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A B S T R A C T   

The present paper aims to study the phenomena of droplet entrainment from water pool. This phenomena could 
be either a consequence of boiling or depressurization. In a bubble column, droplets are released at the surface of 
the pool by bursting (in bubbly flow regime) or by detachment (in churn turbulent flow regime) depending of the 
hydrodynamics inside the pool. Eventually, these droplets are entrained by the streaming gas (superficial gas 
velocity) or settling down due to gravity. 

Many experimental studies have been conducted, and several numerical simulations were performed to a 
better understanding of the phenomena of entrainment. Numerical simulation are a good tool to simulate an 
experiment due to limitations of data. To that end, CFD showed to be a good candidate to perform such a 
simulation, yet demand high computational performance and are time consuming. However, Lumped Parameter 
codes (LP) are widely used due to their simplicity and fast running, nevertheless, only provides qualitative and 
quantitative data. This paper gives a detailed review on the phenomena of entrainment covering experimental, 
analytical work. Relevant details on pool scrubbing are also provided for completeness purposes.   

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 gas phase is characterized by the 
superficial gas velocity. 

The superficial gas velocity is calculate 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 regime, where bubble are defined in shapes 
and size (Shah et al., 1982). At high superficial gas velocities, where the 
irregular shapeless bubble are formed, the regime is attributed to churn 
turbulent flow. As a function of the flow regimes, the droplet generation 
mechanism differs, from bubble burst to detachment from liquid liga
ments due to momentum exchange gas–liquid. The present study con
cerns the release of these droplets, or so called droplet entrainment from 
water pool that cover the mentioned flow regimes. 

The phenomenon of entrainment is found in industrial processes as in 

natural phenomena, from geophysics (release of salt from the surface of 
the sea), water treatment (desalination) to nuclear applications (release 
of aerosol from water pool). 

In natural phenomena, the entrainment is responsible of 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, 1998b) are entrained by the wind and could be prob
lematic 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 
determined by quantifying the amount of airborne aerosols. 

In the sector of water treatment, in order to separate solid from liquid 
phase, desalination 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. 

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, 
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carrying liquid droplet with it. One of the principle of separation is 
coalescence. Coalescing is related to the agitation process. During coa
lescence, 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 direction 
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 often occurs during PWR operation. The steam generator tube 
might experience degradations that cause leakage or rupture (Dehbi 
et al., 2016). 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 (Berzal et al., 1995) (Bagul et al., 2018b) (Qiu et al., 2015). 

In BWR severe accident, after the core damage, a mixture of steam/ 
non-condensable gases and FPs is transported via pipe into large water 
pool. Some of the FP will become trapped in the water pool and some of 
them will be re-entrained 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 H2 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 depres
surization rates cause large agitation in water pool by producing large 
bubble (Kudo et al., 1994), whereas low depressurization rates engender 
small bubbles at 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 
aerosol) and might contribute to their release to the environment. 

The assessment of the entrainment phenomena is conducted by nu
merical simulation. CFD and 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. None
theless, this amount of information are 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 simulating severe accidents scenarios in power plants. 

In the open literature, experiments conducted on entrainment in 
large pool and large vessel are limited to low superficial gas velocities 
(bubbly flow regime), and experiments conducted in small pools used 
high superficial gas velocities. In addition, entrainment models that 
could be found in literature have limited range of applicability in terms 
of the flow regime (high superficial gas velocity) and/or 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 behaviour 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 analysing the behaviour of the bubbles at 
the water surface under low and high gas flow rates. The objective of this 
review is to provide a state of the art of the phenomenon of entrainment 
including relevant experiments conducted in different facilities to 
simulate different accident scenarios in NNP and mechanistic models. 
Additionally, to demonstrate the main shortcoming of such a models. 

This review will be organized as follows: The first part deals with a 
brief description of pool scrubbing phenomena, and existing computer 
codes in the literature to analyse it. The second part includes the phe
nomena of Entrainment and the previous theoretical work. The third 

part is dedicated to Entrainment experimental work, and the last part 
summarizes and discusses the opening issue. 

2. Phenomenology of pool scrubbing and entrainment 

2.1. Pool scrubbing 

BWR and PWR severe accident scenarios involve the transportation 
of radioactive aerosols through large water pools in which particles can 
be retained. This phenomenon, known as pool scrubbing, has the po
tential to reduce the source term. The action of the gas-aerosols mixture 
passing through the water pool from a submerged pipe to the surface 
strongly depends on the inlet aerosol-gas mixture when it enters the pool 
through several vent types (downcomer, horizontal vents, quencher…). 
Condensable and non-condensable gases exhibit different behaviour 
when passing through the vent into a water pool. Gases, such as steam, 
may condense inside the vent pipe (in the case of low gas flux) in sub
cooled water pool. 

The size of the bubble formed at the inlet depends on the injection 
type and the gas flow rate. For a downcomer and low gas flow rates, a 
large bubble (a globule) is formed, detaches and breaks up into smaller 
bubbles of different sizes, which eventually rise to the pool surface. The 
time for the swarm of bubbles to rise depends on the gas flux, the gas 
composition and the vent submergence. The intensity of coalescence and 
the breakup of the bubbles depend on the gas flow rates. The bubble 
hydrodynamics plays a key role in the triggering of the physical phe
nomena for aerosol retention. For instance, assuming a single bubble is 
rising in water pool, the bubble shape depends on its size. The shear 
stress and the liquid density cause the bubbles to move in a top-to- 
bottom rotation. This bubble rotation causes centrifugal forces, which 
favour the retention of large aerosol particles from the bubble into the 
water pool (Owczarski and Burk, 1991). 

Therefore, the hydrodynamics of the pool requires the description of 
shape and motion of the gas bubbles as a function of its diameter, and 
the Reynolds number as given in Table 1 (Özdemir, 2005). 

The thermal hydraulics of the pool/gas affects particle retention. The 
heat and mass transfer to and from the gas depends on the gas compo
sition. The migration of particles from the gas bubbles into the water 
pool is a consequence of the driving forces. Pycnophoresis, which is 
driven by the density gradient, arises from respective temperature 
(thermophoresis) and pressure gradients (barodiffuion) (Brenner, 
2011). Diffusiophoresis is driven by the macroscopic concentration 
gradient of the molecular solute. 

The assessment of hydrodynamics and thermal-hydraulics of the pool 
from the injection point, in addition to experiments, is made by means of 
numerical simulation. Such phenomena need relevant computational 
resources to be conducted using CFD codes. It is essential to simulate the 
complex physical phenomena under suitable assumption for better un
derstanding. Lumped parameter codes show to be better candidate. 

Table 1 
Shape and motion of gas bubbles as a function of db and Re in a stagnant large 
water pool.  

Diameter range Reynolds number 
range 

Bubble behaviour 

db < 0.8 mm Re < 70 Spherical bubbles in rectilinear motion 
0.8 < db < 1.24 

mm 
70 < Re < 400 Spherical bubbles in rectilinear motion 

1.24 < db < 1.54 
mm 

400 < Re < 500 Oblate spheroid bubbles in rectilinear 
motion 

1.54 < db < 4.8 
mm 

500 < Re < 1100 Oblate spheroid bubbles in helicoidal 
motion 

4.8 < db < 7 mm 1100 < Re < 1600 Irregular oblate spheroid, almost 
rectilinear motion 

7 < db < 17.6 
mm 

1600 < Re < 5000 Oblate spheroid to spherical cap, almost 
rectilinear motion 

db > 17.6 mm Re > 5000 Spherical caps, rectilinear motion  
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There are several lumped parameter codes that feature models which 
emphasize bubble generation under the above-mentioned injection 
scenarios. In essence, these codes are developed to calculate the 
decontamination factor of flows which contain aerosols under different 
flow regimes (from the bubble flow regime to the turbulent flow 
regime). Some of the pool scrubbing codes are mentioned below. 

SPARC-90 (Suppression Pool Aerosol Removal Code) developed by 
the Pacific Northwest Laboratory (Owczarski and Burk, 1991), in order 
to calculate the decontamination factor for flow containing aerosols in 
the suppression pools of BWR: 

SPARC-B/98 developed by GRS Germany (Schmitz, 2000). 
BUSCA (BUbble SCrubbing Algorithm) results from the collaboration 

between AEA United Kingdom Institutions, GRS in Germany, UPM Spain 
and PSI of Switzerland (Ramsdale, 1995) as a code designed to deter
mine decontamination factors in the pool of water covering the melted 
core in severe accident conditions; 

BUSCA-PSI is the result of changes made by PSI Switzerland (Ta
bles 2 and 3) (Dehbi and Guentay, 1994). 

SUPRA (SUppression Pool Retention Analysis) was developed by 
EPRI (Electric Power Research Institute) (Wassel et al., 1985) to calcu
late the retention of aerosol particles and gaseous fission products 
passing through the water in the pool; 

ECART (Enel Code for Analysis of Radionuclide Transport) was 
developed by ENEL research (Parozzi and Paci, 2006) (now know-how 
in RSE) in order to estimate the realistic release of toxic or radioactive 
substances resulting from a severe accident. 

