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ARTICLE INFO ABSTRACT

Keywords: The present work aims to study the phenomena of droplet entrainment from water pool in a confined atmo-
Entrair'm‘lent ) sphere, which could be either a consequence of boiling or depressurization. Eventually, these droplets are
]S)uPeiﬁCIal gas velocity entrained by the streaming gas (superficial gas velocity) or settling down due to gravity.

TOP. ets

The number of correlations developed so far quantify the entrainment based on empirical, semi-empirical and
theoretical approaches, but they have been generally limited to a specific flow-regime in the water pool, thermal
hydraulic conditions or even to a specific geometry. In this context, the present work aims to develop an
empirical correlation to cover the flow regimes from bubbly to churn turbulent, and could be applied to a wide
range of geometries. The present correlation shows an increase until a maximum entrainment of about 2.10™%,
corresponding to superficial gas velocity of 0.05 m/s for bubbly flow regime, and then a slight decrease to
2:107°, for the transition regime corresponding superficial gas velocity of 0.1 m/s, and a sharp increase in the
churn turbulent flow regime as the gas velocity goes up to 5 m/s.

The experimental database used to develop the present empirical correlation covers a broader range of
boundary conditions, namely pressure [1 bar-15 bar], water pool thermal condition [subcooled - boiling], vessel
diameter [0.19 m- 3.2 m], pool diameter [0.1 m-1.4 m], superficial gas velocity up to 5.0 m/s Therefore, the
proposed empirical correlation aims to constitute an important tool to transfer the experimental results to reactor

Flow regimes

application.

1. Introduction

The entrainment of liquid phase by a gas phase is found in a
numerous industrial process, where mass and heat transfer intervene.
During the interaction liquid-gas, the formation of the droplets is a
common phenomenon. Taking their size into account, and the exchange
with the gas phase, they can be entrained by this latter to a specific
height above the water surface. The superficial gas velocity character-
izes the gas phase.

The superficial gas velocity is calculated from the volume flow rate of
the gas coming from the pool surface of a certain cross section area.
Therefore, for different superficial gas velocities comes different flow
regimes in the water pool. At low superficial gas velocities, the regime is
attributed to a bubbly flow, where bubble are defined in shapes and size.
This flow regime is composed of two flow regimes, a homogeneous flow
regime where bubble could be assumed to be uniform in size, and het-
erogeneous flow regime where bubble follow a size distribution (Shah
et al.,, 1982). At high superficial gas velocities, where the irregular
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shapeless bubble are formed, the regime is attributed to churn turbulent
flow. As a function of the flow regimes, the droplet generation mecha-
nism differs from bubble burst to detachment from liquid ligaments due
to momentum exchange between gas-liquid (Fig. I-1). The present study
concerns the release of these droplets, or so-called droplet entrainment
from water pool covering both bubbly flow and churn turbulent flow
regimes.

The phenomenon of entrainment is found in industrial processes as
well as in natural phenomena, viz. from geophysics (release of salt from
the surface of the sea), water treatment (desalination) to nuclear ap-
plications (release of aerosol from water pool).

In natural phenomena, the entrainment is responsible for the liquid
side mass transfer at the surface of the sea. Sea spray, which is the
amount of droplets generated either from bubble burst or roll wave or by
splashing containing salts and bacteria from the sea surface (Blanchard,
1989; Spiel, 1998a; Spiel, 1998b) are entrained by the wind and could be
problematic for human health as it could affect the climate. The released
aerosol might form large clouds that could affect the air quality as well
as reflecting the sun light. The weather in coastal region is mainly
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Nomenclature

Acronyms

ALPHA Assessment of Loads and Performance of Containment in a
Hypothetical Accident

BWR Boiling water reactor

CFD Computational Fluid Dynamics

LOCA Loss of Cooling Accident

PWR Pressurized Water Reactor

REST REsuspension Source Term

REVENT REentraiment by VENTing

THAI Thermal-hydraulic Hydrogen Aerosol Iodine

Nomenclature

A Vessel cross section[m?|

a Capillary length[m]

a Correlation constant equation

Cx Constant of Kruzhilin correlation.

b’ Correlation constant

dy Bubble diameter|m]

dp crie Critical bubble diameter|m]

Dy Vessel diameter[m]

dar Droplet diameter|m]

Dp Diameter of Pool[m]

Eg, Liquid entrainment| —]

f(@ Bubble size distribution

F(dgrcrie) Fraction of ejected droplets less thandgy crie

f Correlation constant equation (9) Chapter 2

g Acceleration due to gravity[m.s—2]

h Height above the water surface in the case of bubbling[m]

Rfiim Bubble film thickness[m]

Jjg Superficial gas velocity[m.s™!]

i Transition gas velocity[m.s~!]

j Correlation constant equation

ki, withi = 1---5, Correlation constant of Cosandey’s correlation

Ny Number of jet droplets produced by a single bubble

P; Pressure inside the bubble[bar]

P, Pressure of the surrounding|bar]

Ro Radius of the bubblem]

St Acceleration inside the bubble due to centripetal
force[m.s 2|

t Timels]

2 Droplet terminal velocity[m.s™!]

Var Total volume of liquid droplet per volume bubbleVy[m®

Vyr Droplets volume flow rate[m®.s7!]

Vi Bubble volume[m®|

Vie The roll film velocity (Taylor — Culick velocity)[m/s]

Dimensionless groups

Bo=D" = ng» Dimensionless vessel diameter also is the Bond

number
2 Jg
Fo = % =3 Froude number

g
h" =h., /%" Dimensionless height above the water surface

1/4

N,, = ——%*— Dimensionless viscosity
Pgr\/5ap
Ra Rayleigh number
2
We = ETW’ Dimensionless viscosity
Greek symbols
Hy Gas viscosity[N.s.m 2]
U Liquid viscosity[N.s.m 2
g Gas density[kg.m 3]
/), Liquid density[kg.m 3]
Ap = p;—p, Density difference[kg.m~3]
c Surface tension[N.m™!]
7i Current correlation constants

determined by quantifying the amount of airborne aerosols. In the sector
of water treatment, in order to separate solid from liquid phase, desa-
lination plants use evaporator. The process is to entrain droplet by
injecting steam. As the bubbles rise to reach the surface, they burst to
generate small droplets that are partly entrained in the distillate
(Cosandey, 1999). In horizontal and vertical separators in gathering
centres, to separate phases (gas, oil and liquid), a mixture of gas-water-
oil or gas-oil is feed into a static vessel. The inflow causes agitation of the
interface by entraining gas into the mixture of oil-liquid in form of
bubbles. This latter rise on the surface and burst producing droplets.
Therefore, for phase separation, gas is exhausted by a vent at the top of
the vessel, carrying liquid droplet with it. One of the principles of sep-
aration is coalescence. Coalescing is related to the agitation process.
During coalescence, water droplets come together to form larger drops.
In vane type mist eliminators, droplets are removed from the vapour
stream through inertial impaction. The wet gas is forced to change di-
rection causing mists droplets to strike the vanes and coalesce with other
droplets eventually falling. However, some of the droplets escape
without coalescing. Therefore, the amount of droplet needs to be
quantified in order to measure the purity of the gas (Viles, 1993;
Kharoua et al., 2013; Wurster et al., 2015).

