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Bubble columns are regarded as an effective containment filtration method. A large

amount of radioactive aerosol will be retained in a liquid pool and generate decay heat.

The surface tension, viscosity and other parameters of the liquid phase are affected

by increasing temperature of the liquid pool and the presence of aerosol in the pool,

which in turn affect the formation characteristics of bubbles. Another important factor

affecting bubble generation characteristics is the proportion of steam in the gas phase,

that is, the exchange of mass, and energy of gas phase. This paper will investigate the

effects of liquid temperature, aerosol and gas phase composition on bubble formation

characteristics by analyzing the variation of bubble detachment volume of the orifice in

liquid pool.

Keywords: bubble column, containment filtration method, single-hole orifice, aerosol suspension, formation

characteristics

INTRODUCTION

The Containment Filtration and Exhaust System is one important measure to guarantee the
integrity of the containment. Bubble columns are regarded as a kind of wet filtration method. The
gas in the containment is bubbled through the orifice into the bath, and the radioactive aerosol, or
inorganic salt is retained in the bath. Radioactive inorganic salts such as iodine can be reacted with
sodium thiosulfate in the liquid pool (Wen et al., 2017), and the aerosol is directly retained in the
pool by means of mass transfer sedimentation. Bubbles are the form of filtering gas into the liquid
pool, and the bubble detachment volume will directly determine the area of gas-liquid contact and
affect the efficiency of filtration during the filtering process. The bubble generation characteristics
determine the detachment volume of bubble, so the exploration of that is of great significance in
evaluation of the filtration system effect.

The bubbling of the orifice plate is a relatively complicated process, and various forces act on
the bubble during formation, including its own momentum, surface tension, drag during rising
and buoyancy (Gaddis and Vogelpohl, 1986). One of the leading factors affecting the force of the
bubble is the flow of the bubble. Most researchers (Davidson and Schueler, 1960; Davidson and
Harrison, 1963) have suggested that the decisive factors affecting the size of bubble formation are
surface tension and liquid phase density at low flow rates. At high flow rates, the flow will be the
main factor. A variety of bubble-off volume prediction models have also been given by different
researchers (Davidson and Schueler, 1960; Davidson and Harrison, 1963; Kumar and Kuloor, 1970)
which use flow as a parameter of interest, with a simple bubble volume formula:

Vb = K
QG

6/5

g3/5
(1)
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K is the empirical coefficient obtained by the experiment.
Davidson proposed two different coefficients of 1.378 (Davidson
and Schueler, 1960) and 1.138 (Davidson and Harrison, 1963),
and K= 0.976 was obtained in the experiment of Kumar (Kumar
and Kuloor, 1970). It is the ignoring of the influence of surface
tension, viscosity and orifice diameter in formula (1) that leads
to diverse empirical results in different experiments. Another
bubble diameter calculation model that combines more factors
was proposed by Gaddis (Bhuiyan et al., 2015):
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The influence of liquid phase properties on the bubble generation
characteristics has always been the focus of scholars. The
addition of inorganic or solid particles in the liquid pool
changes the liquid phase properties. For example, when the
liquid phase is a sodium thiosulfate solution, as the concentration
of the solution increases, the dimension of generated bubbles
decreases (Wen et al., 2017), and the presence of inorganic
salts also inhibits bubble fusion (Kracht and Finch, 2009). The
addition of solid particles in the liquid phase is believed to
increase the load of bubble rise and reduce the rate of rise,
and the solid particles also promote the fusion of bubbles
(Vazirizadeh et al., 2016). There have been many studies on
the nature of the addition of inorganic salts in the liquid
phase, but studies on aerosol-based solid particles have been
fewer as more have focused on the characteristics of the
bubble rise process, and there is not enough investigation
into bubble formation characteristics. Therefore, there is even
less attention paid to liquid phase temperature and gas
phase properties during bubbling. Based on this, the present
paper focuses on the effects of liquid phase addition of
aerosol particles, high temperature liquid phase, gas phase
temperature, and composition on the formation characteristics

of single bubbles.

FIGURE 1 | Schematic of experimental facility.

EXPERIMENTAL METHOD

The schematic of the test facility is shown in Figure 1. The
overall experimental circuit consists of four parts for air supply,
steam generation, tracheal transport, bubble generation and
imaging, and is also equipped with a parameter measurement,
and acquisition device. A rectangular open water tank with a size
of 300 × 200 × 700 is provided at the bottom of the bubble
generating portion of the experimental table. The facility is
designed to run at atmosphere pressure and temperature ranging
from 25 to 98◦C. The experimental gas flow rate was measured
by a mass flow meter, and the flow rate was controlled from 0.05
to 0.20 l/min.