ART developed by the Japan Atomic Energy Research institute (Ta
bles 2 and 3) (Kajimoto et al., 1988). 

The abovementioned code give results on: the size and the shape of 
the gas–water interface until the formation of the globule, the mass, 
momentum and energy at that interface, bubble residence and rising 
time, and natural physical processes for particle retention. 

Four zones are distinguished from the injection to the water surface 
as a function of the inlet gas flux. The bubble dynamics changes with gas 
flux and injection type (from discrete bubble of the same size to a dis
tribution of bubble sizes). (Figure 29 in (Berzal et al., 1995)). 

After retention of the particle by means of natural physical processes, 
the bubble swarm might also contain particles while reaching the sur
face of the pool. 

2.2. Entrainment 

As the gas continues to discharge into the pool, the same physical 
processes perform the transportation function from the pool inside the 
bubble as shown in Fig. 1. In addition to the retention mechanisms, the 
mixing in the sump causes the agitation of retained particles. This 
agitation is caused by the rising of the bubble swarm toward the surface, 
which also acts as a pump (Owczarski and Burk, 1991). 

The particles (soluble or solid) are released from the pool to the 
containment atmosphere in the form of droplets by droplet generation 
mechanisms. 

As for droplet generation, there are several mechanisms which 
depend on the gas velocity. In the bubbly flow regime, the bubbles rise 
as a swarm, reach the surface forming a spherical cap. The time for this 
cap to burst and generate droplets depends on the bubble size and 
physical properties of the fluid (viscosity, density, surface tension) and 
the thermal–hydraulic of the pool and gas atmosphere above the water- 
surface. Poulain (Poulain et al., 2018) investigated this effect of bubble 
ageing in detail. Zhang et al. (2012) demonstrated that the bubble has a 
critical size where no jet drops are produced which means less 
entrainment. As an example, high viscous fluids exhibit clear effect on 
entrainment as the number of droplets produced by bubble-burst de
creases drastically. Ramirez (de Santiago and Marvillet, 1991), 
(Lhuissier and Villermaux, 2012) and (Poulain et al., 2018) investigated 
this effect and more in great detail. 

The aerosols are re-entrained not only by the discharged gas, but also Ta
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by depressurization of the containment that may occur either due to 
venting operations or leakages. The decrease in pressure may also 
induce boiling. The resulting flow-regimes caused by depressurization- 
induced boiling may range from bubbly to churn turbulent. Thus, the 
droplet generation mechanism is a strong function of the pressure 
reduction rate and the vent position. This phenomenon was investigated 
in the past, as reported in (Freitag and Schmidt, 2017), (Kudo et al., 

1994), (Cosandey, 1999). Fig. 2 shows different mechanisms of droplet 
generation. 

The mechanisms that could be manifested in a containment water 
pool are bubble burst (low gas velocity), shear of ligament by streaming 
gas (high gas velocity) and liquid impingement caused by splashing 
waves against containment walls or each other. Droplet generation by 
roll waves (cocurrent two-phase flow) and wave undercut (counter 

Table 3 
Thermal hydraulics of Pool Scrubbing codes.  

Codes ART BUSCA BUSCA-PSI SUPRA SPARC SPARC-B/98 ECART 

Thermohydraulics        
Models for the jet 

region 
Not 
considered 

Not considered  Steam cone model Not considered For quencher or single 
orifice injection, an 
immersed jet is 
modelled for high 
injection velocity. 

Not 
considered 

Primary bubble 
volume 

user 
specifies 

1.user specifies; 
2.Ramakrishnan et al’s 
theoretical model;3. 
EPRI’s horizontal and 
vertical vent 
correlations; 
4.SPARC’S horizontal 
vent, downcomer and 
quencher correlations 

1.user specifies; 
2.Ramakrishnan et al’s 
theoretical model;3. 
EPRI’s horizontal and 
vertical vent 
correlations; 
4.SPARC’S horizontal 
vent, downcomer and 
quencher correlations 

Surface tension and 
buoyancy balance. 
User define. 
Ramakrishnan et al 
model. 
Reynolds number at 
orifice correlation. 

SPARC’S 
horizontal vent, 
downcomer and 
quencher 
correlation 

SPARC’S horizontal 
vent, downcomer and 
quencher correlation; 

EPRI 
horizontal 
vent 
EPRI 
vertical 
vent 

Rising bubble size The same as 
primary 
bubble 

lognormal size 
distribution, average 
diameter is 0.716m 

lognormal size 
distribution, average 
diameter is 0.716m 

Leibson et al’s 
Correlation 

Single diameter 
which depends on 
the steam fraction 
in injected gas 

Superposition of two 
lognormal size 
distributions 

Equivalent 
sphere 

Bubble shape sphere 1.sphere; 
2.oblate ellipsoid; 3. 
spherical ca 

1.sphere; 
2.oblate ellipsoid; 3. 
spherical ca 

Sphere 
Oblate spheroid 
Spherical cap 

Oblate ellipsoid Oblate ellipsoid Oblate 
ellipsoid 

Velocity of rising 
bubble 

1.user 
specifies 
2.calculated 
by 
THALES 

1.correlation of the 
Five Wallis Regimes 
2.correlation for 
spherical, oblate 
ellipsoid, spherical cap 
bubble shape 
respectively 

1.correlation of the 
Five Wallis Regimes 
2.correlation for 
spherical, oblate 
ellipsoid, spherical cap 
bubble shape 
respectively 

Haberman and 
Morton data. 
Peebles and Garber, 
Haberman and 
Morton, Wallis. 

Two correlations 
based on 
Haberman et al’s 
data 

SPARC-90  

Swarm rise velocity 1.user 
specifies 
2.calculated 
by 
THALES 

1.GEC cluster model;2. 
Colder cluster model; 
3. Sjoen plume model 

1.GEC cluster model; 
2. Colder cluster 
model; 
3. Sjoen plume model 

Not available Correlation based 
on data from Paul 
et al and GE 
company 

New correlations that 
considers the 
influence of finite 
water pool size 

SPARC’s 

Temperature of 
bubble interface 

Not 
available 

Assume bubble 
interface is at pool 
temperature 

Assume bubble 
interface is at pool 
temperature 

Different from pool 
and bubble gas 
temperature, 
calculated 
additionally 

Different from pool 
and bubble gas 
temperature, 
calculated 
additionally 

Different from pool 
and bubble gas 
temperature, 
calculated 
additionally 

User defines  

Fig. 1. Pool scrubbing and re-entrainment phenomena (Gupta and Herranz, 2017).  
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current two-phase flow) occurs at infinite surfaces (such as the surface of 
the sea). This mechanism, as well, could be observed in stratified and 
annular flow regimes in pipes. 

Entrainment occurs also from molten core concrete interactions 
MCCI. Consequently, large amount of steam and non-condensable gases 
are produced. 

3. Review of modelling status 

3.1. Pool scrubbing 

Many pool scrubbing experiments have been conducted in the past, 
among them we mention the ACE experiments, the EPRI, General 
Electric Program, POSEIDON experiments, SPARTA experiments, 
UKAEA experiments, and JAERI experiments. A detailed description of 
the mentioned experimental programmes can be found in the report of 
Ramsdale et al. (1992). 

The study of pool-scrubbing phenomena necessitates detailed 
investigation of pool hydrodynamics, and aerosol removal mechanism 
from injection to near the water surface. The driving forces are the key to 
understanding the aerosol retention mechanism. In the zone where the 
primary bubbles are formed, the condensation of steam with or without 
the presence of the non-condensable gases, the inertial impaction, 
Brownian diffusion and sedimentation take place. Computer codes are 
developed to quantify the retention of aerosols by means of the 
mentioned processes. Gao et al. (2017) showed in a comparative study 
various pool scrubbing codes (ART, BUSCA, SUPRA, SPARC-90 and 
SPARC-B/98), (Table 2). The table from Gao did not cover the updated 

version of BUSCA to BUSCA-PSI which was used to simulate the 
POSEIDON pool scrubbing experiments at PSI (Dehbi et al., 1994) as 
well as the ECART code. Table 2 below summarizes the aerosol removal 
processes considered in the codes. 

When the gas is injected through the vent pipes, the Weber and the 
Bond numbers at the injection are significantly high, which means the 
globule formed at the inlet becomes unstable, loses its energy by 
breaking up, favouring another particle removal mechanism. This latter 
occurs each time when the bubble loses its energy. Then, depending on 
the size, particles could sediment or be intercepted by another bubble 
when this latter is rising. After leaving the bubble, the particles lose the 
ability to be transferred to other bubbles. Eventually, particles become 
trapped in the water pool. The breakup mechanism is considered in both 
BUSCA and SPARC codes. 

Table 3 gives a summary of thermal hydraulics of the pool (Gao et al., 
2017). BUSCA-PSI and ECART is added to it. 

