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Review of Kernels for Droplet-Droplet Interaction,
Droplet-Wall Collision, Entrainment,

Re-entrainment, and Breakage

J. M. MARCHETTI AND H. F. SVENDSEN

Faculty of Natural Science and Technology, Chemical Engineering
Department, Norwegian University of Science and Technology,
Sem Sælands, Trondheim, Norway

Gas purification is one of the most common and important process steps in combined
oil and gas production in order to obtain a product meeting the required export
specifications. One of the separation steps is droplet removal, which may be found
in several positions in a gas processing train. Gas dehydration, sweetening, and, in
particular, compression are very dependent on an almost droplet-free gas. The equip-
ment normally used for this purpose is a so-called scrubber, where the droplets are
usually removed in three stages. The process of droplet removal is governed by several
physical phenomena, such as droplet-droplet interaction, droplet deposition on dry
and wet walls, droplet re-entrainment by the gas flow, coalescence, and breakage.
For each of them closure laws are needed, and several kernels have been developed
in order to establish in what operational domain and under which specific conditions
the various phenomena dominate, can be minimized, or can be eliminated this article
is a review of the individual physical processes, and the models developed to describe
these including advantages and shortcomings of each of them.

Keywords Gas purification; Kernels; Scrubbers

Introduction

Natural gas is one of the main fossil fuels in use today and has a large range of
applications. It is employed as fuel for power production and as raw material in
the petrochemical industry. At present it represents 30% of the fossil energy used
worldwide (BP, 2006). Its composition is mainly methane, ethane, propane, and
butane, with small amounts of nitrogen, carbon dioxide, pentane, and higher hydro-
carbons (Kolev, 2002).

In the production of natural gas, which nearly always is produced together with
oil or condensate, many steps of purification and processing are needed to meet
export specifications. Separation of liquid droplets from the gas phase often takes
place in many locations in a gas processing chain and is a prerequisite for stable
operation of dehydration, acid gas removal, and recompression stages. It is a vital
step, as a dispersed phase might produce foaming and poor operation in dehydration
and sweetening plants, and, even worse, erosion and breakdown of rotating

Address correspondence to J. M. Marchetti, Faculty of Natural Science and Technology,
Chemical Engineering Deptartment, Norwegian University of Science and Technology, Sem
Sælands v. 4 NO-7491, Trondheim, Norway. E-mail: jorge.marchetti@chemeng.ntnu.no

Chem. Eng. Comm., 199:551–575, 2012
Copyright # Taylor & Francis Group, LLC
ISSN: 0098-6445 print=1563-5201 online
DOI: 10.1080/00986445.2011.592453

551

D
ow

nl
oa

de
d 

by
 [

N
or

ge
s 

L
an

db
ru

ks
ho

eg
sk

ol
e]

, [
D

r 
Jo

rg
e 

M
ar

ch
et

ti]
 a

t 0
3:

35
 2

0 
A

pr
il 

20
12

 



equipment. Gas-liquid separation is normally carried out in verticals vessels called
scrubbers that operate in a wide range of pressures (atmospheric to 200 bar) and
temperatures (<200�C).

Several types of scrubbers are in use in the industry, depending on the operating
conditions and the needed separation efficiency. Examples are:

. Electrostatic precipitators, which can have three main designs: (i) gas flowing up or
down and droplets entering form the top, (ii) gas flowing horizontally while dro-
plets enter perpendicularly to the gas, and (iii) droplets injected into a venturi nozzle

. Diffusion separators

. Impingement separators

. Packed bed separators

. Wave plate separators

. Cyclones

. Wire and fiber filters

. Swirl flow separators

. Wet scrubbers (Bürkholz, 1989)

The scrubber used for droplet removal normally has three main parts: an inlet vane,
a mesh pad, and a cyclone section in order to produce the separation according to
specifications. A sketch of a scrubber is found in Figure 1.

The main purpose of the inlet section=inlet vane is to reduce the momentum of the
fluid and to produce a separation of large droplets from the gas. Together with the
inlet valve, it also reduces the pressure of the inlet stream. It is normally mounted hori-
zontally in the scrubber and is designed as a zigzag vane pack redirecting the gas and
separating the droplets by impaction. As a second step, a mesh pad is normally used.
This part of the equipment consists of layers or rolls of wires with the aim of separating

Figure 1. A typical scrubber and its three main sections.
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medium-size droplets from the gas flow. Another of its functions, often encountered at
high pressure, is to work as a coalescer, increasing droplet sizes. Finally, in the upper
part of the scrubber there is a bank of cyclones where the g-forces separate the small
droplets by interaction with the walls and enables liquid drainage down to the bottom
of the scrubber. The exit gas stream should be dry and according to specifications.
Often the separation cannot be done at high pressure, and a decompression stage is
inserted, followed by separation and subsequent recompression before further trans-
port by the gas pipelines (BP, 2006; Kolev, 2002; Austrheim et al., 2007, 2008a,
2008b; Johnsen, 2007; Dorao et al., 2008; Kidnay and Parrish, 2006).

In this equipment, several physical phenomena could take place simultaneously
depending on operating conditions, physical properties, and separation specifica-
tions. Entrainment, droplet-wall interaction, and others are important physical
phenomena that take place and that may create problems at higher pressure. Signifi-
cant research has been performed over the past decades in order to understand the
physics behind these phenomena and to enable predictions and quantification
through so-called closure laws or kernels.