In nuclear engineering, the Steam Generator Tube Rupture (SGTR)
events may occur during an accident in Pressurized Water Reactor
(PWR). The steam generator tube might experience degradations that
cause leakage or rupture (Dehbi et al., 2016) (Fig. I-2, left). Water from
the primary circuit passes in the secondary circuit by large quantities

transporting fission products along. The steam generator is rapidly filled
with water, and droplets might be released due to boiling from the pool
to the environment through vents. Therefore, the quantification of these
droplet is necessary from the design point of view.

In case of a severe accident in Boiling Water Reactor BWR, after the
core damage, a mixture of steam/non-condensable gases and fission
products (FPs) is transported via pipe into large pressure suppression
pools (Fig. I-2, right). A fraction of the FPs while passing through a water
pool will become trapped in the water pool and some of them will be re-
entrained into gas atmosphere above water pool by the streaming gas
due to the continuous heat release or boiling. The consequence of the gas
release into the containment building atmosphere, also caused by
release of Hy and CO from MCCI, could jeopardize the containment
integrity. Therefore, the building is depressurized using vents placed at a
certain height above the water pool. The depressurization may induce
boiling, and the rate of depressurization defines the hydrodynamic of
the pool. High depressurization rates cause large agitation in water pool
by producing large bubble (Kudo et al., 1994), whereas low depressur-
ization rates produces small bubbles by agitates relatively smaller depth
below the water surface (Freitag and Schmidt, 2017). In either case, the
release of droplet from water pool as a function of the flow regime is
inevitable. These droplets re-entrain contaminants (such as radioactivity
carrying aerosol) and might contribute to their release to the environ-
ment in case of a containment breach or uncontrolled leakage.

The assessment of the entrainment phenomena is conducted by nu-
merical simulation. Computational Fluid Dynamic (CFD) and Lumped
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Parameter (LP) codes are used for this purpose. CFD simulations require
computational resources to simulate small droplets in the micron range
and provide as well results on the characteristics of the droplets
including their size and velocity distributions at different height above
the water pool, in addition to their concentration. Nonetheless, this
amount of information is time consuming to acquire. Whilst LP codes are
characterized by short time execution and providing results in a couple
of minutes due to their empirical aspect. LP code are popular in simu-
lating severe accidents scenarios in power plants.

Entrainment models found in literature have limited range of
applicability in terms of the flow regime (high superficial gas velocity)
and/or geometry. At the current knowledge, there is no model that
englobes the full range of the boundary conditions (superficial gas ve-
locity and geometry).

A prior understanding of the dynamics of the bubble is imperative,
such as the effect of thermal hydraulics, physical properties of the liquid,
bubble behavior at the surface of the pool before and after the burst for
simple cases such as the study of a single bubble to quantify the
entrainment. Then, the information on the single bubble could be
translated to bubble swarm by analyzing the behavior of the bubbles at
the water surface under low (Giinther et al., 2003)and high gas flow
rates. The main objective of this paper is to quantify the entrainment as a
function of the hydrodynamics of the pool (flow regimes) for different
scenarios that implies different geometries by one correlation.

2. Previous works

The droplets generated by a bubble break-up in the form of film or jet
drops contribute to the entrainment taking into account the bubble size
and flow regimes, hence interaction between bubbles.

Such droplets might be entrained by the streaming gas to different
heights above the water pool. Kataoka and Ishii (Kataoka and Mamoru,
1983), subdivided these heights into three regions: 1) near the surface
where the entrained droplets consist of all sizes, 2) the momentum
controlled region which is considered as a transition region where
droplets are either carried over or fall back, and 3) the deposition
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controlled region where droplets are small enough to be carried over and
suspended, unless deposited onto wall. Fig. II-1 illustrate these three
regions. Some authors conducted experiment to quantify the entrain-
ment of droplet in the momentum controlled regions (Kim and No, 2003;
Lebel et al., 2020; Garner et al., 1954), and others conducted experiment
to measure the entrainment in the deposition controlled region (Freitag
and Schmidt, 2017; Cosandey, 1999; Miiller and von Rohr, 1997). The
near surface region is a challenging zone to measure the entrainment
due to high water surface agitation due to multiple bubble burst.
However, since the entrainment consists of all droplet at the near surface
region, Kataoka and Ishii (Kataoka and Mamoru, 1983), stated that the
droplets mass flux is 4 times larger than the gas mass flux. This value is
validated by previous authors as well (Bagul et al., 2019; Kim and No,
2003).

At low gas flow rates, the bubble range from spherical over elliptic to
spherical cap (Clift et al., 1978). By reaching the surface, and due to
hydrodynamics instabilities, the bubble disintegrates into droplets. This
instability could be achieved by analysing the bond number through the
critical bubble size.

Surface tension produces the centripetal force on the bubble lamellae
sitting on the water surface. It is counteracted by the bubbles’ internal
overpressure. The bursting process is initiated by local thinning of the
lamellae (which is more likely occur at the bubble foot) and hydrody-
namic instability (Rayleigh-Taylor instability). Two families of drops
are generated from the burst; film droplets produced from the bubble
cap, and jet droplets, which are eventual consequence of film drops. The
jet droplets are produced from the agitation of the water liquid inside
the bubble after the burst, caused by the bubble pressure, and the
drained film cap into the water bulk.

The mechanisms of droplet generation (c, d and e of Fig. I-1) are
mostly encountered in pools. In a vessel filled with water, the bubbles
are produced either by boiling due to continuous heat release or
depressurization. The swell level of the pool surface depends on the gas
injection patterns and pool dimensions.

Water droplets generated from the bursting bubbles at the water pool
surface are ejected with different sizes and velocities in a parabolic

®)
04 S o,
Ny WAVE UNDERCUT
- rrrres TIFTT L E L
(d
)
L[]

BUBBLE BURST

77 FPIPP?7777 TITT7I7r777 FTFITFTF 7T T I 77T 7T TP T7adaysy

(©)

O

T POOL
v INTERFACE
9

Fig. I-1. Droplets generation mechanisms (de Santiago and Marvillet, 1991; Kataoka and Mamoru, 1983).
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Fig. 1.2. Accident scenario in PWR (left), accident scenario in BWR (right) (Herranz, 2017).

