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Bubble size distributions (BSDs) near a reference electrode (RE) in aqueous glycerol solutions of an electrolyte
NaCl have been investigated under various gas superficial velocities (Us). BSD and voltage reading of the
solution were measured by using a high-speed digital camera and a pH/voltage meter, respectively. The results
show that bubble size (b) increases with liquid viscosity (µc) andUs. Self-similarity is seen and can be described
by the log-normal form of the continuous number frequency distribution. The result shows thatb controls the
voltage reading in each solution. Asb increases, the voltage increases because of gas bubbles interrupting
their electrolyte paths in the solutions. An analysis of bubble rising velocity reveals that Stokes’ Law should
be used cautiously to describe the system. The fundamental equation for bubble formation was developed via
Newton’s second law of motion and shown to be the function of three dimensionless groupssWeber number,
Bond number, and Capillary number. After linking an electrochemical principle in the practical application,
the result indicates that the critical bubble size is∼177µm. Further analysis suggests that there may be 3 000
to 70 000 bubbles generated on the anode surface depending on the size of initial bubbles and provides the
potential cause of the efficiency drop observed in the practical application.

1. Introduction

The electrometallurgical treatment of spent nuclear fuel in a
metal form has been demonstrated and is currently in operation
at the Idaho National Laboratory (INL). This treatment is based
on the anodic dissolution of an irradiated metal fuel in a molten
salt electrolyte and the simultaneous deposition and recovery
of uranium metal.1,2 The fission products are separated from
the fuel in the process and are subsequently sequestered in
engineered waste forms.3 To extend the electrometallurgical
treatment technology to oxide-based fuels, a head-end operation
is required to first reduce an oxide fuel to metal. Such a head-
end process is referred to as oxide reduction. In the oxide-
reduction process, uranium oxide is converted to uranium metal
(cathode) and to oxygen gas (anode) by electrolytic means
within a molten salt electrolyte (LiCl-Li2O) at 650°C.4,5 The
electrochemical reactions for this process in making U metal
are as follows:

Despite extensive research and development of the oxide-
reduction process, there is still concern regarding the generation
and adequate dispersion of oxygen bubbles from the anode,
which potentially lower the cell efficiency because the bubbles
will react to form Li2O if they are not removed from the system
efficiently. This issue has not been thoroughly investigated and,
therefore, provides the motivation to study the effect of physical
properties and device geometry on gas-liquid interaction in the
electrolytic reduction process. A fundamental mock-up study
for this process has been designed in this investigation by
generating bubbles through a glass frit in water and various

aqueous glycerol solutions at different flow rates. In addition,
the reasons for choosing these liquid mediums relate to the
physical properties of actual LiCl used in oxide-reduction
operations.

The ultimate goal is to find a way of determining or predicting
bubbles size in molten salt solutions in order to help monitor
the process (events occurring in the oxide reduction). To advance
closely toward this objective, this paper covers the work on(1)
measurement and analysis of bubble size distribution (BSD),
(2) its effect on the reference electrode voltage reading, and
(3) the study of similitude to practical application.

First, a high-speed digital camera with image-analysis
software was used to measure the BSD in aqueous solutions.
Systematic experiments were conducted to determine the
dependency of bubble size on the relevant physicochemical
factors. Fundamental statistical analysis was applied. The bubble
mean diameter (b10) and the area-weighted mean diameter (b32)
were calculated to provide an interpretation of available data
and to facilitate the discussion. A test of similarity was analyzed
to examine the functional form of BSD based on these obtained
statistical parameters.

Second, the percent relative difference (PRD) based on the
baseline voltage reading from the reference electrode of the
solutions at different conditions was calculated and correlated
with mean bubble size. In this section, the idea is to find the
impact of the mean bubble sizes on the voltage reading of the
solutions obtained from the reference electrode. This information
would help in predicting the bubble size in the closed system
based on only the measured voltage reading values from the
reference electrode in the solution.

Last, the recorded images were further used to calculate
bubble rising velocity. Friction factor and flow regime were
determined from bubble size based on physical properties of
the system. In addition, these interpreted data were used to assist
in developing a model for bubble formation via dimensionless
groups and Newton’s second law of motion incorporating
electrochemical generation of gas and related to a practical
application of the hot fuel dissolution apparatus (HFDA)* Corresponding author. E-mail: supathorn.phongikaroon@inl.gov.