The bubble hydrodynamics depend on the thermal-hydraulics of the 
pool. In subcooled condition, the air bubbles rise as a function of gas 
injection velocity, from discrete bubbles (low gas flow rates) to size 
distributed bubbles (high gas flow rates). In saturated condition, water 
evaporates into the air bubbles as they rise due to hydrostatic pressure 
decrease. This bubble expansion affects droplet generation, as large 
bubbles reaching the pool surface contribute less in entrainment 
comparing to smaller ones. 

In this frame, the IPRESCA (Gupta and Herranz, 2017) (Integration 
of Pool scrubbing Research to Enhance Source-term Calculations) proj
ect partners are conducting extensive investigation on implementing the 
removal mechanism under different flow regime, especially jet flow 

Fig. 2. Droplets generation mechanisms (de Santiago and Marvillet, 1991) (Kataoka and Mamoru, 1983).  
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regime. In addition, intensive work is being done to couple, aerosol 
removal mechanisms and bubble hydrodynamics. 

In COCOSYS 2.4v4 (Arndt et al., 2015), the churn turbulent flow 
regime is not covered. The Decontamination Factor DF is calculated 
from the aerosol depletion efficiency DEPEFF, via the following equation 
= 1

1− DEPEFF , 
The rising cluster of bubble is log-normally distributed (Eq. (1)) in 

SPARC-90 code with two parameters, mean diameter and standard de
viation in Eq. (2). SPARC-90 module implemented in COCOSYS, uses a 
correlation to calculate mean bubble rising velocity (Schmitz, 2000) as 
in Eq. (3) and Eq. (4): 

f (d) =
1

log(σs)√(2π)
exp

⎛

⎜
⎝

−
(

logdb − logdb

)2

2(logσs)
2

⎞

⎟
⎠ (1)  

db = 0.72exp
(

2.303
[
− 0.2265 + (0.0203 + 0.0313.xnc)

0.5
] )

(2)  

vb = 7.876
(σ

ρ

)0.25
, db ≤ 0.5cm (3)  

vb = 1.40713
(

7.876
(σ

ρ

)0.25
)

d0.4975
b , db > 0.5cm (4) 

For pure non-condensable or steam-non-condensable gas bubble, 
SPARC-90 and SPARC-B/98 assumed that thermal equilibrium is 
reached immediately (Moody and Nagy, 1983). This assumption does 
not conform to the realistic condition when bubbles contain a mixture of 
steam and non-condensable gases because this latter may hinder steam 
condensation (Norman et al., 2006). 

The Eq. (2) is the mean diameter for a steam-non condensable gas 
bubble. For a pure non-condensable bubble, xnc = 1, the diameter is 
0.72 cm. The presence of steam reduces this diameter due to conden
sation. For xnc = 0, this diameter is 0.59 cm. 

The bubble geometry and dynamics in the pool is a necessary in
formation to analyse the entrainment phenomenon. At low and inter
mediate superficial gas velocity that conform to bubbly flow regime, the 
bubble can still be analysed since the geometry is known (Shah et al., 
1982). In high superficial gas velocity that corresponds to churn tur
bulent flow, the bubble geometry cannot be identified. 

3.2. Entrainment of water droplets 

3.2.1. Theoretical work 
Beginning with the bubbly flow regime, the bubble shapes range 

from spherical over elliptic to spherical cap (Clift et al., 1978). As shown 
in Table 1, the bubble trajectory from the injection to the water surface 
is not a straight motion: the buoyancy force and the interaction between 
bubbles yield a zig zag motion until they reach the water surface. The 
bubbles reach the surface to form a cap, or remain spherical in shape 
depending on their sizes (Toba, 1959), (Lhuissier and Villermaux, 
2012). The capillary length indicates at which scale the gravitational 
and the surface forces are in balance (Poulain et al., 2018). It is an 
important magnitude when analysing the bubble burst at the water 
surface, however bubbles have multiple size and therefore multiple 
shape. Therefore, bubble stability is achieved by analysing the bubble 
Bond number equation (5). 

Bobub =
dbgΔρ

σ =
dbgρg

σ

(
Δρ
ρg

)

(5) 

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 and hydrodynamic instability (Rayleigh–Taylor instability). 
Two families of drops are generated from the burst; film drops or film 
droplets produced from the bubble cap, and jet drops which are eventual 

consequences of film drops. The jet drops are produced from the agita
tion of the water liquid inside the bubble after the burst, caused by the 
bubble pressure, and the drained film into the water bulk. 

The formation of the droplets in the interaction gas–liquid is a key to 
understanding mass and heat transfer between the phases (some prob
lems include a third phase (soluble or insoluble particles). 

The mechanisms of droplet generation (c, d and e of Fig. 2) are 
mostly encountered in large pools. In a vessel filled with water, the 
bubbles are produced either by boiling due to continuous heat release, 
depressurization, or by gas injection via vents. The swell level of the pool 
surface depends on the gas injection patterns and pool dimensions. 

The cumulative water droplets generated from the bursting bubbles 
at the water pool surface are ejected with different sizes and velocities in 
a parabolic movement like a projectile. Spiel (1998a), Spiel (1998b) 
investigated the angle of ejection of film droplets burst at the centre, and 
found that the angles does not depend on the bubble size. Against the gas 
velocity, the droplets might settle down, or be carried over by the gas 
stream 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 gas velocity results in them settling down. With terminal 
velocity smaller than the gas velocity, the droplets continue to rise to the 
top vessel to stay volatile. 

Sterman et al. (1957) summarize the dependence of entrainment on 
superficial gas velocity and height above the water surface for small 
values of Bond number (small pool diameter) as shown in Fig. 3 and 
Table 4. 

Zenz and Weil (1958) developed a theoretical approach to quantify 
the entrainment of solid particle by a gas phase. Yeh and Zuber (1960) 
adapt their technique to calculate the entrainment for a liquid–gas 
system through drop dynamics above the liquid surface as a function of 
the initial drop velocity ui’ and the physical properties of the liquid and 
gas. However, a number of considerations were assumed to quantify the 
entrainment numerically; 

First, the droplet sizes produced by the bubble burst or impingement 
follow a lognormal distribution, and are considered to be a number of 
bubble size classes. The physical properties of the operating system are 
constant and the initial droplet velocity is known (Davis, 1940) calcu
lated this velocity assuming movement of a projectile, and balancing 
initial droplet kinetic energy and terminal potential energy u’

i =
̅̅̅̅̅̅̅̅̅̅̅
2ghm

√
= 140cm/s). The droplets are separated by the gas stream and 

carried away if the terminal velocityvt > 0, and return back to the liquid 
surface if u’

t < 0. The droplet velocity can be calculated as a function of 

Fig. 3. Entrainment as a function of superficial gas velocity and height above 
the water surface (Sterman et al., 1957). 
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time from Eq. (6) (Zenz and Weil, 1958)(Yeh and Zuber, 1960). 

u’ = vt

(

1 − e
− 18μg t

ρld2
b

)

+ u’
i e

− 18μg t

ρld2
b (6) 

The height of rising droplets as a function of time can be calculated as 
per Eq. (7). 

h = vtt −
(
vt − u’

i

) ρld2
b

18μg

(

1 − e
− 18μgt

ρl d2
b

)

(7) 

Finally, the entrainment of the droplets carried away is calculated. 
The numerical scheme proposed by the Zenz and Weil (1958) requires 
knowledge of the number of droplets produced by a bubble size and u’

i or 
jg, which are already available from experimental works of Zhang et al. 
(2012), Koch et al. (2000) and de Santiago and Marvillet (1991). 

Yeh and Zuber (1960) modified the work of Andrews (Andrews, 
1960) on entrainment of fluidized solids to calculate the entrainment 
rate of droplets. Initially, Andrews assumed that entrained droplets need 
a sufficient amount of kinetic energy to escape. Gordon and Zuber added 
the following: a steady state must be maintained. The total energy of 
droplets remains constant. The number of particles must remain un
changed. All these assumptions match those of the kinetic theory; 
therefore, Andrews assumed that the energy distribution of droplets at 
the interface follows the Maxwell Boltzmann distribution lawfi = βe− β∊i . 

The entrainment rate of droplets (Eq. (9)) is obtained considering the 

inventory of droplets in the vessel (Eq. (8)) with kinetic energy∊i =
mu2

i
2 . 

dEfg

dt
=

− Aρlu’
i

6
fi (8)  

Efg =
1

2βmg

̅̅̅̅̅̅̅̅̅π
βmg

√ [
1 − Φ

̅̅̅̅̅̅̅̅̅̅̅
βmgh

√ ]
+

̅̅̅
h

√
e− βmgh

βmg
(9) 

The entrainment rate developed by Andrews (1960) and modified by 
Yeh and Zuber (1960) does not depend on the gas velocity, it only gives 
information about the droplets’ velocity distribution. The gas velocity 
changes the droplet size distribution, therefore, the entrainment rate as 
stated by Yeh and Zuber (1960). 

However, the formulation of Andrews (1960) is evaluated at steady 
states. It is not the case in a containment building where the pressure 
increase as a consequence of non-condensable gases release in to the 
containment atmosphere. 