Deposition
controlled region

Height above
water surface %

Momentum
controlled region

Near surface
region

Gas mass flux

Fig. II-1. Entrainment of droplet at different regions above the water pool
(adapted from (de Santiago, 1991)).

movement like a projectile. Spiel (1998a) and Spiel (1998b) investigated
the angle of ejection of film droplets burst at the center, and found that
the angles do not depend on the bubble size. Against the gas velocity, the
droplets might settle down, or be carried over by the streaming gas to
eventually stay airborne at specific heights. In Stokes flow regime, the
terminal velocity, which is the maximum velocity reached by the droplet
as it falls back in the vertical direction, of the droplets larger than the
superficial gas velocity results in settling down. With terminal velocity
smaller than the superficial gas velocity, the droplets continue to rise to
the top vessel to stay volatile unless they deposit onto vessel structure or
walls.

The entrainment showed a strong dependency on the superficial gas
velocity and the height above the water surface (Kataoka and Mamoru,
1983) (Eq. (II-1)). At low superficial gas velocity, the entrainment
consist of fine droplets. The fraction of these droplets and their size in-
crease as the superficial gas velocity increase further. This could be
summarized as shown in Table II-2:

The parameter in Table II-1 indicate the exponent of the superficial
gas velocity for different flow regimes. The distance above the water
pool has an opposite effect on entrainment comparing the superficial gas
velocity. The entrainment is maximum near the surface and decreases as
the distance above the pool surface increases due to turbulent diffusion.

There have been attempts to predict the entrainment theoretically by
adopting statistical methods (Zenz and Weil, 1958; Andrews, 1960),
however, some quantities such as droplets size and velocity distribution

Table II-2
Superficial gas velocity exponent with respect to zone above the water pool
(Sterman et al., 1957).

Zone I (near II (momentum 111
surface) controlled) (deposition)
n 0-1 3-4 7 - 20
Condition for water Ve > Jg ve < Jg Ve <Jg
droplet volatility
Table II-2
Summary of previous analytical works.
Authors D, (m) D, (m) System Pressure Sup. gas
(bar) velocity (m/
s)
(Kruzhilin, 1951) <0.3 <0.3 Steam — 17 to 185 -
water
Air -
water
(Panasenko and 0.238 0.238 Steam — 17 to 185 0.075 to
Antonov, water 0.56
1959) Air -
water
(Sterman, 1958) 0.238 0.238 Steam — 17 to 185 0.27 to 0.56
water
Air —
water
(Rozen et al., <0.3 <0.3 Steam — - -
1970) water
Air —
water
(Kataoka and <0.3 <0.3 Steam — 1to 185 0.5to0 2.0
Mamoru, water
1983) Air -
water
(Cosandey, 1.5 0.6 Steam — 2t06 0 to 0.0044
1999) water
Air -
water
(Dapper, 2009) 3.2 1.4 Steam — 2 0 to 0.05
water
Air —
water

was unavailable at that period of time. Even though, such quantities are
extremely difficult to measure due to the size of droplet and their
interactions.

Nevertheless, there are a fair amount of empirical correlation to
predict the entrainment (Kruzhilin, 1951; Sterman et al., 1958; Golub,
1970; Panasenko and Antonov, 1959; Reeks et al., 1988).

Kruzhilin (1951)) adopted a semi-empirical method to determine the
entrainment, assuming that the contribution of the film droplets
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produced by the disintegration of the bubble cap is neglected. The
droplets that contribute to the entrainment are those carried away by
sufficient gas kinetic energy, and interaction between droplets is
neglected. The amount of entrained droplets depends upon the kinetic
energy of the gas and physical properties of the liquid. Based on a
dimensional analysis, Kruzhilin (Kruzhilin, 1951) obtained the
following:

4
Efg = CK% \/p——g (1.2)
o8 VP

Ck is determined experimentally.

The effect of height is not considered in the formulation of Kruzhilin
(1951), thus, his model is suitable to calculate the entrainment near the
water surface. The correlation of Kruzhilin is limited, for the reason that
the entrainment depends only of jet drops. Moreover, the superficial gas
velocity in Eq. (II-2) is power 4, which means at such superficial gas
velocity, the only droplet that can be generated are from the liquid
ligaments. Thus, neglecting the film droplets in Kruzhilin’s assumptions
is consistent with Eq. (II-2). Moreover, the omission of the droplets
interaction might also have a noticeable impact on entrainment, since
the outcome of such interactions might be coalescence or breakup. The
void fraction increase with increasing gas velocity, therefore formation
of large bubbles.

Panasenko and Antonov (Panasenko and Antonov, 1959), later on,
decided that the formulation of Kruzhilin (Kruzhilin, 1951) needed to be
evaluated and adapt it to their considerations. This implies introducing
the height of the vapour space above the water surface.

048 18:1.96

(Pe8) "1

o ¥ —222 L8
Ep =1.96%10 2% (p,g) Co1 25118

1.3)

Eq. (II-3) was correlated with experimental data of Sterman et al.
(1957), Sterman et al. (1958) and Styrikovich et al. (1955).

Sterman (1958) studied the effect of pressure on pool entrainment
based on dimensional analysis in churn turbulent flow regime for
pressure up to 185 bar. The Eq. (1I-4) is based on previous experiments
(Sterman et al., 1957; Styrikovich et al., 1955; Sterman et al., 1958;
Sterman, 1952; Kolokoltzev, 1952).

1.38
< !f ) (a) 0.92
gh n
=6,1.10—t——— (I1.3)

c 0.5
= (35) -

The parameter h in Egs. (II-3) and (II-4) is the height above the water
surface. This height decreases with increasing gas flow rate.

Rozen et al. (1970) considered a normal law to describe the droplet
size distribution, and analyse the entrainment from the forces acting on
a single droplet; weight, buoyancy and drag. Then, he validated the
model against experimental data to find the following relationship (Eq.
(11-5)):

A
Ej = [AK® + BK], |2Le023/0s (IL.5)

g
With
A= 97 011. 10—5 APO,GZSP;O.ZS6—0,375g—0,25
B = O, 753Ap1.025p;0.50—1.575g—1.25
K= ddrjg

From this equation, one might deduce that the entrainment is
decreasing with increasing height above the water pool.
Kataoka and Mamoru (1983) developed a set of correlations that
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includes three equations corresponding to three zones above the water
pool, as shown in Table II-1.

The first zone and the second zone are controlled by the momentum
of the droplets, and the third zone is controlled by the deposition.