In this work, a review of the main research done and correlations obtained for
entrainment, droplet-wall interaction, droplet breakage, and droplet-droplet collision
frequency and their possible outcomes is presented and discussed. The focus it is to
compare and discuss advantages and disadvantages of the kernels developed.

Breakage

Breakage is defined as when a droplet splits into smaller daughter droplets. This could
result in two new droplets (binary breakage) or in multiple droplets (more than two
daughter droplets are produced). This phenomenon is relevant in gas purification as
droplets break up both in the inlet vane and the mesh pad sections of a scrubber. It is
vital to know the behavior of the droplets, the collision outcomes, and the resulting
size distribution with the aim of being able to predict the overall performance of
the equipment. Figure 2 shows the breakage for binary and ternary scenarios. For
the ternary scenario, two different possibilities are presented.

Binary breakage is the most studied case due to its apparent simplicity and
because it can be associated with parameters of the system and=or geometrical
properties of the droplets. The breakage can occur through many droplet movement
modes, such as vibrational, bag breakup, bag and stamen breakup, sheet stripping,
wave crest stripping, and catastrophic breakup. Each of them has been explained
elsewhere (Kolev, 2002). However, the main parameter used to determine what kind

Figure 2. Different types of breakage: (a) binary breakage, (b) ternary breakage where a daugh-
ter of the first is father of the second breakage, and (c) ternary breakage where one father gives
three daughters.
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of breakup will take place is universally taken to be the Weber number:

We ¼ qv2l
r

ð1Þ

Following Gelfand (1996), the transition from one fragmentation mode to
another is presented in Table I.

The most studied breakage environment is breakage in turbulent flow. The
research has focused on developing so-called breakup kernels or breakup rate expres-
sions. Both expressions have similar meaning: a breakage rate is the rate at which
breakage is produced, while a kernel is the mathematical expression that is associated
with a distribution function; in our case, the breakage rate is a breakage kernel.

This use of these terms stem from the population balance equations, where,
if considering a breakage dominated system, the steady-state population balance
equation can be written as follows:

vx
@f x; dð Þ

@x
¼ �bðx; dÞf ðx; dÞ þ

Z dmax

d

hðd 0 ! dÞbðx; d 0Þf ðx; d 0Þdd 0 ð2Þ

where the left-hand side term represents the change in the population of a certain drop-
let size d due to loss (death) and production (birth). The death term is the first on the
right-hand side, and the droplets are lost by breakage through a breakage rate b(x, d)
multiplied by the fraction of all droplets having size d, f(x, d). The birth term is the
second on the right-hand side and describes the change in the population of d through
the creation of daughters of size d from breakage of fathers of larger sizes. This last
term has a distribution function that determines how droplets with size d0 are split into
daughters; b(x, d0) is the breakage rate and h(d0(d) is the redistribution function.

Table II shows a summary of several models for breakage rates, either from
physical properties or from inverse problem solutions (Patruno et al., 2009a,
2009b; Lasheras et al., 2002; Sathyagal et al., 1996; Ramkrishna, 2000). A more
detailed description of these functions was made by Patruno et al. (2009b) and
Lasheras et al. (2002). The functions predict the rate at which the droplets break into
smaller droplets. However, they do not directly predict the size distribution of the
daughter droplets. Several models for daughter size distributions have been
developed. These are needed in order to have a complete expression for the breakup
model, as shown in several studies, e.g., Patruno et al. (2009b).

As can be seen from Table II, each model has different assumptions and restric-
tions, based on the setup and case studied. These differences make it almost impossible
to have an objective comparison between models since to compare them a experi-
mental setup should be chosen, and this will benefit some models over others, not

Table I. Breakup mode according to Weber number range

Fragmentation mode Weber number range

Vibration <12
Bag 12–50
Bag and stamen 50–100
Sheet stripping 100–350
Wave crest and catastrophic breakup >350
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allowing a critical comparison of them. Furthermore, inverse model problems are
impossible to compare.

According to Lasheras et al. (2002) three approaches were historically formu-
lated for the prediction of the daughter size distribution term, h(d, d0): statistical
models, phenomenological models, and hybrid models.

Valentas et al. (1996) proposed two model scenarios. In the first case a father
droplet gives two daughters of the same size, i.e., a very deterministic result. The
second scenario considered that a father droplet could give a distribution of possible
daughter sizes. In this case the probability for a father droplet of size d0 to form a
daughter droplet of size d, was predicted to have the following expression:

hðd; d0Þ ¼
1

s
ffiffiffiffiffiffi
2p

p exp �
d � d
� �2

2s2

 !
ð3Þ

where d ¼ ðd0Þ2 3=

m , and m is the number of daughters produced. In this case the func-
tionality follows a normal distribution.