Cathode: UO2 + 4e- f U + 2O2-

Anode: 2O2- f O2 (g) + 4e-

Net reaction: UO2 f U + O2 (g)

7679Ind. Eng. Chem. Res.2006,45, 7679-7687

10.1021/ie0606643 CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/22/2006



operated at INL. Then, possible bubble formation and distribu-
tion in the electrochemical cell were interpreted and described
from this information.

2. Experimental Facility and Procedure

The experimental system is shown in Figure 1. A cylindrical
vessel had an inner diameter and a height of 8.3 and 20 cm,
respectively. The setup inside the vessel comprised an electrode
(Ag/AgCl fluid-gel KCl fill solution, Accumet accuCap), a
temperature probe, and a glass fritter (40-60 µm pores). The
reference electrode and the temperature probe were directly
connected and recorded using Accumet Excel 20 pH/mV/
conductivity meter. Oxygen bubbles were generated by dispers-
ing them from a cylinder of pure oxygen through a glass fritter.
Different gas flow rates were recorded using a Scienceware
flowmeter. Temperature control was achieved by immersing the
vessel in a rectangular acrylic open bath filled with water. The
length, width, and depth of the reservoir were 46, 26, and 18
cm, respectively. The water bath was kept at a constant
temperature of 25( 0.02 °C using a digital Fisher Isotempt
immersion circulator.

To determine the relative significance of liquid-phase viscos-
ity, oxygen bubbles were dispersed in five solutions of different
viscosity (µc), 0.909, 1.70, 3.17, 4.18, and 8.33 mPa‚s, by using
Nanopure water and four different glycerol solutions. NaCl was
added to all solutions (0.065 M NaCl). The reason for adding
NaCl was to provide a resemblance to the real system.
Viscosities and densities were measured with Cannon-Fenske
viscometers and a volumetric technique, respectively. The
physical properties are listed in Table 1. As mentioned above,
the reasons for using aqueous glycerol solutions were (1) to
allow easy visualization of bubbles and (2) to create possible
physical properties close to those of actual molten LiCl used in
the actual processes (as listed in Table 1 for comparison).

The vessel was filled with 900 cm3 of the solution for each
experimental run. Values of pH/mV were recorded for∼30 min
to obtain the steady-state baseline value. After this measurement,
oxygen bubbles were generated at seven different flow rates:
10.0, 13.2, 19.4, 27.4, 38.6, 53.8, and 74.1 cm3/min. The system
was allowed to reach equilibrium at each stage, which was
typically <5 min. Therefore, after dispersing bubbles for 5 min,
pH/mV were recorded and bubble images were captured at 500
frames/s using a high-speed imaging system (TroubleShooter
1000 by Fastec, Inc.). The experiment was performed three times
for repeatability. After each process, the flow rate was increased
and the system was again allowed to reach equilibrium.
Recorded images were analyzed usingMotionMeasuresoftware
suite to measure bubble sizes and to calculate their traveling
velocities.

3. Results and Discussion

Upon review of the recorded images at 10 frames/s, no
breakup or coalescence of gas bubbles was observed in the
analysis region (as shown in Figure 2). This observation is

Figure 1. (A) Complete experimental setup for the bubble size distribution of oxygen gas generated near the reference electrode region and (B) schematic
setup inside the vessel.

Table 1. Fluid Physical Properties at 25°C

materials glycerol (wt %) density (kg/m3) liquid viscosity (mPa‚s) surface tension (N/m)

oxygen 1.309b 0.0208b

water (0.065 M NaCl) 0 999.4 0.909 0.0720a

aqueous glycerol I (0.065 M NaCl) 21.6 1052 1.70 0.0700a

aqueous glycerol II (0.065 M NaCl) 38.8 1098 3.17 0.0684a

aqueous glycerol III (0.065 M NaCl) 45.3 1113 4.81 0.0678a

aqueous glycerol IV (0.065 M NaCl) 56.9 1144 8.33 0.0669a

LiCl at 650°C 1480c 1.51c 0.134c

oxygen at 650°C 0.422b 0.0353d

a Values are interpolated from Table 2.2.1 in ref 6.b Density and viscosity values are obtained from ref 7.c Values are obtained from ref 8.d Value is
calculated based on Chapman-Enskog theory from ref 6.