Kruzhilin (1951) adopted a semi-empirical method to determine the 
entrainment, assuming that the contribution of the film droplets pro
duced 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. 
Therefore, the amount of entrained droplets depends upon the kinetic 
energy of the gas stream and physical properties of the liquid. Based on a 
dimensional analysis, Kruzhilin (1951) obtained the following: 

Efg = CK
ρgj4

g

σg

̅̅̅̅̅ρg

ρl

√

(10)  

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. This latter is large so it needs 
large gas kinetic energy to be entrained and carried over. The void 
fraction increase with increasing gas velocity, therefore, that implies the 
formation of large bubbles. It exists an upper limit for jet drop produc
tion for a critical bubble size (de Santiago and Marvillet, 1991), (Poulain 
et al., 2018), (Zhang et al., 2012). 

Panasenko and Antonov (1959), later on, decided that the formula
tion of Kruzhilin (1951) needed to be re-evaluated and adapted it to 
their considerations. First, the complexity of the problem is increased by 
cancelling assumptions made by Kruzhilin (1951), (Yeh and Zuber, 
1960). This implies introducing the height of the vapour space above the 
water surface. Kruzhilin’s (1951) correlation is suitable for the second 
region, while the Panasenko and Antonov correlation is evaluated for 
the transition point (Fig. 3). 

Efg = 1.96*107

(
ρgg
)0.48μ1.8

l j1.96
g

g0.08(ρlg)
1.03σ1.25h1.18

(11) 

Eq. (11) was correlated with experimental data of Sterman et al. 
(1957), Sterman et al. (1958) and Styrikovich et al. (1955)1. 

The height h is calculated from the volume fraction of the gas in the 
pool. However, his correlations are limited for pool diameter where the 
hydrodynamic effect and instabilities of the swell level of two phase flow 
are significant (Yeh and Zuber, 1960). 

Sterman (1958) studied the effect of pressure on pool entrainment 
based on dimensional analysis. The equation (12) is based on previous 
experiments (Sterman et al., 1957), (Styrikovich et al., 1955), (Sterman 
et al., 1958), (Sterman, 1952) and (Kolokoltzev, 1952). 

Efg = 6, 1.109

(
jg
gh

)1.38(
a
h

)0.92

(
ga3

ν2
l

)1.1(
Δρ
ρg

)1.124 ,

with a =

(
σ

gΔρ

)0.5
(12) 

The parameter h in Eqs. (11) and (12) is the height of the vapour 
space, from the water surface to the top vessel, and depends on the gas 
volume fraction. This height decreases with increasing gas flow rate. 
Sterman (1958) in his correlation adopted a formulation for gas volume 
fraction Eq. (13) which depends upon gas velocity (Sterman, 1957). 

α = 0.26

⎛

⎜
⎝

j2
g

g
̅̅̅̅̅̅

σ
gΔρ

√

⎞

⎟
⎠

0.4
( ρg

Δρ

)0.12
(13) 

Under the condition: 

Bo ≤ 260
( ρg

Δρ

)− 0.2 

For an air–water system at Sterman’s conditions (Sterman et al., 
1957) (P = 185 atm and pool diameter d = 0.255 m): Bo =

287.25 <

[

260
(

ρg
Δρ

)− 0.2
= 357.30

]

Golub (Rozen et al., 1970) considered a normal law to describe the 
droplet size distribution, and analyse the entrainment from the forces 
applied to a single droplet; weight, buoyancy and drag. Then, he vali
dated the model against experimental data to find the following rela
tionship (Eq. (14)): 

Efg =
[
A.K0,5 +B.K2,1]

̅̅̅̅̅̅
Δρ
ρg

√

e− 0,23h/DH (14) 

Table 4 
Superficial gas velocity exponent with respect to zone above the water pool 
(Sterman et al., 1957).  

Zone I (near 
surface) 

II (momentum 
controlled) 

III 
(deposition) 

n 0 → 1 3 → 4 7 → 20 
Condition for water 

droplet volatility 
vt > jg  vt ≤ jg  vt < jg   

1 These data are found in the Appendix of Yeh and Zuber work (Yeh and 
Zuber, 1960). 
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With A = 9,011.10− 5Δρ0,625ρ− 0.25
g σ− 0,375g− 0,25 

B = 0, 753Δρ1,025ρ− 0.5
g σ− 1,575g− 1,25  

K = ddrjg 

Reed’s Correlation (Eq. (15)) (Westgarth, 1964) is obtained from the 
paper of Paradissiadis and Widmer (1984). 

With 

Efg =
R

1 − R

with R = 284
(

ng106

ρgΔρ

)2( jgρg

3, 23h2 + 8, 86h2 + 3, 6

) (15) 

Azbel (1981) proposed an entrainment equation based on a sto
chastic approach by assuming the flowing: the velocities of droplets and 
their size at the interface of the pool are independent, and the distri
bution of droplet velocities and their size obey a Gaussian distribution. 

Efg = E0

(
1̅̅
̅̅̅

2π
√

∫ 0

b
exp
(
− x2

2

)

dx+
∫ ∞

0
exp
(
− x2

2

)

dx
)

(16) 

With b =

̅̅̅̅̅̅
2gH

√
− V0

σ 
The first integral term refers to the entrainment near the interface 

that corresponds to a specific height H, and the second integral term 
refers to the entrained droplet far from the surface, with velocity supe
rior to the initial one at the time of the ejection. The Eq. (16) shows that 
with increasing height x, the entrainment decreases. That is consistent 
with the definition stated by Kataoka and Ishii; however, the Azbel 
model only indicates that entrainment is a function of height. 

Kataoka and Mamoru (1983) developed a mechanistic model that 
includes three equations corresponding to three zones above the water 
pool, as shown in Table 4. 

The first zone and the second zone are controlled by the momentum 
of the droplets, and the third zone is controlled by the deposition. Thus, 
from Kataoka’s perspective, the entrainment of the droplets decreases as 
the distance to the water surface increases and as the gas velocity also 
decreases. In other terms, h*≫j*implies, j*

h*→0so,Efg→0 . 
These zones are determined by analysing the main parameters hav

ing notable effect on entrainment. Kataoka and Ishii’s considerations on 
quantifying the entrainment are different from previous work (Sterman 
(1958), Panasenko and Antonov (1959), Styrikovich et al. (1955) and 
Kruzhilin (1951)). Assuming that the droplets travel in a vertical di
rection – from zone I to zone III – gives rise to another parameter 
affecting the entrainment, which is the height above the water surface. 
The height itself depends on the composition of the atmosphere and 
pool’s thermal hydraulics (Cosandey, 1999). 

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

For the near surface region Efg

(
h, jg

)
= 4,84.10− 3

(
ρg
Δρ

)− 1,0 
(17) 

Momentum controlled region 

Low gas flux Efg

(
h, jg

)
= 2,213N1.5

μg D1,25
H j*gh*− 1

(
ρg
Δρ

)− 0,31 
(18.1) 

Intermediate gas flux Efg

(
h, jg

)
= 5,417.106j3g h*− 3N1.5

μg D1.25
H

(
ρg
Δρ

)− 0,31 

(18.2) 

High gas flux Efg

(
h, jg

)
∝
(

j*g
h*

)7 20 

(18.3) 

Deposition controlled region Efg

(
h, jg

)
= 7,13.10  

− 4j*3
g N0.5

μg

( ρg

Δρ

)− 1,0
e
(

− 0, 205
(

h
DH

))

(19) 
Eqs. (17)–(19) 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. (1976b). 

Cosandey (1999), Cosandey and Von Rohr (2001) developed a cor
relation to quantify the re-entrained soluble and insoluble particle under 
very low gas flow rates as a consequence of vessel slow depressurization, 
using data from their own experiments. The correlation is based on the 
dimensional Buckingham theory, which leads to a group of dimension
less numbers. 

Efg = k1.xk2
BPWek3

contFrk4
cont(1 + Ra)k5 (20) 

The ki, with i = 1⋯5, are coefficients to be determined with exper
imental data (Table 5). 

The limitation of the Eq. (20) is discussed in detail in Section 6. 
Bagul (Bagul et al., 2018a) performed a CFD simulation to quantify 

the carryover through the exit of the steam drum using OpenFoam 
v2.3.1. Lagrangian method was used to track the droplet trajectories in 
the Eulerian phase (gas). The waving of the swell level (two-phase flow 
level) is expensive to simulate numerically, so for this reason Bagul 
simulated only the gas space above the water pool (Eulerian phase 
which is the distance between the swell level and the drum exit). The 
droplets were injected as discrete Lagrangian phase at different mass 
flow rates at the inlet. As the droplets are the main concern, the mesh 
was refined in the outlet zone and at the exit of the drum. It was found 
that, CFD simulation with high flow rates agrees with experimental data 
and Kataoka’s model for low swell levels of up to 1.75 m. Beyond 1.8 m, 
Kataoka’s model is valid for the range of superficial gas velocity as 
shown in Fig. 4. The results are far from being in agreement with CFD 
data, and that is due to the unrealistic conditions adopted during the 
simulation regarding the fixed swell level used instead of the oscillated 
one (realistic). In addition, the disagreement is due to the deposition of 
the droplet into the wall at the exit of the drum. 