Coulaloglou and Tavlarides (1977) used the previous model and fixed the values
of m and r. In their case the final expression was:

hðd3; d3
0 Þ ¼

2:4

d3
0

exp �
�4:5 2d3 � d3

0

� �2
d6
0

 !
ð4Þ

Hsia and Tavlarides (1983) used a beta distribution (see Figure 3) instead of a
Gaussian distribution or a truncated normal distribution in their daughter size
distribution function. Their expression is as follows:

hðd3; d3
0 Þ ¼

30

d3
0

d3

d3
0

� �2

1� d3

d3
0

� �2

ð5Þ

Figure 3. Comparison of h functions: (– – –) Coulaloglou and Tavlarides (1977), (–�–) Hsia
and Tavlarides (1983), (—) Konno et al. (1983). (Figure provided in color online.)
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A more general expression using a beta distribution approximation was
developed by Lee et al. (1987). In their expression two new parameters, a and b, were
added and calculated from experimental information.

hðd3; d3
0 Þ ¼

Cðaþ bÞ
CðaÞCðbÞd3

0

d3

d3
0

� �a�1

1� d3

d3
0

� �b�1

ð6Þ

Konno et al. (1983) proposed a hybrid model with a statistical model as the basis,
but the energy distribution among turbulent eddies was also included. Also, only
binary breakup was assumed and that each father will produce equal-size daughters.
The final expression was:

hðd; d0Þ ¼
Cð12Þ

Cð3ÞCð9Þd0
d

d0

� �8

1� d

d0

� �2

ð7Þ

Hesketh et al. (1991) proposed a model using a 1=X-type distribution in order to
have a prediction that will give a daughter size distribution between that predicted by
random breakage and that by coalescence-breakage. This model has two constants,
one needed for normalization (I) and the other obtained empirically (B). The final
equation is as follows:

hðd3; d3
0 Þ ¼

1

Bþ d d0=ð Þ3
� �þ 1

1þ B� d d0=ð Þ3
� �� 2

Bþ 0:5ð Þ

0
@

1
A I

d3
0

ð8Þ

Martı́nez-Basán et al. (1999) proposed that the creation of daughter droplets of
a certain diameter is proportional to the turbulent stresses associated with the length
scale of each droplet size. This gives:

hðd; d0Þ ¼
1

d0

1
2 qb ed0ð Þ2 3=
� �2

a2 3= � d5 3=
� �

1� a3
� �2 9= �d5 3=
� �

R amin

amax

1
2 qb ed0ð Þ2 3=
� �2

a2 3= � d5 3=
� �

1� a3ð Þ2 9= �d5 3=
� �

da
ð9Þ

where a ¼ d
d0
and d ¼ dc

d0
.

Other approaches to obtain droplets size distributions are based on phenomeno-
logical approaches. Several distribution functions have been obtained, such as the
ones developed by Nambiar et al. (1992), Tsouris and Tavlarides (1994), Luo and
Svendsen (1996), and Martı́nez-Basán et al. (1999), among others. The Luo and
Svendsen (1996) model, as well as that of Tsouris and Tavlarides (1994), are based
on energy arguments. The Luo and Svendsen model (1996) provides an overall break-
age rate and a ‘‘partial’’ breakage rate. The mathematical expression, normalized, is:

hðvfv; vÞ ¼
2
R 1
nmin

1þ nð Þ2n�11 3= e�vcdn

v
R 1
0

R 1
nmin

1þ nð Þ2n�11 3= e�vcdndfv
ð10Þ

where v ¼ pd3
0

6 is the volume of the father droplet and vfv ¼
pd3

1

6 is the volume of the
daughter, n ¼ d0

d is the eddy=droplet diameter ratio, and vc ¼
12Cf r

bqe2 3= d5 3= n11 3= is the critical
energy required for breakage.
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Kernels based on inverse modeling have also been obtained, as by Sathyagal
et al. (1996) and Patruno et al. (2009b). In these procedures, the solution will be
problem dependent and not easily generalized. However, the solutions of many
inverse problems could be correlated with empirical equations. Sathyagal et al.
(1996) found the following expression:

hðd; d0Þ ¼
b
d3
0

d3

1� U
4

� �
þ U

4 d3
0
d3=ð Þ4

ð11Þ

where lnU ¼ 0:0577 ln lc
ld

� �
� 0:558.

In conclusion, it can be seen that there are different approaches to obtaining a
breakage kernel, based on the nature of problem itself or on its properties or as a sol-
ution to the inverse problem. Inverse solutions are problem dependent, and a large
number of them must be obtained to be able to correlate them and get general expres-
sions. However, the time required to perform these calculations it is very short, and
therefore they are not time consuming.

All the previous kernels for droplet breakup size distribution can be divided in
two main categories, related to the outcome of the breakage. This result is related to
the mass and volume fractions of each daughter. In the models of Coulaloglou and
Tavlarides (1977), Hsia and Tavlarides (1983), and Konno et al. (1983), the daughter
droplet size distributions are shown in Figure 3. As can be seen, the most frequent, or
likely, ratio between daughter and father diameters is 0.79, indicating that there is a
high probability of having breakage in two equal mass droplets.

The second main group predicts high probabilities for droplets with one size close
to the father droplet and one very small daughter. This distribution is predicted by the
models of Luo and Svendsen (1996) and by Hesketh et al. (1991). In the latter case,
presented in Figure 4, it can be seen that the possibility of having two equal mass
droplets is zero, and the high probabilities are towards the extremes of the x-axis.

All these models have several limitations with regard to their applicability to a
more general problem of breakage, when no a priori assumption is made on the
number of daughters produced and where higher order breakage could be possible.