Figure 2. Images of bubble dispersing in 8.33 mPa‚s solution and gas
flow rates of (A) 13.2 cm3/min and (B) 74.1 cm3/min.
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consistent with a study by Lessard and Zieminiski9 showing
the reduction of coalescence of gas bubbles within aqueous
electrolytic solution by increasing both the amount of salt
concentration and the viscosity. In addition, Prince and Blanch10

have reported that the breakup rate decreases significantly as
NaCl concentration increases.

It is also important to point out that, since bubble dispersion
is random, bubbles of various sizes can be generated. Therefore,
the final equilibrium size distribution will contain a spectrum
of bubble sizes. While information on maximum bubble size
(bmax) is useful for some applications, more meaningful mea-
surements of bubble size distribution are usually required. In
fundamental statistical analysis, the mean bubble diameter (b10)
and its variance (σ10) are commonly used to facilitate the
discussion. To determine the interfacial area per unit volume,

an important factor for estimating transfer rates, the area-
weighted mean diameter or Sauter mean diameter (b32 ) ∑ b3/∑
b2) is the appropriate diameter for discussion because it can be
related to the specific surface area (As) and the dispersed-phase
volume fraction (φ).11,12Therefore, bothb10 andb32 will be used
to provide a more meaningful discussion and interpretation of
obtained data.

3.1. Bubble Size Data.Sample images are shown in Figures
2 (parts A and B). These images were selected from a sequence
of images obtained at a sampling rate of 500 frames/s at a
viscosity of 8.33 mPa‚s and two different flow rate settings.
b10 and σ10 are reported for each listed condition whereb10

increases as gas flow rate increases. Parts A-D of Figure 3
illustrate different forms of BSD as a function of liquid viscosity
(µc) at a gas flow rate of 19.4 cm3/min. The number and volume
distributions are presented in the form of frequency (f(b)) and
a cumulative frequency (F(b) ) ∑ f(b)). Here, the subscriptsn

Figure 3. Effect of liquid viscosity on bubble size distribution at a gas
flow rate of 19.4 cm3/min: (A) number frequency, (B) volume frequency,
(C) cumulative number frequency, and (D) cumulative volume frequency.

Figure 4. Effect of liquid viscosity on distribution at a gas flow rate of
74.1 cm3/min: (A) number frequency, (B) volume frequency, (C) cumulative
number frequency, and (D) cumulative volume frequency.
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and V denote the number and the volume, respectively. The
data show that asµc increases, the distribution broadens and
the number of larger bubbles increases. In addition, the number
frequency shows less noise than the volume frequency. Figure
4 (parts A-D) shows a similar trend at the highest gas flow
rate (74.1 cm3/min). Comparing Figures 3D and 4D reveals that
the effect ofµc on bubble distributions becomes less pronounced
as the gas flow rate increases.

Figure 5 shows the plot of the Sauter mean diameter (b32)
versus superficial velocity (Us), whereUs is defined as the ratio
of volumetric gas flow rate to the vessel cross-sectional area.
Trend lines on the figures are drawn to show the effect ofUs

andµc on b32. Here,b32 increases as bothµc andUs increase.
There is a sharp increase inb32 at low Us (<0.005 cm/s),
showing thatUs has a stronger influence onb32 thanµc. This
observation is similar to those reported by Marrucci and
Nicodemo13 for an aqueous KCl solution. To better understand
the competitiveness between these two parameters,b32 versus
µc is plotted in Figure 6. In this figure, the results can be
subdivided into three regions. In region I (µc < 3 mPa‚s), both
Us andµc play significant roles in controlling b32. In region II
(µc > 3 mPa‚s andUs > 0.012 cm/s), the influence ofUs on
b32 becomes less pronounced asµc increases (the slope≈ 19.4
µm/mPa‚s). In region III (µc g 3 mPa‚s andUs e 0.012 cm/s),
b32 is predominantly controlled byUs; here,µc has little effect
on the increase inb32 (the slope≈ 3.9 µm/mPa‚s).

3.2. Test of Similarity of Bubble Size Distributions. A
cumulative frequency was analyzed to examine the functional
form of the bubble size distribution. Cumulative number and

volume distributions of parts C and D of Figure 3 were selected
and normalized by scaled diameterb10 andb32, respectively, as
shown in Figure 7 (parts A and B). Self-similarity is seen in
the normalizedFn(b); that is, the normalized distribution lies
on the same curve (see Figure 7A). Compared to the number
distribution, self-similarity in the volume distribution (Figure
7B) is not as well-observed. Parts C and D of Figure 7 show
the normalized plots of parts C and D of Figure 4, respectively.
Again, self-similarity is seen in the normalizedFn(b), but not
completely in the normalizedFV(b).