These zones are determined by analysing the main parameters hav-
ing notable effect on entrainment: superficial gas velocity and height
above the water pool. Kataoka and Mamoru (1983) considerations on
quantifying the entrainment are different from previous work (Sterman,
1958; Panasenko and Antonov, 1959; Styrikovich et al., 1955; Kruzhilin,
1951)). Assuming that the droplets travel in a vertical direction — from
zone I to zone IIl - gives rise to another parameter affecting the
entrainment, which is the height above the water surface. This param-
eter appear in previous correlation, however it has not been addressed
explicitly. The height itself depends on the composition of the atmo-
sphere and pool’s thermal hydraulics (Cosandey, 1999).

The Kataoka and Ishii’s (Kataoka and Mamoru, 1983) correlations
for different regions above the water pool from the surface to the up-
permost part of the vessel are:

~10
For the near surface region E (h7jg) =4,84.10° (Z—’;) (11-6)

Momentum controlled region

: 15 py125 451 (Pg ) 703!

Eg(h,j,) = 2,213N'2 DY) h (A—p) (11-7)
: 63,5 3n159125 (Pe) 0!

Eg(h,j,) = 5,417.1052 " N3 D} (A—p) (11-8)

j* 720
Eg, (h,jg) o <hi) 11-9)
h

S\ N AN 70’205<W)

Egy(hje) = 7,13.107°N°; (E) e 1-10)

Egs. (1I-6) through (1I-10) was validated against data of Styrikovich
et al. (1964), Garner et al. (1954), Sterman et al. (1957); Sterman
(1958), Styrikovich et al. (1964)), Golub (1970) and Rozen et al.
(19764).

The range of validity of the Kataoka and Mamoru (1983) for super-
ficial gas velocity is jg€ [0.5-2] m/s, which correspond to churn tur-
bulent flow regime.

Cosandey (1999) and Cosandey and Von Rohr (2001) developed a
correlation to quantify the re-entrained soluble and insoluble particle
from droplets entrainment under very low gas flow rates as a conse-
quence of vessel slow depressurization from 6 bar to 2 bar, using data
from his own experiments. The correlation is based on the dimensional
Buckingham theory, which leads to a group of dimensionless numbers.
Ep = ky X3, Wb, Frks

cont™ " cont

(14 Ra)® I-11)

The parameters k;in Eq. (II-11) are determined experimentally.

Dapper (2009) developed a correlation to quantify the re-
entrainment of aerosol in a boiling pool in the deposition controlled
region. The correlation depends on the superficial gas velocity and the
bubbling pool cross section.

Var
= d ppool 1_12)
Alpzml
With the suspended droplet volume flow rate
Vy =Aj.e 1-13)

a "
dy ==/ (J) I-14)
J,? P

The table below summaries the previous developed correlations.
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The previous correlations are limited to a specific geometry and flow
regime. Correlation developed by Dapper (2009) and Cosandey (1999)
have been conducted in large vessel (simulation of BWR containment
building during late phase of a severe accident) in low gas flow rates
(bubbly flow regime). While (Kruzhilin, 1951; Panasenko and Antonov,
1959; Sterman, 1958; Rozen et al., 1970; Kataoka and Mamoru, 1983)
have been developed for smaller vessel and under high gas flow rates. At
the current knowledge, there has not been found a correlation that
covers the full range of superficial gas velocity and applicable for several
geometries for containment applications taking into account the ther-
mal-hydraulic conditions.

3. Correlation for entrainment amount

In water pool of diameter large than approximately 0.2 m, two flow
regimes could be defined as a function of superficial gas velocity; bubbly
flow regime and churn turbulent flow regime. Two flow regime could be
identified which are attributed to bubble flow regime; homogeneous
flow regime and inhomogeneous flow regime (Shah et al., 1982; Ruzicka
et al., 2001). In homogeneous flow regime, the bubble could be assume
uniform in size, while in inhomogeneous regime the bubble follow a size
distribution (typically lognormal (Berzal et al., 1996)). Some authors
refer to inhomogeneous flow regime as the transition regime (Freitag
and Schmidt, 2017), since it follows the homogeneous flow regime (also
referred as bubbly flow regime) to churn turbulent flow regime. This
terminology is adopted in this paper henceforth.

In this section, an empirical correlation to predict the entrainment
amount using data from the open literature for bubbly flow, transition
and churn turbulent flow regimes.

3.1. Bubbly flow regime

This flow regime is characterized by the formation of quasi-uniform
bubbles of typical size of 2 mm in the water pool. As they rise toward the
surface, coalescence might occur between bubbles to form bigger one
(Fig. I11-1). Bubble coalescence is not a common phenomenon in bubbly
flow regime at the surface, however it might occur occasionally.

The gas velocity to create such bubbles is 0.05 m/s (Shah et al.,
1982).

The experiments of THAI (Schmidt et al., 2015; Freitag and Schmidt,
2017; Cosandey, 1999), and REVENT (Miiller and von Rohr, 1997)
provide data for this range of superficial gas velocity. As shown in the
figure below, the entrainment increases slightly with an exponential fit
to reach a maximum value of 1.2E-04 which corresponds to a ratioj” /h"
= 3.4E-6.

The correlation for this flow regime has the following form:

J
Ep = yy.exp(y,-

) (II-1)

JO¥dy,

FN}L_

v, /
Q U jet drop

b) V4 e e
Q CD O ~— no jet

&

Fig. I1I-3. Difference in the breakup mechanism for a single (a) and multiple
(b) bubbles due to coalescence (figure adapted from (Giinther et al., 2003)).
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Fig. III-3. Entrainment correlation for Bubbly flow regime.

For superficial gas velocity values<0.05 m/s, corresponding to j*/
h*=3.4E-6 and a height from h = 3 m to h = 8 m above the water surface,
the coefficients of Eq. (II[-1) (Table I1I-1) are calculated via nonlinear
regression analysis, with the goodness of fit of R? = 0.525. The scatter of
data has an impact on the R? value, with a value 1 denoting a perfect fit
without scatter:

The entrainment in the THAI facility was measured at h = 8 m, while
Cosandey (1999) measured the entrainment at h = 3 m. At such heights,
the entrainment corresponds to the entrainment in the “deposition re-
gion” (Kataoka and Mamoru, 1983).

3.2. Transition regime

This flow regime takes place in the transition range between bubbly
flow and churn turbulent flow regime. It is also referred as the hetero-
geneous flow regime due to the formation of bubble of different sizes.
Such bubbles can reach a size of 5 mm in the water pool, and when
reaching the surface, larger bubble might be formed due to coalescence
(Shah et al., 1982; Ruzicka et al., 2001). Coalescence might also occur
inside the pool.