Figure 4. Variations of the h function: (– – –) Hesketh et al. (1991).
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This problem has not been completely resolved yet due to its complexity. In addition,
there is a problem that many of these kernels, when used to verify both the mass
balance and the particle number balance, do not satisfy both criteria perfectly.
The expressions by Coulaloglou and Tavlarides (1977) and Hesketh et al. (1991)
do satisfy both balances but not the rest, producing an average number of daughter
droplets slightly larger than two, even when considering only binary breakage.

As pointed out before, each expression shown above is experimentally case
dependent, not giving us an easy task when making a comparison among them.

Collisions Between Droplets

In gas purification systems, droplets are normally in very low volume fractions in the
gas medium. However, in turbulent flows the collision frequency can be reasonably
high. In addition, since surfaces with liquid films are the normal capture medium,
these processes are important. The collision rate and its description are well estab-
lished in Jakobsen (2008). In this section the focus will be on the outcomes of the
droplet=droplet interactions.

A collision between two equal-sized droplets is the phenomenon most studied,
and it has been found that several outcomes are possible depending on the collision
Weber number and the so-called impact factor; see Figure 5. The impact factor is
defined as Ip¼L=d, the ratio of the distance between the droplet centers perpendicu-
lar to the flow direction of the droplets and the droplet diameter (Jakobsen, 2008;
Orme, 1997; Kollár et al., 2005; Gotaas et al., 2007a).

Figure 6 shows an example of possible outcomes of the interaction between two
droplets as a function of the Weber number and the impact factor (B). The main
regimes observed are bouncing and coalescence.

An extensive description of each regime was obtained by Qian and Law (1997).
The authors did an intensive study of binary droplet collisions focusing on the five
possible collision outcomes at several operational pressures. The five possible out-
comes are: (I) coalescence after a small deformation produced by the collision, (II)
bouncing where both droplets maintain their shape and size after the interaction,
(III) coalescence after a major deformation of both droplets, (IV) the droplets
coalesce but afterwards separate because of very high impact momentum, and (V)
the droplets coalesce and separate by stretching separation.

Coalescence (Regions I and III)

This phenomenon takes place when two droplets approach each other with an energy
that will not produce bouncing, but a weak interaction, which after a small separ-
ation will end in forming a cylinder that will finally take the shape of a droplet.

A schematic of this behavior can be seen in Figure 7.

Figure 5. Impact factor between two droplets.
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Figure 7 can be described in five steps. Step A corresponds to the approach of
the droplets to each other. At B both droplets interact with each other during the
collision. C is the coalescence itself. In step D both droplets try to bounce from each
other but do not have enough energy to separate, therefore step E takes place, where
a new droplet is produced from the two previous ones. The spherical geometry is
then established due to its lower Gibbs free energy.

Several studies have been done in order to understand the coalescence of two
droplets. Qian and Law (1997) studied the interaction and outcomes of water and
hydrocarbon droplets in several gas environments. The authors found that the
hydrocarbon droplet has a greater tendency to coalesce when the gas phase has some
amount of hydrocarbon in it.

Coulaloglou and Tavlarides (1977) proposed coalescence efficiencies and
collision frequencies based on the size and volumes of the droplets. Multiplication
of these two values will give the coalescence rate. Both expressions are:

Collision frequency

h d1; d2ð Þ ¼ C
e1 3=

1þ /
d1 þ d2ð Þ2 d

2 3=
1 þ d

2 3=
2

� �1 2=

ð12Þ

Coalescence efficiency

k d1; d2ð Þ ¼ exp C
eqclc

r2 1þ /ð Þ3
d1d2

d1 þ d2

� �4
 !

ð13Þ

Figure 6. Schematic representation of possible outcomes from binary collisions. The regimes
are: (I) coalescence, (II) bouncing, (III) coalescence, (IV) near head-on separation, and (V)
off-center separation (Gotaas et al., 2007a; Qian and Law, 1997).

Figure 7. Time process of droplet coalescence.
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Here k, p are constants and qc, lc, r are the density, viscosity, and interfacial
tension between the phases respectively.

However, according to Sovova (1981), the previous equations will over-predict
small droplet coalescence compared to large droplet interactions. Therefore, Sovova
(1981) proposed an energy-based coalescence efficiency. The author obtained the
following expression, which predicts not only the coalescence of small droplets,
but also the coalescence of larger droplets:

k d3; d3
0

� �
¼ exp �C

r d2 þ d2
0

� �
qdN2D

4 3=
i d11 þ d11

0

� �
 !

ð14Þ

Similar to the Coulaloglou and Tavlarides (1977) model, Tsouris and Tavlarides
(1994) proposed a new coalescence efficiency model based on the relation between the
coalescence time and the contact time, in analogy to Chesters (1991). For two droplets
to coalesce, the coalescence time, which is the time the film needs to drain and for
rupture to take place, should be shorter than the contact time. Defining coalescence
time T and contact time t, the authors obtained the following final expression:

k d1; d2ð Þ ¼ exp
6plcc2f

qce�2 3= d1 þ d2ð Þ2 3=

31:25NDi

T2Hð Þ1 3=

 !
ð15Þ

Here the C2 value is 3.44 to best fit the experimental information.
This model has, as well as the one proposed by Sovova (1981), one fitting para-

meter. This fitting parameter is obtained based on experimental data. Because of
this, none of the models can be said to be general, but need to be fitted to the chemi-
cal system at hand. Even though a ternary interaction is very unlikely due to its low
probability, none of these kernels could predict if it would happen.