Therefore, the log-normal form of the continuous number
frequency distribution (fn), normalized with respect tob10, can
be used to describe this self-similarity for obtained data sets. It
is generally expressed as follows,11,14

whereâ is the dimensionless diameter, defined asâ ) b/b10,
andâh is the dimensionless median diameter corresponding to
the dimensionless diameter for which the cumulative number
distribution is 0.5. Here,σ0 can be obtained from the relation

where â84% and â50% are the dimensionless diameters corre-
sponding to the 84th and 50th percentiles on the log-probability
curve, respectively. Bothâ andσ0 were obtained from the best-
fit curve through the data sets. The result after analyzing the
data is given by

whereâh is 0.99( 0.030 andσ0 is 0.37( 0.059. Figure 8 shows
three variations of eq 3 plotted on semilog coordinates. A
collection of data at differentµc and gas flow rates is shown
superimposed on the curves of Figure 8 to illustrate the scatter
and curve fitting involved.

3.3. Impact of Bubble Sizes on the Voltage Reading of
the Solutions. The average-baseline-reading voltage (Vhµc,0,
reading in mV) at eachµc prior to introducing bubbles was
calculated and used as the reference point for calculating the
percentage relative difference (PRD) at differentµc andUs. PRD
is defined as

whereVhµc,Us is the average voltage value at the particularµc

andUs condition. Figure 9 shows a plot of PRD as a function
of Us andµc. At µc ) 0.909 mPa‚s, PRD increases rapidly with
increasingUs. The slope is∼6 000 s/cm. Asµc increases,Us

has less of an effect on PRD. It appears that the slope decreases
to ∼2 000 s/cm forµc > 1.69.

Another interest is to quantitatively relate PRD to the mean
bubble population within the system. In this particular case, PRD
is plotted againstb32 (Figure 10). Figure 10 reveals important
features of the trend of PRD with respect tob32. First, it shows
that, at the lowest viscosity, bubble size has a strong impact on
the voltage reading. For instance, atµc ) 0.909 mPa‚s, by
changing the bubble size from∼460 to∼660µm (increase by

Figure 5. Plot of b32 versusUs to show the effect ofµc andUs on b32.

Figure 6. Plot of b32 versusµc showing simultaneous effect ofµc andUs

on b32 in different regions.

fn(â) ) 1

x2πσ0

exp[- 1
2(ln(â) - ln(âh)

σ0
)2]1

â
(1)

σ0 ) ln(â84%/â50%) (2)

fn(â) ) 1

x2π(0.37( 0.059)
×

exp[- 1
2(ln(â) - ln(0.99( 0.030)

0.37( 0.059 )2]1
â

(3)

PRD) 100×
Vhµc,Us

- Vhµc,0

Vh µc,0
(4)
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43% in mean size population), PRD changes from 0% to 180%.
In addition, the result indicates that, at high viscosity (µc >
3.17) with an initialUs of 0.0031 cm/s, viscosity is the main
factor controlling the voltage reading of the solution, because
b32 has no significant impact on PRD (PRD≈ 3-5% atb32 ≈
600µm, as shown in Figure 10). However, as the gas flow rate
increases, the bubble size increases and starts controlling the
change in PRD at this high viscosity range. Puleo and co-
workers15 observe this similar effect of bubbles on voltage
reading from the optical backscatter sensors. Here, bubbles
interrupt electrolyte paths causing the change in an impedance
(voltage) of a reference electrode in the solution; therefore, as
bubble size increases, the value of the voltage increases. The

region of interest has been highlighted in Figure 10, showing
the possible dynamic dependency of PRD with respect to bubble
sizes. This result suggests that it may be possible to predict the
bubble size in the molten salt-oxide reduction system via a
voltage measurement.