The bubble image is captured by a high-speed camera,
and the bubble is processed by Matlab software to
extract its characteristic parameters. Pre-processing of
the captured image is required because of the large
amount of noise in the image taken directly from the
experiment. A clearer bubble profile will be obtained
after image background removal, median filtering
and binarization.

The program calculation relies on the processed image
contour to obtain the most suitable center point and symmetry
axis of the bubble, and then adopts the processing method
of the slice to cut the bubble into a plurality of small
slices in a direction perpendicular to the axis of symmetry,
each of which can be regarded as a cylinder. Under the
idea of differentiation and integration, the volume of the
entire bubble is obtained by accumulating the volume
of the cylinder. The calculation formula is as shown in
equation (3).

Vb =

n
∑

i=1

πdi
2hi

4
(3)

The result obtained is the pixel volume of the bubble in the
picture, an actual scale k will be given for each image in the
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FIGURE 2 | Effect of different TiO2 concentration on bubble

volume generation.

experimental shooting and finally volume represented by the
pixel can be converted into the actual bubble volume:

Vb
′
= k3Vb (4)

RESULTS AND DISCUSSION

Effect of Orifice Diameter, Gas Phase Flow
on Bubble Formation
The influence of orifice diameter, gas phase flow and liquid
phase properties during bubbling has been a concern. In previous
studies, it was found that the momentum of the gas phase and
other factors change with the increase of pore size and gas phase
flow, which in turn makes the size of the bubble increase (Badam
et al., 2007). In this paper, as shown in the results of the deionized
water experiment in Figure 2, the bubble increased significantly
as the orifice diameter increased from 1 to 2mm and the gas
flow rate increased from 0.05l/min to 0.2l/min. On the other
hand, for the study of liquid phase properties, the researchers
found that bubbling is not affected by liquid level changes in
the range of liquid level studied (600–2,100mm) (Jamialahmadi
et al., 2001). In this paper, the aerosol in the liquid phase as well
as the liquid phase and gas phase temperatures were taken as the
research object. And to ensure the proper experimental variables,
diameters of 1mm for the orifice plate and of 700mm for the
liquid level were uniformly used in the study.

Effect of Aerosol Particles on Bubble
Formation
Polydisperse aerosol particles TiO2 with a median particle size
of 300 nm were chosen in this experiment. To ensure the
visibility of the experimental suspension, two concentrations of
0.004 g/l and 0.008 g/l were selected for the experiment. The
variation of bubble detachment volume with flow rate in different
concentrations of TiO2 suspension at 25◦C is shown in Figure 2.
As a result, the addition of TiO2 particles in the liquid causes
a larger detachment volume of the bubbles compared to the

FIGURE 3 | Effect of gas and liquid temperature on bubble generation volume.

(A) Effect of liquid temperature. (B) Effect of gas temperature.

deionized water, and the size increases as the concentration of
the TiO2 particles increases. Nanofluids such as TiO2 have been
found in previous studies to increase surface tension (Bhuiyan
et al., 2015). Therefore, the surface tension was measured by the
platinum plate method in the experiment, and the surface tension
of the TiO2 suspension of 0.008 g/l at 25◦C (72.2 mN/m) was
slightly larger than that of the deionized water (71.9 mN/m).
When the bubble is detached and the force is balanced, the
surface tension is the resistance, which is directly affected by
the liquid phase property when the bubble contact angle is zero
(Gaddis and Vogelpohl, 1986). And surface tension will affect the
buoyancy and detachment size of the bubble when other external
conditions such as flow rate are constant.

Effect of Gas-Liquid Phase Temperature on
Bubble Formation
The water tank and the vent pipe were insulated in the
experiment to maintain the temperature of the gas phase,
as shown in Figure 3, the bubble size at different liquid
temperatures when the gas was 25◦C and flow rate was 0.2
l/min. The results show that the bubble size increases after the
liquid temperature rises, and its increase is more severe as the
temperature approaches saturation.

The nature of the bubble must be affected by the nature of the
liquid or gas phase. On the one hand, in the research and analysis
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of the changes in liquid phase properties, previous researchers
have shown that the increasing of liquid temperature will greatly
decrease the surface tension at the gas-liquid interface, which
in turn will reduce the size of the bubble. However, it can be
seen from the experimental results that the high-temperature
liquid phase increases the size of the bubble. Therefore, it is
suggested that most scholars only pay attention to the change
in liquid phase properties but ignore gas phase. If the gas phase
expands or the liquid phase evaporates into the gas phase during
bubble generation, the result can be explained. Among them,
the expansion will be derived from the temperature difference
between the gas and the liquid, so the effect on the gas phase
temperature was verified in the experiment. The bubble volume
comparison at different gas phase temperatures at a flow rate of
0.2 l/min and a liquid temperature of 60◦C is shown in Figure 3B.
It can be seen from the figure that the bubble generation size does
not change significantly under different gas-liquid temperature
differences. Therefore, it is considered that the gas phase does
not undergo a significant expansion phenomenon, and it is
judged that the increase in the bubble size is derived from the
evaporation of the liquid phase.