Bouncing (II) and Outcomes (IV and V)

This situation is achieved when the energy of each droplet is high enough to collide
and rebound without producing coalescence. This phenomenon was seen experimen-
tally by Gotaas et al. (2007a) and Qian and Law (1997), and when this would take
place was predicted by Estrade et al. (1999) as a function of the Weber number:

We � 8 3� /0ð Þ
cos sin�1 Bð Þ
� �� �2

/
ð16Þ

where

/ ¼ 1� 1
4 2� pð Þ2 1þ sð Þ for Ip > 1 2=

s
4
2 3� sð Þ for Ip � 1 2=

( )

where s¼ (1þD)(1� I), /0 ¼ 2 1þ 3
b2

� ��2 3=
þ 1þ 3

b2

� �1 3=
, B ¼ d1þd2

2

� �
ð1� IÞ,

I¼ sin(W), and W is the angle between both centers and D¼ d1=d2.
The parameter b is considered as the critical ratio between the two radiuses

above which the droplets are deformed because of the collision (b¼ (d1=d2)c). It
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was found that bouncing occurs when b� ratio and that this ratio is attached to the
material properties of both phases involved in the process.

According to Post and Abraham (2002) this model has two major drawbacks, one
associated with the/ parameter. Its determination is experimental and therefore needs
to be obtained for each experimental setup. The other is the simplification assumed
regarding the interaction between the droplets and the fluids being disregarded.

Park et al. (2008) studied bouncing of droplets on a wall. They found that when
the surface tension was reduced, and the Weber number thereby increased, the dro-
plets did not retain their spherical form throughout the collision. Renardy et al.
(2003) observed that when the droplets interacted with walls, waves appeared when
We Ca< 1, where Ca¼ v l=r.

In addition to bouncing itself, several outcomes are achievable in this process:
head-on collision and rebound, head-on collision and partial rebound with satellite
droplets, and collision with stretching separation; see Gotaas et al. (2007a, 2007b).

According to Pan and Suga (2005), reflexive separation occurs when theWe num-
ber is extremely high and the value of B¼ 0 in the model described by Estrade et al.
(1999), while the stretching separation occurs at high We numbers but with a value of
0.2<B< 1. These satellite droplet phenomena were found to be very diverse; several
collisions might give singular satellite droplets and in other cases several smaller
droplets were produced. Estrade et al. (1999) found that only one satellite droplet
was formed in head-on collisions for 28<We< 120, while Ashgriz and Poo (1990)
observed that as the Weber number increased, the amount of satellite droplets
increased as well. The criterion used by Ashgriz and Poo (1990) for reflexive separ-
ation is as follows:

We > 3 7 1þ a3
� �2 3= � 4 1þ a2

� �� � a 1þ a3
� �2
a6g1 þ g2

ð17Þ

where g1 and g2 are fractions of the kinetic energy of the droplets, and

g1 ¼ 2 1� n2
� �

1� n2
� �1 2= �1; g2 ¼ 2 a2 � n2

� �1 2=
a� nð Þ2�a3 and n ¼ ð1=2ÞIpð1þ aÞ

where a is the collision angle.
This criterion is the most widely used and was employed by O’Rourke (1981),

Tennison et al. (1998), Georjon and Reitz (1999), Estrade et al. (1999), Post and
Abraham (2002), and Kollár et al. (2005). For stretching separation, these authors
used the model developed by Brazier-Smith et al. (1972). This method assumes that
there is no energy transferred to the gas from the droplets and the criterion is:

n2lq
r

¼ 3X�2 3= 2þ X

e
þ ln

1þ e
þ

1� e
þ

 !
� 4X2 3=

 !
ð18Þ

where X is the axial diameter ratio and eþ eccentricity.
For stretching separation there are a few assumptions involved. When both dro-

plets interact, a liquid ligament is produced and keeps the droplets together. When
the separation is imminent, the radius of the liquid ligament becomes less than the
radius of each droplet. No rotation is considered at any time. The ligament has
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almost constant volume during the process. The number of satellite droplets that will
be produced depends on the energy of the system and how far the droplets separate
before the ligament breaks up. All the satellite droplets have the same kinetic velocity
and the same mass.

Ashgriz and Poo (1990) developed a criterion for the boundary layer for stretch-
ing separation. They found the following expression:

We ¼
4 1þ D3
� �2

3 1þ Dð Þ 1� xð Þ D3H2 þH1

� �� �1 2=

D2 1þ D3
� �

� 1� x2ð Þ D3H1 þH2

� �� � ð19Þ

where

s � ð1� xÞð1þ DÞ

D ¼ d2
d1

x ¼ 2Ip

d1 þ d2

H2

1� 1
4D3 2D� sð Þ2 Dþ sð Þ for h > 1

2 d2
s2

4D3 3D� sð Þ for h < 1
2 d2

( )

H1
1� 1

4 2� sð Þ2 1þ sð Þ for h > 1
2 d1

s2
4 3� sð Þ for h < 1

2 d1

( )

Entrainment

Entrained droplets are produced by interaction between a gas stream and a fluid
film. This process is important for mass and heat analysis in two-phase systems.
Entrainment is typically produced due to the relative velocity of the gas phase and
the film phase, meaning that it is not based on the velocity of the film or the velocity
of the gas, but on the relative velocity of both phases. In this case, the gas will gen-
erate waves over the liquid to the point of producing droplets from it. These droplets
are considered entrained. Figure 8 shows a schematic representation of a gas-driven
case. However, it is important to note that entrainment could also occur under other
physical geometries.