Bagul et al. (2019) performed another numerical simulation of the 
carryover and the droplet motion above the water surface for various 
heights. A 1D code was used which adopts several assumptions applied 
to the droplets ejected from the water surface. These assumptions match 
those of the Stokes flow regime. The droplets are perfect rigid spheres so 
the volume could be calculated easily. Also it is a 1D code, which means 
the ejected droplets have one direction in which to travel: from normal 
to water surface (droplets coalescence is not considered – because the 
superimposition of droplets will result in returning them to the water 
pool – and nor is the evaporation of droplets considered (Kataoka, and 
Ishii also adopted the same assumption)). Droplets have the same size, 
and the gas has constant velocity. 

Bagul’s data agree well with the correlation of Sterman (1958) and 
Kataoka and Mamoru (1983). The distance between the swell level and 
the drum exit is too small (0.2 m), and this corresponds to two zones 
(zone I and zone II in Table 4, which means the data agree with 
Kataoka’s near surface entrainment equation (Eq. 17) and momentum 
controlled region equation (Eq. (19)). As shown in Fig. 5, the entrain
ment consists of all droplets (Kataoka and Mamoru, 1983). The move
ment of the droplets is accelerated passing the exit of the drum. 
Kruzhilin’s correlation (Kruzhilin, 1951) does not depend on the height 
above the pool, and corresponds to zone I (Table 4). Therefore, it would 
agree with Bagul’s experimental and numerical data. The correlations 
developed by Kruzhilin (1951) did not quantify the entrainment for a 
specific zone. Therefore, from Bagul’s experimental data (Bagul et al., 
2018a), it could be concluded that Eq. (10) is suitable for entrainment 

Table 5 
Coefficient ki of the Eq. (5) to predict the entrainment for soluble and solid 
particles.   

k1  k2  k3  k4  k5  

Soluble fission 
product 

2.954.10- 

9 
0.3636 1.1968 − 1.3057 − 0.0216 

Solid fission product 0.095 0 − 0.0997 0.0153 0.006  
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near the surface region. 
Lu and Xie (2017a), Lu and Xie (2017b) investigated numerically the 

phenomena of the water carry-over based on Kim’s experiments (Kim 
and No, 2005a, 2005b) with an emphasis on the effect of the exit using 
an upward and a side exits. The performed simulation shows that a VOF 
model implemented in Ansys 16.0 Fluent showed effectiveness in 
simulating the pool entrainment, relative to Kim’s experiments. 

The mesh used in Lu and Xie simulation was limited in terms of the 
number of elements. The entrainment of water consisted of all droplet 
sizes – from those measured in microns to mm– and the elements have to 
be small enough to track such tiny droplets, (the element has to be one 
order of magnitude smaller than the droplet). Therefore, Lu (Lu and Xie, 
2017b) in his work, did not consider small elements in the range of 
microns, since such simulation demands high computational perfor
mance as well as being time consuming. Therefore, the contribution of 
tiny droplets to the entrainment is neglected; however, it is not the case 
for different geometry where the height above the water pool is signif
icant. Obviously this statement is applicable to such geometries as 
investigated by Kim and No (2005a), Kim and No (2005b) where 

entrained water is dragged through the exit, the velocity is significant 
(Bernoulli’s effect). Therefore tiny droplets contribute less to the 
entrainment in that case, meaning that some of them will be deposited 
onto the wall exit, and that some of them will be added to the entrained 
water. Lu and Xie (2017b) assumed this could be neglected and reduce 
the number of elements to speed up the simulation. Kim and No (2003) 
used a cylindrical vessel in his experiments, while Lu and Xie (2017b) 
used a rectangular vessel in order to increase mesh quality. 

The carry over using a side-exit is greater that the carry over calcu
lated by the upward-exit (Fig. 6). 

On one hand, for an upward exit, the water might accumulate at the 
exit, therefore due to gravity, it returns to the surface. On the other 
hand, this does not occur at the side exit, thus, even if the water accu
mulates at the exit, it will be laying at the lower side of the exit, and 
eventually will be driven out due to the Bernoulli effect. This effect itself 
could entrain droplet by roll wave as shown in Fig. 2. 

4. Experimental work 

4.1. Bubble burst and droplets generation 

After rising, the bubbles sit on the surface, to eventually burst at any 
moment. Poulain et al. (2018) investigated this phenomena in detail for 
an air–water system. They examine the effect of temperature on ageing 
first, by producing discrete bubbles in a stainless steel tube from an air 
pump. They controlled the temperature (between 5◦ to 90 ◦C) by putting 
coiled tubing connected to a recirculating water heating or cooling 
pump which is wrapped around the tube. As water temperature increase 
the bubble ageing time decreases. 

Moreover, the effect of surfactants on the life time of the bubble was 
examined by Poulain et al. (2018). The diffusion of soluble surfactant 
blob of a specified size across the film of a certain thickness initiates the 
Marangoni effect, and a perturbation of that surfactant blob could 
rupture the cap if the size of the blob is twice as bigger as the cap 
thickness. The surfactant in a bubble cap of size db diffuses from one side 
of a film of thickness hf to the other side over time τdiff h2/D. 

Zhang et al. (2012) considered a dimensionless approach to studying 
the characteristics of droplets for several liquids. They developed cor
relations to predict the critical bubble size as a function of the physical 
properties of the liquid Eq. (21) and the number of produced jet drops 
(Eq. (22)). 

dcr = 100,1914σ0,5517
l ρ− 0,4830

l g− 0,5170μ− 0,0688
l (21)  

ndr = 7, 9e

(
− db

0,338dcr

)

− 0, 41 (22) 

Fig. 4. Comparison of prediction of carryover by E-L simulations, correlations 
and experimental data (Bagul et al., 2018b). 

Fig. 5. Prediction of entrainment using 1D code and comparison against (Bagul 
et al., 2019) data and (Kataoka and Mamoru, 1983) and (Sterman, 1958) 
correlations. Fig. 6. Liquid mass loss rate for side exit and upward exit.  
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From Eq. (22), the number of the jet drops depends on the bubble 
size. For significantly large bubbles, practically no jet drop is produced, 
and the only drops that can be generated from such bubbles are from the 
thin film form at the surface ndr→0 as can be seen in Fig. 7. 

As Eq. (21) shows, the critical bubble size where no jet droplet is 
produced, depends on properties of the liquids. It increases for fluids 
with low density and low viscosity. When the bubble is resting on the 
fluid surface, it is submitted to two forces: surface tension, and cen
tripetal forces, assuming no interactions with its surroundings. The 
bubble will burst under the condition (Spiel, 1998a, 1998b); 

M1S2
f

R0
> 2σ 

Therefore, the critical bubble size, in Eq. (21) increases when surface 
tension increases. This equation resulted from a dimensionless and 
regression analysis, considering a combination of the 

Froude number, the Reynolds number and the Weber number and 
plots it against the Morton number. The combination of Re, Fr and We 
were made in order to cancel the velocity term, so it eventually yields 
the critical bubble size. 

Above this size, practically no jet drop is generated as is shown in 
Fig. 7. The number of drops increases for bubbles 20% smaller than the 
critical bubble size, and this decreases exponentially. 

The experiment of Zhang et al. (2012) is relevant to quantify the 
droplet entrainment for pure and contaminated water. As demonstrated, 
high fluid viscosity, produce fewer droplets. Toba (1959) and Spiel 
(1998a), Spiel (1998b) used sea water to investigate the number of 
droplets, under T = 10 ◦C and T = 28 ◦C respectively. More droplets was 
produced under Spiel condition (Spiel, 1998a, 1998b) than Toba (1959). 
Concluding that droplets production increase with decreasing temper
ature accordingly. 

The drops generated by bubble whether from film or from jet 
contribute to the entrainment taking into account the bubble size, flow 
regimes hence interaction between bubbles. 

Such droplet might be entrained by the streaming gas to different 
location above the water pool. Kataoka and Ishii, subdivided these 
location into three regions: 1) near the surface where the entrained 
droplets consist of all sizes, 2) the momentum controlled region which is 
considered as the transition region where droplets are either carried 
over or fall back, and 3) the deposition controlled region where droplets 
are small enough to be carried over and suspended, unless deposited 
onto wall. Some authors conducted experiment to quantify the 
entrainment of droplet in the momentum controlled regions, and others 

conducted experiment to measure the entrainment in the deposition 
controlled region. The near surface region is a challenging zone to 
measure the entrainment due to high water surface agitation from 
multiple bubble burst. However, since the entrainment consists of all 
droplet at the near surface region, Kataoka and Ishii, stated that the 
droplets mass flux is 4 times larger than the gas mass flux. This value is 
validated by previous authors as well. 