3.4. Similitude to Practical Application. In this section, the
rising velocity, the friction factor, and the predicted bubble size
and formation were analyzed. The obtained information was
used to provide a similitude to a practical application, the hot
fuel dissolution apparatus (HFDA), operated at INL.4,5

3.4.1. Rising Velocity and Friction Factor. The rising
velocity of each bubble (Vb) was calculated by tracking the
bubble movement from a sequence of images at different

Figure 7. Cumulative distribution at (A) 19.4 cm3/min, Figure 3C replotted with an ordinate normalized withb10; (B) 19.4 cm3/min, Figure 3D replotted
with an ordinate normalized withb32; (C) 74.1 cm3/min, Figure 4C replotted with an ordinate normalized withb10; and (D) 74.1 cm3/min, Figure 4D
replotted with an ordinate normalized withb32.

Figure 8. Similarity of normalized number distribution. The solid line is eq 3. A collection of data sets is superimposed for comparison.
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conditions. The bubble Reynolds number (Reb ) FcbVb/µc) was
calculated from this information. In addition, the Fanning friction
factor (f) can be approximated using the following expression16

whereg is the gravitational constant andFb is the bubble density.
Figure 11 shows the plot of the Fanning friction factor for this
experiment. The regression was run with an expression similar
to an equation presented in the literature16 with power unspeci-
fied. The result is

The coefficient of determination (R2) of eq 6 is 0.92, showing
that the accuracy of the fit is acceptable. Equation 6 has a
resemblance to the friction factor for theintermediate region(f
) 18.5/Re3/5 for 2 < Re< 500). This result implies that these
bubbles should not be characterized by Stokes’ law (f ) 24/Re
for Re < 0.1). It is suspected that the constant 4.0 in eq 6 is
∼80% smaller than the literature constant because the velocity
term used in eq 5 is different than the terminal velocity used in
the classical theory. Here, the rising velocity of each bubble
rises faster than the estimated terminal velocity because (1) there

may be an influence from its neighbor (adjacent) bubbles and
(2) the gas within the bubble circulates such that the surface
velocity is not zero.17

By substituting eq 6 into eq 5,b can be calculated based on
physical properties of the system andVb; that is,

whereνc is the liquid-phase kinematic viscosity (νc ) µc/Fc).
Since the HFDA is operated at 650°C, this raises a concern on
the validity of eq 7 with respect to a temperature effect onνc

and density ratio. It is believed that the predominant factor
associated with temperature is the liquid-phase viscosity (µc)
because (1) the density ratio in eq 7 will essentially be closer
to unity (Fb , Fc) and (2) by changing temperature from 25 to
100°C, using water as an example, the density changes by 4%
whereas the viscosity changes by 68%. Therefore, by changing
µc, which also increasesFc (see values listed in Table 1),νc in
the practical application is covered within a spectrum of this
study. In addition, theνc values of water at room temperature
and LiCl at 650°C are essentially identical (∼1). Figure 12
shows the plot of eq 7 at various conditions. The solid and
dashed trend lines show the lower and upper limits of eq 7,
respectively.

3.4.2. Prediction of Bubble Sizes via Dimensional Analysis
and Newton’s Second Law of Motion.To further relate this

Figure 9. Percentage relative difference (PRD) versusUs showing the effect
of µc andUs on the change in voltage response.

Figure 10. Percentage relative difference (PRD) versusb32 showing the
effect of µc on the system matrix.

f
Reb

) 4
3

gµc

FcVb
3(Fc - Fb

Fc
) (5)

f
Reb

) 4.0

Reb
1.6

w f ) 4.0

Reb
3/5

(6)

Figure 11. Friction factor for bubbles moving in different aqueous solutions
with NaCl.

Figure 12. Calculated bubble diameter versus bubble rising velocity
according to eq 7. Kinematic viscosity (νc) is calculated using the values
from Table 1.