Effect of Gas Phase Composition on
Bubble Formation
Since the gas source for bubbling in the experiment comes from
the gas storage tank and the boiler, respectively, the bubbling
characteristics when the gas phase in the untreated air or the
steam-containing air can be analyzed in the experiment. As

FIGURE 4 | Shows the comparison of bubbles in different gas phase

components. (A) 95◦C liquid phase, untreated air. (B) 95◦C liquid phase

wet-saturated air. (C) 25◦C liquid phase, untreated air.

shown in Figures 4A,B, bubbles are generated with the same
gas phase flow (0.05l/min) and liquid phase temperature (95◦C),
but the gas phase is, respectively, the air of normal humidity
(untreated air), and saturated humidity (wet-saturated air).
Obviously, the bubble volume under untreated air is significantly
larger higher when the gas phase is wet-saturated air. Figure 4C
shows that the size of the bubble does not change significantly
during the floating process, which means the effect of the
pressure change caused by the liquid phase on the bubble size
is weak. Therefore, according to the results of the comparative
experiments, the main reason must be that the evaporation of the
liquid phase exists in the bubbles of untreated air, and it is further
verified that evaporation is the main cause of the change in the
volume of the bubble by the high temperature liquid phase. On
the other hand, the surface tension of the gas-liquid interface is
reduced at high temperature, thereby promoting mutual fusion
between the bubbles. When the gas phase is untreated air,
the large-sized bubbles greatly increase the probability that the
bubbles contact each other and fuse. Therefore, in the experiment
under this condition, the bubbles merge with each other from the
generation to the rise tomake a larger one as shown in Figure 4A.

Figure 4B shows the shape of the bubble when eliminating
the influence of liquid phase evaporation and the effect of liquid

FIGURE 5 | Experimental acquisition of bubble volume values compared with

existing calculation models. (A) 25◦C liquid temperature. (B) 60◦C

liquid temperature.
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FIGURE 6 | Fitting experimental results with model calculation results under different working conditions. (A) Deionized water, liquid phase temperature 25◦C.

(B) Deionized water, liquid phase temperature 60◦C. (C) 0.008g/l TiO2, liquid phase temperature 25◦C.

phase evaporation is eliminated, and Figure 4C shows the form
case of the liquid phase for low temperature bubbles formedwhen
the liquid phase is cold. It can be seen from the comparison
that the difference in the morphology of the bubble formed
under these two conditions is not obvious. Therefore, it can be
considered that the influence of the liquid phase temperature
rise is mainly manifested by the evaporation of the liquid
phase. When the influence of the liquid phase evaporation is
removed, the influence of the liquid phase temperature change
is relatively weak.

Establishment of Bubble Generation
Volume Model
Some prediction models for the volume of orifice bubbling
are given in the preface, and the results obtained in this
experiment are compared with the existing formula model, as
shown in Figure 5.

In themodel comparison, the experimental values at the liquid

temperature of 25◦C are better fitted with somemodels, but when
the temperature is higher, the results have a larger deviation
since the model does not consider the evaporation factor of the
liquid phase.

In view of the result fitting, the calculation formula of
Gaddis and Vogelpohl (1986) with better degree of fitting is

selected for correction. Inspired by the experimental results of the

introduction of steam-containing gas phase, the flow of untreated
air can be converted into a wet-saturated gas flow equivalent

to the air partial flow through the gas state equation, taking

into account the liquid phase portion of the evaporation. The
modified model can be obtained by substituting the converted

flow value into the original model:
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Where Q, T, and P are the flow rate, temperature and pressure
of untreated air, Q′, T′, and P′ are the flow rate, temperature
and pressure of wet-saturated air at the same temperature, and
do is the diameter of the orifice. Equation 6 is obtained by
the cubic equation of the bubble size after forcing analysis by
Gaddis, and each set of variables in the formula represents a set
of coefficients.

The experimental results of different working conditions
were fitted with the corrected bubble volume calculation
model—the fitting error was within ±30%, which is shown
in Figure 6.

CONCLUSION

(1) The suspension of TiO2 particles having a particle
diameter of 300 nm has a larger surface tension,
and thus a larger-sized bubble is generated from
the orifice.

(2) Significant liquid phase evaporation occurs in the high
temperature liquid phase, increasing the bubble detachment
volume. The effect of gas phase temperature on bubble size is
not significant.

(3) A calculation model for the detachment volume of a single-
hole bubble is fitted, taking into account the factors of liquid
phase evaporation, with the condition that the gas phase
is untreated air.
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