The data used to develop the correlation is from REST (Bunz et al.,
1992) and THAI (Freitag and Schmidt, 2017; Schmidt et al., 2015).

The entrainment decreases smoothly from 1.4e to 4 (j*/h*=3.4E-6)
to a minimum value of 2.5e-5 (j*/h*=1.9E-5) which corresponds to
superficial gas velocity of 0.1 m/s (Fig. III-3).

The correlation for this flow regime is described by a linear function
with a negative slope:
E,—y. )

fg = }'3-h«.- +74 (I11-2)

For superficial gas velocity 0.05 m/s < j; < 0.1 m/s corresponding to
a ratio 3.4E-6 < j*/h*< 1.9E-5, the coefficients of Eq. (III-2) are calcu-
lated with the goodness of fit of R? = 0.570 (Table I11-2):

Based on test data of WH-24 and literature findings (Bunt et al.,
2015), a noticeable uncertainty should be considered with respect to the
entrainment rate value at given superficial velocity. In THAI experi-
ments, this uncertainty was a factor of 2 to 5.

Table III-1
Correlation constants for bubbly flow regime.
condition 2] 72
j <0.05m/s 1.576e-5 5.353e + 5

j*/h*<3.4e—6
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Table III-2

Correlation constants for Transition regime.

condition 73 Vs

0.05 m/s < j; < 0.08 m/s —6.666E—6 4.019E-5

3.3e-6 < j*/h*< 1.9e-5

3.3. Churn turbulent flow regime

For superficial gas velocity value above 0.1 m/s, the flow regime is
attributed to churn turbulent

Unsteady flow pattern with channelling occurs in the water pool and
the main characteristics of this regime is the formation of large pockets
of gas accompanied by small bubbles. Also, this flow regime is marked
by the extreme high agitation of the surface of the pool (Shah et al.,
1982; Ruzicka et al., 2001).

The data supporting this flow regime was obtained from the open
literature, and are up to date (Lebel et al., 2020; Kim and No, 2005;
Zhang et al., 2016; Garner et al., 1954; Golub, 1970).

In Fig. I1I-4, as the entrainment ranges from 4E to 5 to approximately
10, a double logarithmic scale has to be used to cover the complete range
in this flow regime. As shown in the figure, the entrainment increases
sharply as a function of the ratio j*/h*, and the correlation follows the
trend of the data. The correlation is described by a nonlinear function
and has the following form:
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0.5 1 15 2 25 3 35 4 4.5 5 55
Model Churn Turbulent flow
0 X Lebel et al. 2020
10 +  Garner 1954 ]
Golub 1970
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o102 L
il 3
4l -
10 « i E
¥ x %7 %
///
L L
10 10 1073 102

*h

Fig. III-4. Entrainment correlation for Churn Turbulent flow regime.
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For superficial gas velocity above 0.1 m/s corresponding to a ratio j*/
h*=2E-5, the coefficients of Eq. (III-3) are calculated with the goodness
of fit of R* = 0.874 (Table I11-3):

In Fig. III-5 the predicted and measured entrainments are compared
for the complete range of regimes. As it shows, there is a fair agreement
between the predictions and the experimental data (Lebel et al., 2020;
Kim and No, 2005; Zhang et al., 2016; Garner et al., 1954; Golub, 1970;
Bunz et al., 1992; Freitag and Schmidt, 2017; Miiller and von Rohr,
1997; Cosandey, 1999). The scatter on both sides of the y = x line can be
explained by the large standard deviation of the entrainment from
experimental data.

In conclusion, the empirical correlations obtained by Eq. (III-1)
through (III-3) allows the prediction of entrainment for bubbly flow
regime, the transition regime and churn turbulent flow regime for
heights above the water pool up to 8 m (Freitag and Schmidt, 2017).

In the next section, a discussion follows in support of the current
empirical correlation by analyzing the dynamics of the bubbles, and the
ability of such bubbles to produce droplets.

4. Discussion

In this section, the present empirical correlation is discussed as a
function of the trends against experimental data. Large amount of data
to validate the model are available as mentioned in the previous section
on entrainment of droplets for bubbly flow, transition and churn tur-
bulent flow regime.

In this work, in order to calculate the entrainment and compare
different results from previous data set, it was found that the ratio of the
dimensionless superficial gas velocity to the dimensionless height above
the water pool is the adequate independent variable that can be used to
take into account the flow regime and the geometry effect. The ratio j; /

h* could be attributed to the Froude number Fr, by doing the following
approximationAp = p,. For extremely high pressure, this approximation
cannot be held, since the fluid density increase and the gas density
increasing as the pressure increases.

The main objective of this section is to show the order of magnitude
of different results and to support the current model by physical facts.

4.1. Bubbly flow regime

Fig. III-2 shows the entrainment correlation using data of THAIL
Cosandey, and REVENT experiments for bubbly flow regime. The
entrainment varies between a minimum value of 1E—6 and a maximum
value of 1.2E—4. The range of gas velocity used by Cosandey is from
0.0008 m/s to 0.0044 m/s, whereas THAI covered the full range of gas
velocity for bubbly flow regime (from 0 to 0.05 m/s). The Cosandey’s
experiments (Cosandey, 1999) were conducted under slow depressur-
ization conditions from 6 bar to 2 bar. The bubble size measured in such
conditions was about 2 mm. Similarly, the bubble size was about 2 mm
in the REVENT experiments where a small range of superficial gas ve-
locity from 0.009 m/s to 0.01 m/s was imposed. The characteristics of
such flow regime is that the bubbles in the water pool could be assumed
to be uniformly sized (Shah et al., 1982). When reaching the surface,
these bubbles produce two families of droplets which eventually could
be entrained by the gas coming out: film droplets coming from the cap,

Table III-3

Correlation constants for Churn Turbulent flow regime.
Condition s 76
0.1 m/s < jg 1.22e +7 4.748-7.838
2E-5 < j*/h*
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Fig. III-5. Comparison of the calculated (current correlation) and measured
entrainment ((Lebel et al., 2020; Kim and No, 2005; Zhang et al., 2016; Garner
et al., 1954; Golub, 1970; Bunz et al., 1992; Miiller and von Rohr, 1997;
Cosandey, 1999)).

and jet drops coming from the crater formed after the bubble burst
(Spiel, 1998a; Spiel, 1998b). The film droplets size (order of 10 um) is
much smaller than the jet drops (order of 100 um). These two families of
droplets contributes noticeably to the entrainment (Garner et al., 1954;
Spiel, 1998a; Spiel, 1998b; Blanchard and Syzdek, 1988).