Experiments on water entrainment could be conducted in large and 
small vessel. As for large vessel, it could be attributed to the containment 
building (where entrainment is measured in the deposition controlled 
region) while small vessel corresponds to scenarios such as SGTR, 
SBLOCA (where entrainment is measured in the momentum controlled 
region). 

4.2. Entrainment 

Experiments on water entrainment could be subdivided into large 
pool entrainment and small pool entrainment. As for large pool, it cor
responds to the containment building, while small pool diameter cor
responds to scenarios such as SGTR, SBLOCA. 

Kudo et al. (1994) experimentally investigated the aerosols release 
from the water surface by entrainment of water droplets from flashing 
pool in the frame of the ALPHA program in a BWR Mark 1 containment. 

The facility was a model containment vessel with 3.9 m of inner 
diameter and 5.7 m of height, and a volume of 50 m3. Inside the vessel 
was placed a 2 m deep steel water pool. For the depressurization, was 
used a discharged pipe equipped with a valve and a condensation tank 
that connect the containment vessel by the pipe. The opening or the 
breach area of the containment during the flashing was simulated by 
scaling the containment volume and the containment breach size. 

Two experiments were conducted and the differences between them 
are the water mass in the pool and the mass of dissolved sodium 
sulphate. 

Three samplings were taken, and as a result, the size distribution of 
the airborne aerosols was surprisingly bimodal for some samplings as 
shown in Fig. 8. Kudo et al. (1994) stated that the reason is not clear and 
the generated droplet mechanisms might be one of the explanations, 
which is a consequence of the rate of the depressurization and the po
sition of the vent. 

In both experiments, the superficial gas velocity was below 0.04 m/s. 
Mass entrainment from the pool at the surface measured does not agree 
with Kataoka’s model. Kataoka and Ishii assumed that the pool bubbles 
in a uniform fashion. The scenarios under which the pool could bubble 
in a uniform fashion are the flashing pool under low depressurization 
rates (which is enough to generate bubbles across the entire pool sur
face,) or a well distributed quencher in such way to make the entire pool 
bubbles. 

Kudo’s experiments show an increase of superficial gas velocity near 
the walls, and a decrease towards the centre of the pool. Therefore churn 
turbulent flow is near the walls and bubbly flow is in the centre as 
observed by Kudo. The velocity profile might be described as a para
bolic. The depressurization scenario obviously is not steady state, and 
Kataoka’s model considers a steady state data to develop his correlation. 
That explains the discrepancy between the measured entrainment and 
Kataoka’s model. 

Kim and No (2003), (Kim and No, 2005a, 2005b) conducted exper
iments on pool entrainment to simulate the depressurization system of 
Advanced Power Reactor 1400 in the case of TLOFW. The facility con
sisted of a pool and a break at the top to measure the amount of water 
droplets. Kim and No’s data were compared against previous work of 
Rozen et al. (1970), Sterman (1958) and Styrikovich et al. (1964). None 
of them agree with Kim’s experimental data, and the measured 
entrainment was much higher than the previous measured data (Fig. 9). 
The reason behind this deviation is discussed in the last section of this 
paper. 

Kim adapted the Kataoka’s model to experimental data in order to Fig. 7. Zhang’s correlation (Zhang et al., 2012) against experimental data.  
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ascertain a correlation, which depends on superficial velocity to 7th 
power, as could be seen in Eq. (23). That is due to substantial momentum 
in the top break – as shown in Fig. 10– with the entrainment in that case 
being a strong function of the ratio of the break diameter to the distance 
between the water surface and the break, along with the gas superficial 
velocity. 

Efg = 7, 706.1020j*7
g h*− 7 (23) 

Aerosol release by droplet entrainment was extended to a non- 

Newtonian fluid/gas system. The complexity of treating non- 
Newtonian fluid lies in the physical properties of the liquid, and more 
precisely, the viscosity. This latter is no longer assumed constant, but is a 
function of the shear stress. The behaviour of the fluid depends on the 
shear stress, and it has a threshold value where the non-Newtonian fluid 
behaves like a Newtonian fluid. Fritz (2006), simulated the radioactive 
wastes from the Hanford site in Washington that are stored in under
ground tanks. The clean-up strategy is to retrieve the liquid slurry waste 
from the tanks and stabilize it by glassification at a Waste Treatment 
Plant (Gephart and Lundgren, 1995). The experiment was conducted in 
a half-scaled tank filled with a waste simulant processing Bingham 
plastic rheological properties (Fig. 11) which is similar to the expected 
properties of the nuclear waste. The simulant consisted of a mixture of 
80% kaolin clay and 20% bentonite clay mixed with water. Filtered air 
was used as injected gas via 9 spargers under different flow rates. The 
entrainment was measured in three different heights above the liquid 
surface (Kataoka and Mamoru, 1983). The measured entrainment was 
compared for the bubbly flow regime with the Rozen correlation (Rozen 
et al., 1976a) and Kataoka’s model in the momentum controlled region. 
Fritz adapted the Kataoka’s model for the deposition region to the 
bubbly flow regime, by reducing the exponent of the superficial gas 
velocity from 3 to 1, as can be seen in Eq. (24). 

Efg
(
h, jg

)
= 7, 13.10− 4(0, 025)j*gN0.5

μg

( ρg

Δρ

)− 1
e
(

− 0, 205
(

h
DH

))

(24) 

As for the Rozen’s formula, the entrainment agrees with experi
mental data for the momentum controlled and deposition regions 
(Fig. 12). Rozen’s correlation is as accurate as the modified Kataoka 
equation. The lack of efficiency of the aerosol samplers resulted in a 
disagreement with the Kataoka and Ishii model for the momentum 
controlled region. However, the modified Kataoka’s model for the 
deposition controlled region under bubbly flow agrees with experi
mental data. The entrainment of droplets in non-Newtonian fluid system 
cannot be applied to high superficial gas velocity for the behaviour of 
the viscosity (the resistance to the gas motion). 

The modified Kataoka (Fritz, 2006) and Rozen et al. (1970) corre
lations and the measured entrainment show no dependence on sampling 
height above the water pool in the deposition-controlled region. It was 
also observed in previous THAI experiments (TH25), as shown in Fig. 13. 
The entrainment measured at H = 6.5 m is similar to the entrainment 
measured at H = 7.7 m. The zone is considered uniformly distributed; 
therefore, the entrainment is the same at every point in the deposition- 
controlled region for a given gas velocity value. 

Bagul et al. (2018a) simulated experimentally the AHWR heat 
transport to drums, where steam is transported and condensed in the 
scaled down, Air Water Loop AWL facility. The entrainment was 
measured near the surface, close to the drum exit. This is equivalent to 
the pool entrainment near the surface and in the momentum-controlled 
region. This is due to the swelling level of the two-phase mixture, which 
limits the gas space. The experimental results successfully validated the 
previous mechanistic models and correlations of entrainment for high 
swell level. This later has to be high enough to capture an important 
amount of droplets. That is conformed to Kataoka’s statement that 
entrainment at near surface consisted of all droplets, and that the mass 
flow rate of the entrained liquid is 4 times the gas flow rate. In Fig. 14, 
the measured entrainment agrees with Kataoka’s, and Sterman’s 
models. Sterman’s correlation is a non-linear function asymptotic to the 
exit of the drum, meaning that the entrainment increases infinitely. 
However, the experimental data lies between these two models. 

The experiments of Kim and No (2003) (discharge pipe 50 mm, 5 mm 
-holes injection) and Bagul et al. (2018a) (Drum exit 102.26 mm) are 
similar as regards the entrainment mechanisms, however there are still 
some differences in the boundary conditions, as could be seen in the 
Table 6 below. 

Kim used high air flow rate, and the distance from the swell level to 

Fig. 8. Size distribution of airborne droplets (Kudo et al., 1994).  

Fig. 9. Comparison of the experiment of Kim, Hyun and No, Cheon (2005) and 
previous experimental works. 
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the break was from 0.4 m to 0.1 m. While in Bagul’s it was no less than 
0.015 m, which is very close to the exit, allowing more droplets to be 
entrained. Even so, Bagul’s experiments showed higher values of liquid 
entrainment than those of Kim’s. That could be explained as follows: the 
height above the pool for Kim is much higher than in the Bagul 

experiment, even if Kim and No (2005a), Kim and No (2005b)a) used 
higher superficial gas velocity, the Bernoulli Effect is more significant in 
Bagul experiments. 

It is worthwhile comparing Kim’s and Bagul’s experiments with 
previous data (Sterman experiment (Sterman et al., 1957) and Styr
ikovich et al. (1955)) to understand the discrepancies. The disagreement 
is due to the following: Sterman (1957) developed an equation for the 
volume gas fraction above the two-phase flow mixture to calculate the 
height of the vapour space h during bubbling (Eqs. (25), (26)): 

α = 0.26

⎛

⎜
⎝

j2
g

g
̅̅̅̅̅̅

σ
gΔρ

√

⎞

⎟
⎠

0.4
( ρg

Δρ

)0.12
(25)  

h = H −
hlα

1 − α (26) 

Thus, the distance h as a function of thermal hydraulic condition of 
Sterman experiment (Sterman et al., 1957) and Styrikovich et al. (1955) 
could be calculated from Eq. (26). Kim and No (2003) deduced this value 
experimentally. 