Several different models have been proposed but, considering its complexity, no
general entrainment rate correlation that successfully reproduces all experimental
information has been developed (Kataoka et al., 2000; Alipchenkov et al., 2004;
Pan and Hanratty, 2002). Nevertheless, some correlations for entrainment rates have
been reported and are summarized in Table III. Is it important to point out that
other possible correlations are also available in the literature such as those from
Lopez de Bertodano et al. (1997), Nigmatulin et al. (1996), Sawant et al. (2008),
and Xie et al. (2004), among others.

For all the possible correlations predicting entrainment it is important to note
that there is a limit to gas and liquid velocity below which entrainment will not take
place at all. Normally this criterion is based on the relative velocity between the two
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phases. Also, the correlations are experimentally determined, and therefore para-
meters may have to be recalculated in order to satisfy systems different from those
for which the correlation was deduced.

Katoaka et al. (2000) proposed two different correlations based on different
phenomena. Both expressions were obtained for steady state and are based on shear-
ing off of roll wave crests by the gas core flow, making the entrainment dependent on
the drag force. Although their expression is suitable for the entrance region with
some error, a more detailed expression should be developed.

Different from the previous work, Ishii and Mishima (1989) developed their
model for the fully developed region based on the Reynolds and Weber numbers.
This model should, according to the authors, also satisfactorily correlate experi-
mental information for the entrance, using a relaxation term to study in this region.
However, the authors give a minimum value of the gas-phase Reynolds number
below which this correlation should not be used. This value is 2 for vertical
down-flows and 160 for horizontal or vertical up-flow systems. The only assumption
made in this model is that the shearing off of roll wave crests is the dominant mech-
anism for liquid entrainment. No comment on the other mechanisms is presented.

Assuming the same dominant mechanism as before, Ishii and Grolmes (1975)
developed a criterion for droplet entrainment based on a Reynolds number depend-
ing on the geometry. However, in all the cases, the shearing off of roll wave crests
was the only mechanism and regime to be studied. As shown in Table III, one of
the most important results is the minimum Reynolds number, below which no
entrainment occurs. This is a function of yþ (yþ represents the dimensionless dis-
tance from the wall based on the shear velocity, which cannot be established with
precision; it might vary in the range 15 to 7.5). Okawa et al. (2002) obtained an
entrainment function that was corroborated with 17 different experiments under dif-
ferent operational conditions. However, in the equation presented in Table III, the
values of kE and kD are unknown. In order to calculate them, several correlations
have to be used, which in some cases could have about 30% error. Nevertheless,
the results obtained with this correlation are in good agreement with the experi-
mental information available with an error of 	15%.

The major drawbacks of all the entrainment kernels are related to the hypoth-
eses or assumptions invoked when developing the mathematical expressions. One
hypothesis that is very relevant is related to the type of eddy, or flow regime, that
will produce entrainment. Also, in several cases, the geometry of the system had
to be taken into consideration when the entrainment expressions were obtained. This
makes the correlation apparatus dependent and almost impossible to extrapolate to
other geometries. Kataoka et al. (2000), for example, have proposed a correlation

Figure 8. Schematic representation of an entrainment case. (Figure provided in color online.)
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Table III. Entrainment correlations

Mathematical expression
Assumptions-
limitations Reference

e
: ¼ 3:54� 10�3 1i

r
jf
r

� �0;6
 !0;57

for
1i
r

jf
r

� �0;6

> 120

The term (jf=r) is
not based on a
physical
mechanism;
restricted
application to
other cases

Ueda (1979)

Dp

jg
¼ 0:022Re�0:25

g

M

qf

 !�0:26
qg
qf

 !0:26 Based on physical
information of
the system

Paleev and
Filippovich
(1966)

e
: ¼ 0:935� 10�5f exp �1:87� 10�5f

� �
qf jf

�Re0:5f We�0:25E1 þ 0:022qf jfRe�0:26
f

�
lg
lf

 !0:26

E0:74
1 1� exp �1:87� 10�5f2

� �� �0:74

Expression based
on axial location
and operational
conditions and
not in local flow
conditions

Katoaka et
al. (2000)

e_Dh

lf
¼ 6:6� 10�7Re0:74f We0:925Re0:185ff

lg
lf

 !0:26

for z > 440DhWe0:25 Re0:5f

.
For regions away
from the
entrance

Katoaka et
al. (2000)

Rec ¼ exp 5:85þ 0:425
lg
lf

q0f
q0g

 !0:5
2
4

3
5 Does not consider

gravity forces
Hewitt and
Govan
(1990)

e
: 


jf Dhqf
lf

 !0:25
j2gDhqg

r

 !
qf � qg

qg

 !1 2=
0
@

1
A

1:25 There is no critical
liquid or gas
flow; includes
influence of
liquid viscosity