For an air-water system, the bubble size increase with increasing gas
velocity as investigated by (Jamialahmadi and Muller-Steinhagen,
1990) as shown in Fig. IV-1. The bubble size is constant for superficial
gas velocity up to approximately 4 cm/s, and then the bubble size in-
creases as the superficial gas velocity increases further. Expect the cor-
relation of Akita and Yoshida (Akita and Yoshida, 1974), it contradicts
the this trend (Fig. IV-1). The reason given by (Jamialahmadi and
Muller-Steinhagen, 1990), is that the correlation of Akita and Yoshida is
limited to single orifice spargers (Shah et al., 1982).

Fig. IV-1 allows providing a link between superficial gas velocity and
bubble size at surface However, It is necessary to know at what extent
this bubbles size — superficial gas velocity dependence should be
applied. Therefore, the effect of thermal-hydraulics, and physical
properties of the gas-fluid should be taking into account.

The pressure in the experiments used to develop the current corre-
lation for bubbly flow regime is from 2 bar to 6 bar. At this range of
pressure, the bubble size distribution is affected slightly compared to
bubbles submitted to very high pressure (Cosandey, 1999). Cosandey

25
A Kataoka et al. 1979 Air - Water
t * Koide et al. 1979
[0 Saxena et al. 1990
2 | @ Deckwer et al. 1978
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L P Akita and Yoshida correlation, 1974
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Fig. IV-1. Average bubble size as a function of Superficial gas velocity, adapted
from (Jamialahmadi and Muller-Steinhagen, 1990).
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(1999) noticed a decrease in entrainment measurement by a factor of 2
when decreasing the pressure from 6 bar to 2 bar, however this decrease
is in the range of uncertainty. Nevertheless, the effect of pressure on
bubbly size distribution is substantial at very high pressures as discussed
earlier (Lin et al., 1998). In bubbly flow regime (j, < 0.05 m/s), at
pressure up to 6 bar (Cosandey, 1999), bubbles have the ability to
produce film and jet droplets. The production of film droplets is at its
peak (Blanchard and Syzdek, 1988), however, fewer jet droplet are
produced comparing to smaller bubble size (Koch et al., 2000).

The production of droplet from film cap and the jet were also
investigated by Giinther et al. (2003) for low superficial gas velocity
similar to bubble flow condition of (Cosandey, 1999) producing bubble
of around 2.98 mm diameter, from a sparger in a 100 mm diameter pool.
The investigation mainly conducted by Giinther et al. (2003) aimed to
compare the droplets production from single bubble against multiple
bubbles (bubbly flow regime). The main outcome of their experiments
was that the number of droplets (jet and film) produced by multiple
bubbles was less than the number produced by a single rising bubble
(discrete bubbles one after another).

As it shows in Fig. IV-2, the probability of multiple bubbles case to
produce droplet is less than the probability for single bubble case.
Bubbles tend to merge at the surface of the pool to form large ones
(Giinther et al., 2003). Eventually bigger bubbles produces limited
number of droplet, and sometime having the tendency to not produce
them (Koch et al., 2000). Spiel (1998a) and Spiel (1998b) stated that the
film opening speed S;, caused by the bubble burst, decrease with
increasing bubble size as Sy = 27.exp(—d;/7.862), and that the film
thickness increase with decreasing the film opening speed (film thick-
ness could be calculated by Taylor-Culick velocity Sf = Vi =

V26 /phgym). Then, if one considers the film Weber number, Weg, =

@ with I, being the film length, and according to Spiel (1998a) and

Spiel (1998b), as the bubble size increases, the film velocity decreases
and the Weg,, decreases too. The surface tension will become substantial
and the film will find difficulties to break up, therefore the number of the
film droplets decreases.

4.2. Transition regime

Fig. III-3 presents experiments supporting the transition regime to
predict the entrainment. In the experiment of REST (Bunz et al., 1992)
the range of superficial gas velocity was from 0.05 m/s corresponding to
an entrainment of 1.4E-4 to a superficial gas velocity of 0.08 m/s cor-
responding to an entrainment of 3E-5. In the THAI experiments, , for
superficial gas velocities ranging from 0.025 m/s to 0.13 m/s, entrain-
ment values between 3E and 6 to 3E-4 are obtained whereas the
entrainment reduces towards larger superficial velocities (Schmidt et al.,
2015). Under such range of superficial gas velocities, the bubble cannot
be considered uniformly sized (Shah et al., 1982). Large bubbles up to 1
cm are formed in the water pool with tendency of coalescence to occur
(Ruzicka et al., 2001) inside the pool and at the surface to eventually
form even larger bubbles. Consequently, the presence of these large
bubbles at the surface tends to reduce the entrainment (Cosandey,
1999).

The arguments given for the bubbly flow regime is applicable for the
transition regime, since the bubble is well defined in shape and size.

In the experiments of THAI (Freitag and Schmidt, 2017) and REST
(Bunz et al., 1992), the pressure imposed was from 1 bar to 2.5 bar and
superficial gas velocity from 0.05 m/s to 0.1 m/s.

The size of the bubbles in the transition regime, tend to produce only
film droplets (Zhang et al., 2012; Koch et al., 2000). As for jet droplets,
bubbles of diameter larger than 5 mm, practically do not produce jet
droplets (Koch et al., 2000), since bubbles of this size contain low energy
comparing to smaller ones (Cosandey, 1999).

As for the droplet produced by the film, their number are reduced
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Fig. IV-2. Probability density function PDF for droplet diameter for (left) multiple bubble and (right) single bubble (Giinther et al., 2003).

with increasing bubble size after a typical size of 2.5 mm as investigated
by (Blanchard and Syzdek, 1988; Spiel, 1998a; Spiel, 1998b; Resch and
Afeti, 1992).

Moreover, (Lhuissier and Villermaux, 2012) demonstrated experi-
mentally that the maximum bubble size from which the number of film
droplets begins to decrease could be calculated by Ry 3.8a which gives a
value of around 10 mm.

Additionally, the reason behind this lack of film droplet production
might also be related to the drainage of film cap at the surface. In gen-
eral, bubbles burst occur due film thinning, but the burst occurs as well
due to instabilities. Large bubbles loses their stability before the com-
plete film drainage, eventually, very few droplet will be produced
(Lhuissier and Villermaux, 2012).

The capillary length, which is the maximum stable bubble size, could
be calculated as a function of pressure as shown in Table IV-1. The
capillary length decreases as the pressure increase as explained earlier
on the effect of pressure on bubble size. In bubbly flow regime, the
bubble size compete against the capillary length, thus, sometimes they
will have enough time to drain the film cap and entrain more droplets,
and sometimes they burst immediately due to bubble instabilities by the
formation of large bubbles because of coalescence as mentioned earlier.
In the transition regime, and as the bubble swarm reach the surface, the
tendency to form larger bubbles than the capillary length is elevated,
therefore, they lose their stability and burst quite immediately. In
addition, these large bubbles will not have the required time to drain the
film cap, resulting in entraining very few droplets.