b ) 0.477νc
0.375Vb

0.875( Fc

Fc - Fb
)0.625

2 < Reb < 500 (7)
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work to the practical application done in the HFDA, it is
important to understand the formation of bubbles on the
electrode surface. However, the difficult part is how to combine
both hydrodynamic and electrochemical phenomena. From the
hydrodynamic side, consider the problem of a bubble forming
at a small orifice (assuming that the surface of the anode is
made up of small porous holes) in a continuous-phase solution.
There is effectively a flow of the gas through the orifice. The
bubble grows slowly until its buoyancy exceeds the balancing
force due to surface tension. The goal is to know the size of
the bubble when it breaks away from the orifice. From this idea,
in general, a list of relevant parameters can be drawn as
follows: bubble volume (V)swhich can be related to bubble
diameter if the bubble is of a spherical form, orifice diameter
(do), liquid density (Fc), bubble density (Fb), liquid/gas surface
tension (σ), gravity (g), liquid viscosity (µc), and average linear
velocity of efflux of the gas as it crosses the end of the orifice
and forms the drop (U). For most practical purposes, gas
viscosity (µb) is extremely small compare to liquid viscosity
(µb , µc); therefore,µb can be disregarded in this analysis. Since
Fb , Fc, ∆F ) Fc - Fb is used instead to account for the
hydrodynamic difference. Three recurring parameters can be
selected from this list, which aredo, σ, and ∆F. From the
dimensional analysis, the dimensionless drop volume (V*) can
be expressed in the following functional relationship:6

After squaring the first group in the right-hand side of eq 8, it
yields the Weber number (We ) ∆FU2do/σ). This group
determines the nature of the interaction of inertial and surface
forces. A small value ofWe implies that the surface force is
significant. The second group is the Bond number (Bo). It is
used to determine the competitiveness between gravitational and
surface forces. The last group is a dimensionless viscosity
showing the relative influence between viscous and surface
forces.

The next step is to develop an equation that explains the
formation of a spherical bubble at an orifice by applying
Newton’s second law of motion.18,19By assuming that the rate
change of bubble mass is negligible (dm/dt ≈ 0), the net forces
can be given by

The first and second terms on the left-hand side are the net
buoyancy force and the excess pressure force (pi is the static
pressure of the gas stream at the exit level andp is the pressure
in the liquid at the level of the top of the orifice), respectively.
These terms are balanced by the surface force (πdoσ), the drag
force (F), and the force required to overcome the inertia of the
surrounding fluid on the bubble. In the last term,m′ represents
the mass term for the displaced fluid from the bubble that is
instantaneously replaced by another bubble. Equation 9 is
expressed such that the vertical direction is taken as positive.

For a general large system, the pressure would be constant
and the termpi - p can be expressed in terms of bubble diameter
itself,

By assuming that, during the formation stage, the ratio of inertial

force to viscous force is small (<0.1), thenF would yield the
typical experimental drag force given in the literature,16,18

The last term in eq 9 can be interpreted mathematically by
assuming that a bubble grows radially in all directions such that
the changing rate in bubble volume is equivalent to the
volumetric gas flow rate. Then, this term becomes

With these terms, eq 9 can be expressed in the dimensionless
form; that is,

where the Bond number (Bo) is defined byBo ) ∆Fgdo
2/σ, the

Weber number (We) is defined by We) ∆FU2do/σ, the
Capillary number(Ca) is defined asCa ) µcV/σ, andD is the
dimensionless diameter,D ) b/do. Equation 13 contains the
dimensionless groups suggested by eq 8.Ca is derived by
combining the Weber number group and the dimensionless
viscosity group. In fact,Ca is a dimensionless velocity that has
surface tension in it; it is independent of a length scale. Equation
13 is essentially based on the bubble formation through the
orifice. The velocitysthe radial growth rate (V)scan be
determined by dividing the volumetric gas flow rate by the
bubble surface area.

The next approach is to apply the electrochemistry side to
the above formulation. In the actual application, current density
can be used to determine the gas velocity through the platinum
anode surface. For the O2 case where 2O2- + 4e- f O2 (g), a
nominal current of 3 A for the LiCl operating at 650°C (µc )
1.5 mPa‚s) can be applied and the generated volumetric gas
rate can be calculated:4,5

Since the platinum anode in the system has the surface area of
15.95 cm2, the velocity (V) is 0.0369 cm/s. The current density
for this case is∼188 mA/cm2. Janssen20 reports that the oxygen
bubbles rising from a platinum electrode are∼0.021 cm (210
µm) in diameter at 200 mA/cm2. Although that study is based
on both hydrogen- and oxygen-evolving electrodes in alkaline
solution at 25°C, it provides an approximate range of oxygen
sizes evolving from a platinum anode. Current density of the
electrode and the flow velocity of electrolyte near the electrode
have a substantial effect on the bubble sizes. In a nonagitated
electrolyte, the bubble diameter can increase as the current
density decreases.21 Therefore, by increasing the surface area
of an electrode, the size of bubbles would increase with respect
to a constant nominal applied current.