This means that the Sterman’s model to calculate the gas volume 
fraction is valid (Sterman, 1957). 

Fig. 10. CFD simulation showing velocity contour (right), velocity profile at the center vertical line (left).  

Fig. 11. Classification of fluids with shear stress.  

Fig. 12. Comparison of measured entrainment and modified Kataoka and Ishii correlation (Fritz, 2006) and Rozen correlation (Rozen et al., 1976b) in the deposition 
controlled region under a bubbly flow regime. 
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Table 7 shows a comparison between Kim and No (2003), Bagul et al. 
(2018a), Sterman et al. (1957) and Styrikovich et al. (1955) data on 
water carry-over. First, the criterion to compare these results is that the 

condition Bo ≤ 260
(

ρg
Δρ

)− 0.2 
has to be fulfilled. From Table 7, as the 

superficial gas velocity increases, the height of the gas space above the 
two-phase flow level decreases, therefore the entrainment increases due 
to Bernoulli’s effect at the exit. 

Ramirez (de Santiago and Marvillet, 1991) in the frame of PhD work, 
also investigated experimentally the phenomenon of pool entrainment, 
with an emphasis on the droplet size and velocity distribution. The 
performed study focused on the droplet entrainment at different height 
above the water pool for superficial gas velocities in the range [0.13 m/s 
– 0.4 m/s] using a 108 mm pool diameter. It was found that the gas 
velocity have a clear impact of the droplet size distribution in the 
deposition controlled region. In this region, the droplet are either 
entrained or deposited due to advection for small pool diameter. The 
study of Ramirez (de Santiago and Marvillet, 1991) does not apply to 
large pool diameter. However, the approach adopted gives some inter
esting insight to model entrainment in large pool diameter. 
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Fig. 13. Entrainment measured in TH25 THAI experiment.  

Fig. 14. Comparison between entrainment measurement (Bagul et al., 2018a) 
and Kataoka & Ishii and Sterman correlations. 

Table 6 
Comparison of Bagul’s and Kim’s experiments.   

Bagul experiments Kim experiments 

Superficial gas velocity [m/s] 0.099 – 0.277 0.01 – 0.35 
Two phase flow level [m] 1.798 – 1.915 1.0 – 1.9 
Entrainment [–] 0.371 – 4.900 1E-1 – 7 
System Air – water Air – water 
Temperature [◦C] Atmospheric Atmospheric 
Pressure [bar] Atmospheric Atmospheric  
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5. Discussion 

The experiments are the key to unlocking the variable responsible for 
a specific phenomenon. The entrainment from water pools has been 
investigated for different scenarios: entrainment obtained by gas release 
from the surface of the pool by gas injection (downcomer, quencher, 
horizontal vent), (Freitag and Schmidt, 2017), (Kim and No, 2005a, 
2005b), (Bagul et al., 2019), and entrainment measured by depressur
ization (Kudo et al., 1994), (Freitag and Schmidt, 2017). 

Authors, (Kataoka and Mamoru, 1983), (Rozen et al., 1976a), 
(Styrikovich et al., 1964) and (Kruzhilin, 1951), (Cosandey, 1999) 
developed theoretical and semi-empirical correlations, and empirical 
correlations, (Kim and No, 2005a, 2005b). From these correlations, we 
may deduce variables that affect the entrainment. 

The analytical formulated by previous athors presented in this 
chapter attempted to give a prediction of the entrainment of water 
droplet, however, some formulation needed data to be validated, and 
others showed applicability limitations. 

The equation of Zenz and Weil (1958) is a satisfactory theoretical 
approach only if data on number of droplets per bubble size and initial 
velocity size distribution were available. Moreover, the initial velocity is 
a challenging magnitude to calculate from experiments as the surface is 
highly agitated due to multiple bubble burst, and even complicated in 
churn turbulent flow regime where the droplets are generated by shear 
of water ligaments. 

The equation developed by Andrews (1960) calculated the entrain
ment as a function of Boltzmann-Maxwell distribution of droplet ve
locities. However, Andrews’s model does not give information on 
superficial gas velocity which is necessary to entrain droplets. Supposing 
that the superficial gas velocity is considered, the model is still limited as 
the Boltzmann-Maxwell function is applied to a steady-state conditions. 
Kruzhilin (1951) correlation considers only the gas kinetic energy. Yet, 
the information on height is not taken into account as the entrainment 
changes with height above the water surface. This latter was considered 
in the equation of Panasenko and Antonov (1959), nonetheless, the ef
fect of pressure is missing in their model. 

The height above the water pool, the gas kinetic energy, gas void 
fraction in the pool and effect of pressure was analyzed by Sterman et al. 
(1957), however, the operating pressure used was up to 185 bar, which 
affects greatly the hydrodynamics of the pool. It was reported that the 
bubble size decreases with increasing pressure. 

Golub (1970) investigated the effect of height especially when the 
entrainment is dominated by deposition. The calculated entrainment 
decrease as the height increase for all gas velocities values. Golubs 
model is only applicable to deposition controlled region and high gas 
velocity. 

Kataoka and Mamoru (1983) analysed the previous correlations and 

decided to decorticate the phenomena in detail. They subdivide the 
entrainment formulation as a function of height above the water pool as 
shown in Eqs. (17)–(19). The formulation of Kataoka and Ishii is of 
extreme precision in quantifying the entrainment comparing to previous 
correlations, nevertheless, their correlations are not applicable to low 
gas velocities (bubbly flow regime). 

However, in large vessel diameter such as a containment building, 
the effect of deposition is neglected, and rather replaced by the effect of 
buoyancy (suspended droplets). For instance, in Kataoka and Ishii’s 

model, the terme
− 0,205

(

h
DH

)

, which translate the droplet deposition onto 
vessel walls, does not contribute for large vessel diameter, whereDH→∞, 

impliese
− 0,205

(

h
DH

)

→1. 
This effect is extensively investigated in THAI facility (Gupta et al., 

2016) where experiments on re-entrainment of contaminants by water 
droplets are conducted in large vessels. 

The developed correlations have a non-dimensional aspect, as 
dimensionless superficial gas velocity, dimensionless viscosity, dimen
sionless pool diameter and dimensionless height between the swell level 
and the top vessel. These numbers were obtained from analysing the 
entrainment phenomenon. Based on dimensional analysis, the superfi
cial gas velocity is obtained by considering the kinetic energy of the 
streaming gas, the viscous force of the gas gives us the dimensionless 
viscosity. The dimensionless pool diameter is the Bond number. 
Cosandey (1999) added the effect of free convection to the aforemen
tioned variables to develop the correlation in Eq. (20). This correlation is 
limited to low gas flow rates. 

Furthermore, the geometry is one of the important factors affecting 
the entrainment if it is not the main one. For instance, during depres
surization, in addition to the depressurization rate, the position of the 
vent is of extreme relevance to determining the hydrodynamics of the 
pool. Fig. 15 shows how the hydrodynamics are affected. 

In Fig. 15 (right), the pool was depressurized from 1.5 MPa to at
mospheric pressure, and the vent was at 2 m from the water surface. 
Under these conditions, the pool is highly agitated, and two flow re
gimes were observed according to Kudo et al. (1994), churn turbulent 
flow near the walls and heterogeneous bubbly flow away from the walls. 
That implies at least three mechanisms of droplet generation as shown in 
Fig. 2: bubble burst (bubbly flow regime), shear of ligament liquid 
(churn turbulent flow regime), and liquid impingement. Therefore, the 
entrainment of droplets would not be substantial. This is due to high 
turbulence intensity at the surface of the pool which enhances the 
collision between generated droplets (which more likely results in 
coalescence). 

At THAI facility (Freitag and Schmidt, 2017), on the other hand, the 
vent was placed at 8 m from the water surface, and the pool was dep
ressurized from 0.2888 MPa to 0.2376 in 1 h. As a result, only the sur
face was bubbling. Slow depressurization of the containment is to be 
expected during the late phase of severe accident in order to keep the 
containment integrity. Kudo et al. (1994) experiment shows the conse
quence of rapid depressurization. Indeed it re-entrains the previously 
deposited fission products from the pool, however, it causes churn tur
bulent flow which entrains less droplets. Causing churn turbulent flow 
regime in large pools might be one of the solutions to decrease the 
contribution of the source term. 

It could be concluded that in large pool diameter, and in order to 
decrease the volatility of aerosols in the containment atmosphere, the 
pool must be strongly agitated. 

Another factor that affects the entrainment is the Bernoulli’s effect. 
This latter was notable in many experiments (Bagul et al., 2019), (Bagul 
et al., 2018a), (Bagul et al., 2018b) and (Kim and No, 2003), (Kim and 
No, 2005a, 2005b), (Sun et al., 2014), (Qiu et al., 2015), (Sun et al., 
2015), (Xiang et al., 2016), and simulated numerically (Lu and Xie, 
2017a), (Lu and Xie, 2017b), (Bagul et al., 2019), (Bagul et al., 2018b). 