Ishii and
Mishima
(1989)

Refmin
¼ yþ

0:347

� �3 2= qf
qg

 !3 4=
lg
lf

 !3 2= Below this
Reynolds
number there is
no entrainment;
yþ cannot be
established

Ishii and
Grolmes
(1975)

E1
1� E1

¼ 1

4

kE
kD

ffiffiffiffiffiffiffi
fifw

p ffiffiffiffiffiffiffiffiffiqlqg
p

J2
gDt

r
ql
qg

 !n
Captures the
overall trends of
the system

Okawa et al.
(2002)

me ¼ 1:07
1fgDheq

r

� �
lglf
r

� � qf
qg

 !�0:5 Low-pressure
steam-water
two-phase
systems

Sugawara
(1990)
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that is suitable for annular flow and for a water-nitrogen system. Nevertheless, it
might be possible, as shown by Patruno et al. (2010), that by rewriting the dimen-
sionless correlations, more general expressions for several geometries and different
mixtures could be obtained.

As in the case for breakage kernels (Table II), in Table III, for the entrainment
rate expression, it could be also seen that each case has several assumptions and
restrictions that are not the same for all cases, mainly since there are geometrical dif-
ferences and also different liquids and gases used for the experiments. The differences
mean that each case is not correlated with the others, making it almost impossible to
compare them.

Droplet Deposition

Droplet deposition and re-entrainment are phenomena that occur in many places in
process plants. At steady state, the relative rates of these two processes determine
liquid holdup and influence pressure drops. In order to better understand the
phenomena of deposition, Figure 9 shows a diagram of the physical situation where
a droplet interacts with a wall. The effect of the wall, if it is wet or not, has no sig-
nificant effect on this schematic representation; however, it does have an effect on
the operation conditions and when deposition might occur instead of bouncing.
Figure 10, on the other hand, shows a particle deposition scenario. In this case, a
smaller droplet will bounce back, while some of the initial mass is attached to the
wall or the film.

Correlations for deposition rates and efficiencies can be found in the literature,
and a selection of these is summarized below. Mundo et al. (1995) proposed the
following criterion (Equation (20)) equation based on the Ohnesorge and Reynolds
numbers. This model is based on the impact momentum of the droplets hitting a dry
wall. However, since this model is energy dependent, it is important to note that the
type and properties of the surface are important and may modify the value of Kc

(critical value according to Equation (21)) as determined by Cossali et al. (1997).

KC ¼ Oh�Re1:25 ð20Þ

Figure 9. Deposition of a liquid droplet. (Figure provided in color online.)
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If the possibility of deposition on liquid films is taken into account, then the depo-
sition efficiency needs to be modified, depending on the liquid film thickness, as done
by Coghe et al. (1995), and the correlation changes into the following criterion:

WeLa0:2 � 1900þ 6240d1:4f ð21Þ
It is important to note that this equation considers that secondary droplets could

also interact with the film if the term WeLa0.2 is larger than the right-hand side.
O’Rourke and Amsden (2000) studied this effect and concluded that a parameter

called the splash number (E) is needed. They corroborate what was previously estab-
lished by Yarin and Weiss (1995):

E2



¼ Weimp
1

min df dprim; 1
�� �

þ dbl dprim
� > 3329:29 ð22Þ

Morud (2005) obtained an expression for the deposition rate of droplets as a
function of the shear stress (u

�
) and a dimensionless relaxation time. The deposition

rate is given as:

RD ¼ VwCd ð23Þ

where Cd is the droplet volume concentration and Vw¼P=
ffiffiffiffiffiffi
2p

p
and r is defined as

follows:

P
u�

¼
ffiffiffiffiffiffi
2p

p
� 1:3� 10�5 for sþ < 0:2

P
u�

¼
ffiffiffiffiffiffi
2p

p
� 3:25� 10�4 sþð Þ2 for 0:2 < sþ < 22:9

P
u�

¼
ffiffiffiffiffiffi
2p

p
� 0:17 for 22:9 < sþ < 14751

P
u�

¼
ffiffiffiffiffiffi
2p

p
� 20:7=

ffiffiffiffiffi
sþ

p
for sþ > 14751

where

sþ ¼ 1

18

qdrop
qg

ddropqgu
�

lg

 !2

ð24Þ

Figure 10. Partial deposition of a liquid droplet. (Figure provided in color online.)
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For this model, the velocities of the droplets, individually considered, perpen-
dicular to the wall are assumed to follow a normal distribution, while the standard
deviation (r) is determined for each particular case.