Knowing thatV ) 3.69 × 10-4 m/s, eq 13 can be used to
solve for an appropriateD by providing different values ofdo.
From dimensional analysis, it is important not to lose focus of
the magnitude of forces used in deriving eq 13. With initial
inspection, it is evident that values ofWeandBo will be small
because of the surface force. This implies thatb will essentially

V* ≡ V

do
3

) f[Ux∆Fdo

σ
,
∆Fgdo

2

σ
,

µ

x∆Fσdo
] (8)

∆FgV +
πdo

2

4
(pi - p) ) πdoσ + F + m'

dV
dt

(9)

pi - p ) 4σ
b

(10)

F ) 3µcVπb (11)

m′ dV
dt

) - 4∆FVV2

b
(12)

1
6
Bo‚D3 + 2

3
We‚D2 - 3Ca‚D + D-1 - 1 ) 0 (13)

3 A × 1 C/s
1 A

× 1 e-

1.6× 10-19 C
× 1 O2 atom

4 e- ×
1 mol O2

6.022× 1023 atom
× 75.7 L

1 mol
× 1000 cm3

1 L
)

0.588 cm3/s or 35.3 cm3/min (14)
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grow to be very large in comparison to the initialdo (do/b , 1)
before overcoming the surface force. From this analysis,D-1

in eq 13 can be omitted and this results in

which can be solved analytically using cubic coefficient
substitution. The solution of eq 15 is

wheres ) -(16/3)(We/Bo)2 - (18Ca/Bo) and t ) (128/27)-
(We/Bo)3 + (24We‚Ca/Bo2) - (6/Bo). The range of the solution
must be considered based on the ratio ofWe to Bo. We/Bo
should be>0.01, because current density provides the mech-
anism of bubble formation (i.e., inertial force). For very small
We/Bo, the system is dominantly controlled by gravitational
force, which is misleading in the practical application. Figure
13 shows the resulting plot ofb versusdo under the influence
of We/Bo at V ) 0.000 369 m/s. The result indicates that the
bubble size increases asWe/Bodecreases and the critical bubble
size is∼177 µm. The critical size is determined based on the
intersection between the curves ofb versusdo andWe/Boversus
do. This is close to the value of 210µm at 200 mA/cm2 reported
by Janssen.20 In addition, Figure 13 indicates that the average
departure bubble sizes can range from 85 to 405µm at this
efflux velocity condition. The variation of bubble size at each
condition depends on the variation ofdo, which can be dependent
upon various parameters such as concentration, potential of the
electrode, wetting conditions, surface roughness, and shape and
shielding factors.20-22

3.4.3. Bubble Formation and MovementsPotential Situ-
ation in an Electrochemical Cell.The current study has shown
that, after bubbles detach from the material surface, they may
not rise per Stokes’ Law. It is important to keep in mind that
terminal velocity under that assumption is considerably accurate
if bubbles are not interfering with each other, i.e., at least∼3d
apart.17 In the proposed derivation, the volume rate of each
bubble can be approximated mathematically, and the number
of bubbles generated along the surface can be calculated by
dividing the total gas flow rate by this value. The outcome shows
that there may be 3 000-70 000 bubbles generated on the anode
surface depending on the size ofdo available on the surface.

This result supports this proposed argument. Therefore, Figure
13 (based on eq 7) can be used to obtain the rising velocity.

In a mass transfer derivation and diffusion layer theory, it is
often assumed that all bubbles are the same size.20,23However,
the distribution of bubble sizes exists under the real condition,
as shown from the current experiment and other studies.20-22

From this perspective, the use ofb32 is preferred overb10. The
current experiment has shown thatb32 is linearly proportional
to b10 and it is roughlyb32 ) 1.3b10. The range ofb32 in the
practical system can be predicted and ranges from 117 to 520
µm.