Table 7 
The effect of the height of the vapour space in a bubbling pool and superficial gas 
velocity on entrainment.   

jg(m/s) hfg(m) h(m) Efg(\%)∨

Bagul et al. (2018a) 
P = 1atm  

0.099 – 
0.277 

1.798 – 
1.915 

0.122–0 0.371 – 
4.900 

Kim and No (2003) 
P = 1atm  

0.09 – 0.33 1.0 – 1.9 1.0–0.1 0.01 – 0.1 

Sterman et al. (1957) 
P = 151atmP =

185atm   

0.166 
0.075  

0.2537 
0.244  

0.5663 
0.4060  

0.12% 
0.06% 

Styrikovich et al. 
(1955) 
P = 36atmP =

91atm   

0.524 – 
0.535 
0.260 – 
0.266  

0.3668 
0.2819  

0.4782 
0.5631  

0.1% 
0.04%  
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Fig. 16 shows the Bernoulli effect for different scenarios, side exit, 
upward exit and the break that occurs during a SBLOCA scenario in a 
PWR. An important amount of entrainment could be measured from 
these scenarios due to the important momentum at each exit type. This 
effect was analysed by Kataoka and Mamoru (1983) and Rozen et al. 
(1976a). The variable that translates the Bernoulli effect in this case is 
the ratio of the dimensionless superficial gas velocity to dimensionless 

height above the pool 
(

j*g
h*

)n 

power n corresponding to zone II and III 

(Table 4). The power n translate the acceleration of the gas passing the 
exit. 

The diameter of the pool is the most important factor when analysing 
the entrainment phenomena as it defines the regime of two-phase flow. 
The carryover phenomena in pool are different from pipes. The two- 
phase flow regime in pipes are well defined due to the small domains 
(small diameter), so as the gas velocity increases we observe transition 
from one flow regime to another. Whereas the flow regime in a water 
pool (infinite diameter), the gas flowing as bubbles of different shapes 
moves chaotically, which characterizes the complexity of the two-phase 
flow in such cases. The Bond number in a pipe is much smaller than in a 
pool, which means, for an air–water system and at constant temperature, 
the gravitational force is more significant in a pool, which implies that 

more droplets will fall back to the water surface. 
The maximum entrainment is 4 in Fig. 14 was measured from the 

experiment of Bagul et al. (2019). Kim and No (2003) measured a 
maximum entrainment 5.10-2 Fig. 17. Wallis (1962) measured a 
maximum entrainment of 20 (Fig. 18). In THAI experiments, the highest 
value of measured entrainment was 1.10− 3 (Fig. 19). From these ex
periments, we can conclude that the entrainment decreases with 
increasing pool diameter and with an increase in the complexity of two- 
phase flow. 

Table 8 shows the variation of water entrainment as a function of 
pool geometry. From these experiments, despite the pool diameter, the 
entrainment depend mainly on the height. It is shown that the entrain
ment decrease with increasing height above the water pool. 

The potential energy in terms of pressure 
(
epot = ρgh

)
is also an 

important factor. This could be translated to the height above the water 
surfaceh. The entrainment near the surface consists of all droplets as 
stated by Kataoka and Mamoru (1983) and decreases as h increases. The 

effect of pressure in the dimensionless height h* = h/
̅̅̅̅̅̅
gΔρ

σ

√

was consid
ered in most entrainment correlations, except the correlation of Kruz
hilin (1951). 

The Froude number in Cosandey’s correlation (Cosandey, 1999), was 
considered as a droplet volatility condition. The rising droplets reached 

Fig. 15. Pool depressurization of Kudo experiment (Kudo et al., 1994) (right) and THAI experiments (Freitag and Schmidt, 2017)() (left).  

Fig. 16. Simulation of a SBLOCA scenario conducted by Lu and Xie (2017a) and Sun et al. (2014).  
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such height due to the kinetic energy of the gas. As swarm of the droplets 
rises, it interacts with the steaming gas by breaking into smaller droplets 
or droplet–droplet interaction, which lead to coalescence or breakup 
depending of the Weber number and the angle of the impact. The 
breakup mechanism is a function of height and gas velocity. If 

coalescence between groups of droplets of the same size occurs, the de- 
entrainment takes place again comparing gas velocity and droplet ter
minal velocity. 

The droplets stability can be managed by analysing the Weber and 
Bond numbers. For Bo ≫>≫ 1, and We >>>1 roughly, the droplet 
becomes unstable and breaks up. 

This condition of the Bond and Weber numbers is kept until the 
droplet reached a critical size where the surface tension becomes more 
important. In this case, the droplet is assumed to be perfectly spherical 
and could be submitted to Stocke’s flow regime. 

The Rayleigh number Ra, in Cosandey’s correlation, Eq. (20), is used 
to take into account the effect of turbulent diffusive transport of droplets 
from the pool surface to the overlaying atmosphere. The origin of this 
transport is the free convection caused by the temperature difference 
between the hot pool surface and the lower atmospheric temperature. It 
is superimposed by the advective transport caused by the gas flow from 
the pool surface upward. The Cosandey et al. paper suggests that during 
the experiment there are stationary equilibrium conditions in relation to 
entrainment and atmospheric droplet concentration conditions. How 
fast will this stationary state be established? 

To a first approximation, neglecting the turbulent diffusive transport, 
the time to reach steady state is the travel time of droplets from the pool 
surface to the vessel outlet line (Cosandey, 1999) a distance of about H 
= 2 m. When considering a full spectrum of droplet sizes, each size class 
travels upward with a different speed corresponding to the difference 
between the upward superficial gas velocity jg and the downward size- 
dependent Stokes sinking velocity (or terminal velocity) vt. The size 
class with sinking velocity equal to the superficial gas velocity is just 
suspended in the lower vessel region and will not be transported up
ward. Slightly smaller droplets will be carried upward at a very small 
velocity u = jg − vt, so it will take very long time teq = H/u to reach 
atmospheric concentration equilibrium for this droplet size class. The 
smallest droplets will travel with almost the superficial velocity, so their 
time to reach equilibrium can be estimated by teq = H/jg. 

Even more complicated is the situation where turbulent diffusive 
transport is taken into account. This effect has the potential to generate a 
steady-state vertical droplet concentration profile in the atmosphere in 
the deposition-controlled region, which could be determined experi
mentally from the droplet size distribution. So far, this magnitude is not 
available in the open literature for large pool vessels. 

An estimate for the droplet diffusion coefficient can be obtained by 
application of the heat and mass transfer analogy, starting with the 
Nusselt number for convective heat transfer above a horizontal surface 
instead of the Rayleigh number, and then, taking this as the Sherwood 
number for droplet concentration mass transfer. Droplets could be 
considered as traceable material (or tracer) in such estimate, following 
the turbulent motions without inertia. 

Quantitative estimates of the time to reach equilibrium should be 
conducted for the actual experimental conditions; suitable Nusselt 
number correlations could be found in literature and textbooks. The 
establishment of a vertical droplet concentration profile in the deposi
tion controlled region was not investigated by Cosandey et al., and the 
published data will probably not give information about this effect. The 
fact that Cosandey take into account the Rayleigh number in entrain
ment correlation at least indicates that convective turbulence is a rele
vant effect. 

Pool water heat-up did probably not cause unsteady conditions 
because all experiments are conducted with boiling pool. Unsteady 
thermal conditions would have been quickly discovered by the 
thermocouples. 

Fig. 17. Pool entrainment (TLOFW in PWR) Kim and No (2003).  

Fig. 18. Pipe entrainment Wallis (1962) (figure taken from (Barbosa 
et al., 2002)). 
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6. Conclusion 

This review provided experimental and analytical works on 
entrainment phenomena. It also provides the main shortcoming of the 
developed correlations by previous authors. It was identified that some 
correlation are either limited to a specific flow regime, or a specific zone 
above the water pool. Furthermore, explanations on discrepancies be
tween some experimental data within the same superficial gas velocity 
range related to thermal-hydraulics and physical properties of the sys
tem was given. 

Certainly, more variable needs to be investigated theoretically and 
experimentally, and this fact is related to the complexity of two-phase 
flows in pools. For instance, a variable that might need some attention 
is the concentration of droplets above the water pool at different loca
tions. The concentration of the suspended droplets, which are more 
likely to be problematic in a containment building of nuclear power 
plant because it is hard to retain, is governed by the diffusion and 
advection/convection phenomena. It decreases as the gas velocity tends 
to infinity. The advection phenomenon is dominant over the diffusion, 
as the gas velocity increases, leading to the birth of large eddies. 

CFD simulation showed efficiency on simulating the pool entrain
ment phenomena in the absence of suitable experimental data. 

However, CFD simulation require extensive computational resource 
especially in the micron and sub-micron range, where the mesh has to be 
fine to capture the droplets (mesh size 10 times smaller than the 
captured object). 
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