mechanisms
5,9–12,44] could account for their experimental observations
nd proposed a new approach to explain the effect of elec-

rolytes in terms of their influence on the free energy of the
ulk liquid in the film or on that of the vapour–liquid interface.
he coalescence hindrance would be a result of the increase in

he vaporisation energy of the film due to the presence of the
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lectrolyte, assuming that the vaporisation would be related to
he film rupture. Considering that the enthalpy of vaporisation
ecreases with temperature, this reasoning does also agree with
he augmentation of bubble coalescence with the liquid temper-
ture experimentally observed in this work.

. Conclusions

Bubbles collisions in water and NaCl solutions at four dif-
erent temperatures were recorded with the aid of a high-speed
ideo camera in order to investigate the effect of dissolved elec-
rolytes upon the critical velocity for bubble coalescence.

Previous authors’ conclusion of a critical velocity indepen-
ent of the equivalent diameter of the colliding bubbles was
hown to be only partially valid. As the bubble diameter becomes
maller, a point is reached at which the critical velocity starts
o increase linearly with decreasing equivalent diameter. This
ehaviour seems to be related to the importance of bubble defor-

ation in the film-drainage process and the distinction between

he two different regions was associated with the minimum bub-
le diameter required for the formation of the characteristic
iquid film shape known as the dimple. Regardless of the liquid

t
p
e
p

bles predicted with Eq. (6) for water and NaCl solutions at different operating

omposition, in the region of variable critical velocity, the effect
f the equivalent diameter decreased as the liquid temperature
as raised.
In agreement with the coalescence hindrance effect reported

n the literature for most electrolytes, regardless of the liquid
emperature, the critical velocity decreased with the addition of
aCl into water. Moreover, the absolute decrease was indepen-
ent of the equivalent diameter, so that the curve for water was
ctually translated towards lower values as the concentration
f NaCl increased, an effect whose extent for a given concen-
ration decreased with the liquid temperature. For both water
nd the NaCl solutions, bubble coalescence was enhanced with
ncreasing liquid temperature and the critical velocity values
rew accordingly.

An empirical equation including three parameters was pro-
osed to describe the experimentally observed trends. The first
arameter can be interpreted as the minimum bubble diameter
equired for bubble deformation to play an important role in

he film thinning process, whereas the second one is a lumped
arameter to account for all processes which lead to the influ-
nce of the equivalent diameter on the critical velocity. Both
arameters were only temperature-dependent within the NaCl
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oncentrations adopted. The third and last parameter accounts
or the electrolyte effect and varied with both the liquid temper-
ture and the concentration of electrolytes.

It should be emphasised that there are, however, electrolytes
hich do not seem to influence bubble coalescence. The facts
bserved with NaCl in this study may only be extrapolated to
ther electrolytes that are known to inhibit bubble coalescence.
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