The impurities might affect as well the film droplets production to a
very small amount. A recent work published by Wei et al. (2020)
demonstrated that the production of film droplet by large bubbles could
be reduced in the presence of insoluble aerosols due to agglomeration.
This latter showed to be relevant when increasing water temperature.
The bubble is able to produce droplets before aerosol agglomeration at
the surface, and the agglomeration occurs with increasing temperature
(Wei et al., 2020).

In transition regime, the main characteristic is the formation of large
bubbles inside the pool and at the surface by coalescence. Such bubbles
are extremely instable as they grow in size, and tend to produce less
droplet, thus, less entrainment. However, the situation changes when
the gas velocity increase further in churn turbulent flow regime, where
the information about bubble size is lost.

Table IV-1
Capillary length as a function of pressure.

Pressure (bar) 2 4 6

Capillary length (mm) 2.5 2.35 2.24

4.3. Churn turbulent flow regime

Superficial gas velocity superior to 0.1 m/s characterizes this flow
regime. Lebel et al. (2020) used high superficial gas velocity from 0.1 m/
s, which corresponds to a minimum entrainment of 1E-4 to a superficial
gas velocity of 0.4 m/s with a maximum entrainment of 1E—3. Garner
et al. (1954) obtained entrainment values from 4E to 5 to 1E-3 corre-
sponding to superficial gas velocity of 0.46 m/s to 1.4 m/s. Kim and No
(2005) measured an entrainment value of 5E-2 for superficial gas ve-
locity of 0.35 m/s, Zhang et al. (2016) recorded a minimum entrainment
of 6E-3 for j, = 0.98 m/s to a maximum value of 4 for j, = 5.41 m/s. The
values obtained by Rozen et al. (1976b) lies between the values obtained
by Zhang (Table IV-2 shows a comparison between experimental data).
An exponential increase of entrainment is indicated as a function of
superficial gas velocity. In this flow regime, the main characteristic is the
creation of large irregular pockets of gas surrounded by small bubbles in
the water pool. The droplets production mechanism is excessively
different from the bubbly flow regime and the transition regime. The
increase of superficial gas velocity in such flow regime has two conse-
quences, both of which enhance entrainment: on the one hand,
increasing superficial gas velocity creates more ligaments of water at the
surface, implying the generation of large droplets. On the other hand,
increased velocity offers the possibility to lift these larger droplets
(Kataoka and Mamoru, 1983; Cosandey, 1999). Eventually the regen-
erated droplets contribute substantially more to the entrainment than in
bubbly flow and transition regimes (See Table IV-3).

The effect of pressure on this flow regime as mentioned earlier is
substantial especially at very high pressure. The paper of Sterman et al.
(1957) could not be found to analyze effect of thermal-hydraulic in
churn turbulent flow regime. Sterman used gas velocity up to 1.2 m/s
and pressure up to 185 bar for a water steam system (appendix section of
(Yeh and Zuber, 1960)). The entrainment decreases as the pressure in-
crease in the experiment of (Sterman et al., 1957), from an entrainment
of 2e—2 corresponding to a 1 bar, to 4e-4 corresponding to a pressure of
185 bar. This is a decrease by 2 order of magnitude, and the reason could
be related the decrease in bubble to a much smaller size which

Table IV-2
Correlation’s aspect and uncertainty.
Authors Analytical ~ Empirical ~ Uncertainty
Current Correlation No Yes 2E-5 — 5E-5 For bubbly and
transition flow regime
Sterman (Sterman, Yes Yes Not available
1958)
Panasenko (Panasenko Yes Yes Not available
and Antonov, 1959)
Kataoka (Kataoka and Yes Yes Not available

Mamoru, 1983)
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Table IV-3
Comparison of set ups of entrainment experiments.
Authors H Dy(m)  h(m) D, P Jjg (m/ Epy
(m) (m) (bar)  s)

THAI 9 3.2 or 5.9to 1.4 or 2.5 0 to 8e-
Freitag 1.6 8.2 1.6 0.1 5-1.2e-
and 4
Schmidt,

2017;
Schmidt et
al, 2015

Cosandey ( 3 1.5 2 0.6 2to 0 to 2.5e-
Cosandey, 6 0.0044 5-8e-5
1999)

ALPHA ( 5.7 3.9 1.2 0.305 1to 0.04 7e-5
Kudo 15
et al.,

1994)

REVENT ( 3 1.5 2 06to 4 0.01 6.5e-
Miiller 1.5 5-1.3e-
and von 4
Rohr,

1997)

REST (Bunz 1.5 1.5 0.14 0.108 1 0.08 1.3e-
etal., 4-2e-5
1992)

(Lebel et al., 1.49 0.19 0.6 0.19 1 0.37 9e-
2020) 4-1e-3

(Zhang 2.2 0.38 0.187 0.38 1 0.98to  6Ge-
et al., to 5.41 3-10
2016) 1.53

(Kim and 2 0.3 1.9 0.3 1 0.35 4e-
No, 2005) 5-5e-2

(Garner 1.37 0.3 0.61 0.61 1 1.2 2e-
et al., 4-1.1e-
1954) 3

(Golub, 0.1 0.2 - 0.2 1 0.5 to le-1-3
1970) to 2

2.2

eventually entrained less droplets relatively to churn turbulent flow
regime.

In the experiment of (Zhang et al., 2016), the surface of the pool at
the simulated superficial gas velocity up to 5 m/s, illustrate the
enhancement of entrainment in this flow regime.

It can be seen that at such gas flow rates, the two-phase flow mixture
is very agitated and could be assimilated to a jet/fountain type flow,
which makes difficult to differentiate the overflow from entrainment.

In this flow regime, droplets are generated only by detachment. The
liquid ligaments lose the stability due the high gas momentum exchange,
which lead to the creation of droplet of multiple sizes quickly. Surface
tension forces cease to be important, thus even with the presence of
impurities in the liquid pool, it does not affect the droplet formation
process nor their stability for Newtonian liquid (Clift et al., 1978).

The weber number We, which is the suitable quantity to study the
liquid sheets dynamic stability, depends on the square of superficial gas
velocity. Thus, as the superficial gas velocity increase rapidly, the Weber
number increases exponentially. In such case, the surface tension has
practically very weak effect, and the dominant term is the inertial term.
Therefore, the liquid ligaments detached very fast as a results of mo-
mentum exchange and the formation of droplets increase with superfi-
cial gas velocity.