Overall, this suggests a new way or a potential of interpreting
how evolved gas bubbles affect the efficiency. First, the current
study has indicated that, at a constant gas flow rate, bubble
population density is not monodispersed in nature. The analysis
of bubble formation supports this observation by showing
different possible bubble sizes depending ondo under a constant
current density. The behavior of bubbles on electrodes alters
the availability of the anode surface area, the numbers of
generated bubbles, and the bubble rising velocity. It is suspected
that these different variations alter sizes of bubbles because of
the change in electrolyte distribution on a surface area of bubbles
under an electrochemical effect.22-25 For example, a bubble can
attach to another bubble and change an electrolyte distribution
via coalescence. Furthermore, with the assumption that a bubble
rising velocity is higher than the predicted Stokes’ velocity and
the fact that surface force is predominant in the practical system
(1.50× 10-11 e Wee 1.80× 10-9 and 1.08× 10-11 e Bo e
1.56× 10-7), it is believed that these bubbles can form a layer.
Definitely, bubbles will burst up at the free surface and cause
splashing at the interface, which is observed in the HFDA
operation. Surface tension may prevent small bubbles from
bursting at the interface freely, while large bubbles have a higher
probability of bursting and sending up jets of electrolyte droplets.
It is suspected that the existence of a bubble layer at the interface
and bubbles around the anode are the potential cause of the
efficiency drop in the system.

4. Conclusions

This mock-up study highlighted and provided characteristics
of bubbles near a reference electrode. The information was
analyzed and used to provide a similitude to a practical
application. A fundamental equation was developed to aid the
understanding of the formation of a spherical bubble by applying
Newton’s second law of motion. The key conclusions based
on this study are the following:

• The bubble size increases with liquid viscosity and
superficial velocity. The bubble distribution is not monodis-
persed. Self-similarity is seen and can be characterized by the
log-normal form of the continuous number frequency distribu-
tion.

• The liquid viscosity plays an important role in controlling
the voltage reading of the solution at the lowest gas flow rate.
As the gas flow rate increases, the bubble size increases and
starts controlling the change in voltage reading. This observation
is similar to the study reported by Puleo and co-workers15 on
the effect of bubbles on voltage from the optical backscatter
sensors. It is believed that bubbles can interrupt electrolyte paths
in the solution, altering the voltage reading of a reference
electrode.

• The analysis on bubble rising velocity reveals that the
system goes through anintermediate regionand suggests that
Stokes’ Law should be used cautiously as an assumption for

Figure 13. Assessment ofb with respect todo at efflux velocity of 0.000 37
m/s under the influence of inertial and gravitational forces.
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numerical simulation or bubble estimation via other types of
indirect measurement technique.

• The bubble size during its formation is the function of three
dimensionless groups (We, Bo, andCa) from the dimensional
analysis and the developed fundamental equation.

• The result indicates that the critical bubble size is∼177
µm after applying the electrochemistry aspect to the fundamental
equation, eq 13. This value is strikingly similar to a value
reported in the literature.20 The result further suggests that the
average departure bubble size ranges from 85 to 405µm based
on operated current density.

• From the analysis, it is suspected that there may be 3 000-
70 000 bubbles generated on the anode surface depending on
the size of initial bubbles. The current results and above analysis
can be used to explain a potential cause of the efficiency drop
within the system.

Notation

As ) specific surface area
b ) bubble diameter
b10 ) number mean diameter
b32 ) Sauter mean diameter or area-weighted mean diameter

of the bubble
bmax ) maximum bubble size
Bo ) Bond number
Ca ) Capillary number
d0 ) orifice diameter
D ) dimensionless diameter, defined asD ) b/d0

f ) Fanning friction factor
F ) drag force
f(b) ) continuous frequency distribution of bubble sizeb
f(b) ) frequency function of bubble sizeb
F(b) ) cumulative frequency of bubble sizeb
g ) gravitational constant
m′ ) mass term for the displaced fluid from the bubble
p ) pressure in the liquid at the level of the top of the orifice
pi ) static pressure of the gas stream at the exit level
Reb ) bubble Reynolds number
t ) time
U ) average linear velocity of efflux of the gas crossing the

end of the orifice
Us ) gas superficial velocity
V ) radial growth rate
Vb ) bubble rising velocity
V ) bubble volume
V* ) dimensionless drop volume, defined asV* ) V/do

3

Vh ) average-baseline-reading voltage
We) Weber number

Greek Letters

â ) dimensionless bubble diameter, defined asâ ) b/b10

âh ) dimensionless median diameter at whichFn(â) ) 0.5
φ ) dispersed-phase volume fraction
µb ) gas viscosity or bubble viscosity
µc ) liquid-phase viscosity
νc ) liquid-phase kinematic viscosity
Fb ) bubble density
Fc ) liquid-phase density
σ ) surface tension
σ0 ) standard deviation defined by eq 2
σ10 ) variance of the number mean diameter

Subscripts

n ) number
V ) volume
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