McCoy and Hanratty (1977) developed a relationship between the deposition
rate kd and dimensionless numbers for dilute particle concentrations when entrance
and electrical effects as well as wall roughness effects are disregarded. They also
showed that the value of kd varies inversely with the particle diameter for very large
particles. However, to develop this equation, constant droplet size as well constant
deposition velocity were assumed constant. The relation for vertical axial flow is
given as:

Rd

N� ¼ 20:7 Rþ
t

� ��0:5

where

Rþ
t ¼

d2
pqgqp U�ð Þ2

18l2g

ð25Þ

Kneem and Strauss (1969) performed experimental work on the deposition of
fine particles onto a solid surface. The obtained experimental data were correlated
with a simple expression based on the absence of gravitational or external forces,
valid for particles between 0.5 and 50 mm. The expression is as follows:

No

lsc
/ S2

� ð26Þ

where No is the particle flow to the surface, ls is the shear velocity, c is the mean
concentration, and S* is the dimensionless stopping distance, defined as:

S� ¼ 0:05
lsd
t

� �2r
q

ð27Þ

Here d is the particle diameter, t is the fluid viscosity, and r=q is the relative
density of particle to fluid. This expression showed good agreement with the experi-
mental data. Despite good agreement between model and experimental data, the
authors arrived at three main conclusions in the development of predictive kernels
for deposition: (1) the properties of the fluids close to the wall are of extreme rel-
evance for determining the deposition rate, (2) particles have inertia and this needs
to be considered, and (3) the size of the particles is needed in order to determinate if
Brownian motion is important.

Several other kernels can be found in the literature, such as those provided
by Liu and Agarwal (1974), Okawa and Kataoka (2005), and Friedlander and
Johnstone (1957).

Regarding the models discussed in this article for deposition of droplets on a
wall or a liquid film, the main drawback is that there is no general expression allow-
ing starting with a dry surface that will at some point start to get wet due to previous
splashing. Moreover, Equation (26) does not show that some droplets might bounce
back and some might partially coalesce (part of the droplet is included in the film,
part of the droplet bounces back to the main flow).
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Conclusions

The phenomena of entrainment is quite complex to model; therefore, several kernels
were found in the literature, and there is not a unique mathematical representation
that will allow predicting the behavior for all cases. Most kernels are associated with
physical properties of the system, making them case dependent.

Deposition kernels are not as abundantly studied in the literature as entrainment
kernels. Several physical properties of the system are crucial to determine if
deposition will occur or not, making this phenomenon property dependent. The
characteristics of the wall roughness, physics properties, if the wall is wet or dry, just
to name some, influence the rate of deposition of droplets.

Due to velocity changes, the interaction of one droplet with another one could
have different outcomes. As shown, one of the options is coalescence of droplets. If
this phenomenon takes place at the end of a separation plant, when only very small
droplets remain, there is a significant chance that bigger and undesired droplets will
be produced, generating a complication for the process.

However, if head-on and head-off collisions occur, there will be smaller droplets
generated, produced from the lost of mass of the initial father droplets.

From all the previous work, it can be seen that several kernels have been found
to correlate experimental information. However, because the behavior is dependent
on the physical-chemical properties of the system and fluids, kernels are physically
dependent on the system used, and, therefore, the results are restricted to those
scenarios only.

Inverse problem solutions are also used; nevertheless, they are more problem
dependent because the mathematical solution is based on experimental information.
Correlation between physical properties of different systems and how kernels are
modified with them as well as the possibility of finding new independents kernels
on the system are the next challenge.

As pointed out in Table II for breakage and Table III for entrainment, several
authors have used different experimental setups as well as different fluids. This dif-
ference makes the comparison among the different kernels almost impossible due to
the experimental-setup dependency of the mathematical expression developed. One
general kernel, based on the physics and not the problem, has not yet been found.
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Nomenclature

A mathematical constant
Amp amplitude
B mathematical constant
b mathematical constant
Cd droplet concentration
ci mathematical constant
Ci mathematical constant
d droplet diameter
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D stirred diameter
d0 father’s diameter
d1 diameter of first droplet that interacts
d2 diameter of second droplet that interacts
dc critical diameter that produced a maximum in the breakage
Dh hydraulic diameter
Di impeller diameter
Dp deposition factor
dp particle diameter
Dt tube diameter
E splash number
E1 equilibrium value of fractional entrainment
Ec activation energy
fbv volume of the second daughter
fi friction factor of interface
fw friction factor of wall
H height of reservoir
h real area that is in contact during the collision
I mathematical constant
Ip impact factor
jf volumetric flux of the film
jg volumetric flux of the gas
Jg dimensionless gas flux
k wave number
ki mathematical constants
L distance between droplets’ centers
l characteristic length, normally, droplet diameter
La Laplace number
M mass of liquid content in 1 kg of gas
Mkd mass transfer coefficient of gas
Mke mass transfer coefficient of entrained droplet
N rotational frequency of impeller
Oh Ohnesorge number
Rd deposition rate
Reff Reynolds number of total liquid
Ref Reynolds number of liquid
Reg Reynolds number of gas phase
Rt relaxation time
T diameter of reservoir
u relative velocity across the mean diameter d
u� shear stress
v velocity
We Weber number
x dimensionless impact factor
z axial distance from the entrance

Greek Letters
b mathematical constant
df film thickness
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e_ entrainment rate
e local average dissipation per unit mass
f dimensionless distance
Dheq wave height
h angle between relative velocity and center-to-center line
j eccentricity
lc viscosity of continuous phase
ld viscosity of dispersed phase
lf viscosity of film
lg viscosity of gas phase
n ratio between eddy and droplet diameter
N� friction velocity
q density
qd density of discrete phase
qdrop density of droplet
qf density of film
qg density of gas phase
qp density of particle
r surface tension
1i interfacial shear stress
s standard deviation
t volume of daughter droplet
u dispersed phase holdup fraction
W angle between both centers
x deviation parameter
X axial diameter ratio
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