In churn turbulent flow regime, the overflow at the surface at some
extent is referred by some authors as “droplet flow regime” (Colomer
and Rogers, 2006), since all what could be seen are droplet detaching
from the ligament due to high gas flux. This condition could be assim-
ilated to a fluidized bed of droplet in the continuum phase (gas)
(Colomer and Rogers, 2006). In terms of aerosol release from water pool,
these droplets are easy to retain, as they are large enough to capture.
Oppositely, droplets generated in bubbly flow regime are so tiny, which
make them hard to retain (Dehbi et al., 2016).

10
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The general trend as shown in Fig. V-3 is that the entrainment in-
creases as the gas velocity increases, and decrease as the distance from
the water surface increases. This decrease is due to the diffusive trans-
port. For steady state conditions, with a given superficial gas velocity,
and considering the component above the pool surface, h, the entrain-
ment decreases exponentially as the h increases.

Fig. IV-3 represent the current correlation compared to previous
semi-empirical correlation of Sterman (1958), Panasenko and Antonov
(1959) and Kataoka and Mamoru, (1983). Sterman and Panasenko and
Antonov correlations underpredits the entrainment, while Kataoka and
Ishii correlation over predicted the entrainment in the churn turbulent
flow regime with respect to the current correlation. This might be
related to the boundary condition of experimental data used by the
previous authors to develop their correlations such as pressure which
has showed to have a great influence on bubble dynamics and bubble
geometry (Lin et al., 1998; Wilkinson and Laurent, 1990). The correla-
tions of Sterman (1958), Panasenko and Antonov (1959) were devel-
oped under pressures up to 185 bar. At such pressures the bubble column
is affected noticeably (Lin et al., 1998), reduce the bubble size until it
become stiff and does not breakup anymore. Lin et al. (1998) measured
this bubble size experimentally and is 0.5 mm diameter. These bubble
class showed to produced large amount of jet droplets (Koch et al.,
2000), and practically no film droplets (Lhuissier and Villermaux,
2012). Analytically, and assuming no droplets nor bubble interactions,
the entrainment of such droplet increase with increasing superficial gas
velocity (under pressure of 185 bar). Experimentally, these interactions
are inevitable, and the droplet production is a function of the bubble
size. Thus, the entrainment predicted by Sterman (1958), Panasenko
and Antonov (1959) have smaller slope and necessitate more superficial
gas velocity to entrain droplets. Whereas under different conditions
(pressure up to 16 bar), the present correlation under the same range of
superficial gas velocity attributed to churn turbulent flow regime, the
entrainment increase exponentially due to rapid momentum exchange
between gas and water ligament. Under churn turbulent flow regime, it
only need smaller superficial gas velocities to entrain large amount of
droplets, where Sterman and Panasenko correlations need much higher
superficial gas velocities values.

The over prediction in Kataoka and Ishii’s correlation might also be
related to the exponent in Eq. (II-9). The exponent of the ratio j*/h* is up
to 20th power. In these conditions the entrainment might be affected by
the Bernoulli effect when droplets pass through a break, as in the
experiment conducted by Kim and No (2003). Kataoka and Ishii used
data from different authors as mentioned earlier, under pressure from 1
bar to 185 bar. The over prediction could be also explained by the fact
that the distance between the swell level and the entrainment mea-
surement point is significantly small, allowing more droplet to be
entrained even for smaller superficial gas velocities comparing to the
present correlation under churn turbulent flow regime. Detailed review
on the effect of the thermal hydraulics on bubble column could be found
in (Ouallal, 2021).

The present correlation is empirical, which means its uncertainty is
obtained from the experimental data. Most of the uncertainty of
experimental data, that correspond to churn turbulent flow regime, used
to develop this correlation are not available in the open literature.
However, an uncertainty of a factor 20 5 for bubbly and transition flow
regime were obtained in the experiments of THAI (Freitag and Schmidt,
2017) (Table 1V-2).

In this section, it was shows how the entrainment of water droplet is
affected. The effect of the bubble dynamics in the pool by analysing the
flow regime and the characteristics of the bubble size and their ability to
produce droplets, either by the bubble burst in the bubble flow regime or
the transition regime or by the shear of the water ligament in the churn
turbulent flow regime was given. The effect of thermal-hydraulics such
as the pressure has a slight effect on bubble size up to 16 bar and it was
demonstrated experimentally by Cosandey (1999). In this range of
pressure, the entrainment is affected but not noticeably, since the
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Fig. IV-3. Egs. (III-1) to (III-3) as a function of ratio j*/h*).

change lies in the entrainment uncertainty. For extremely high pressure,
up to 200 bar (Lin et al., 1998; Sterman et al., 1957), the entrainment is
affected considerably since the bubble size decreasing with increasing
the pressure further. As for the temperature, when it increases, the
surface tension decrease, affecting bubble stability and their soon
breakup (Poulain et al., 2018). Interestingly, the effect of temperature
contributes in the aerosol agglomeration at the surface of the pool when
increased. This effect of agglomeration has the ability to decrease the
number of the produced droplet for bubble in the bubbly flow and
transition regimes.

Droplet produced in the churn turbulent flow regime are more easily
to retain than tiny droplet produced in bubbly flow regime (Dehbi et al.,
2016).

5. Summary

An empirical correlation for droplet entrainment and carry over from
a bubbling pool by gas have been developed using experimental data
found in the open literature and from experimental programs. The
analysis reveals that the entrainment could be evaluated in three flow
regimes. In the range of superficial gas velocity [0, 0.05] m/s, the flow
regime is attributed to bubbly flow regime; the bubbles could be
assumed uniform in size, and the entrainment increase. In the transition
regime, the range of superficial gas velocity is [0.05, 0.1] m/s, the
bubbles follow a lognormal distribution, and the entrainment decrease
slightly. When the superficial gas velocity increase further, the
entrainment increase sharply and the flow regime is referred to churn
turbulent. The correlation is a piecewise function as Eq. (V.1):

V1-exp (?’2]7>
h

s

Ly = }’3-;? + 74

. L 76
Vs w

Despite the scatter of some experimental data for low superficial gas
velocities, the comparison of Eq. (V.1) with a large number of data
showed good agreement over the range of pressure [1, 16] bar, for
containment applications. The bubble behaviour at the surface of the
pool still needs further attention for their ability to generate droplets
depending of bubble size and physical properties of the liquid phase.
This correlation could be considered as a good candidate to be

0< j, <0.05 m/s
0.05m/s < j, 0.1 m/s (V-1)

Je>0.1m/s

implemented in computer codes since it provides wide range of
applicability.
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