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a b s t r a c t

Droplet size and distribution are important parameters determining venturi scrubber performance. In
this paper, we proposed physical models for a maximum stable droplet size prediction and upper limit
log-normal (ULLN) distribution parameters. For the proposed maximum stable droplet size prediction
model, a Eulerian-Lagrangian framework and a Reitz-Diwakar breakup model are solved simultaneously
using CFD calculations to reflect the effect of multistage breakup and droplet acceleration. Then, two
ULLN distribution parameters are suggested through best fitting the previously published experimental
data. Results show that the proposed approach provides better predictions of maximum stable droplet
diameter and Sauter mean diameter compared to existing simple empirical correlations including Boll,
Nukiyama and Tanasawa. For more practical purpose, we developed the simple, one dimensional (1-D)
calculation of Sauter mean diameter.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The venturi scrubber is used to collect contaminated, fine par-
ticle laden material from a gas flow before it is released into the
environment. The main advantages of venturi scrubber are its high
filtering efficiency and low installation and maintenance costs.
Accordingly, it has been widely used in various engineering fields
that require the efficient filtering of fine particles.

The venturi scrubber consists of three components: a
converging, throat, and diffuser section. The particle-laden gas
flows into the convergent section and is accelerated in the throat.
Generally, a liquid is introduced into the throat in the form of jets
perpendicular to the gas flow, injected by an external pump
through small orifices located in the throat side wall. These liquid
jets interact with the high-velocity gas in the throat, causing
breakup and atomization and generating fine droplets along the
throat and diffuser. The main filtering mechanism of a venturi
scrubber is inertial impaction, in which fine particles in the gas
stream adhere to the surface of the atomized droplets, collecting
the contaminated particles. In the diffuser section, the gas velocity
decelerates for pressure recovery to minimize pumping cost [1].
Recently, venturi scrubber design has been actively considered in

the nuclear field tominimize the release of aerosol-type radioactive
material into the environment following a severe accident, such as
the Fukushima accident [2]. The main difference between the
typical application of a venturi scrubber and a nuclear industry
application is that the scrubber be operated without electricity
under the accident condition. To provide this capability, it has been
proposed that the venturi scrubber be submerged inside the pool
where water can passively flow into the scrubber throat under the
effects of gravity head, compared the forced jet feeding used in a
conventional venturi scrubber [3,4] as shown in Fig. 1.

The performance of the venturi scrubber has been extensively
investigated for several decades to determine the optimal filtering
efficiency for the lowest operating cost. Several major parameters
influencing the collection efficiency and pressure drop have been
identified, including droplet size and distribution inside the venturi
scrubber. Therefore, accurate prediction of the size and distribution
of droplets is important in enhancing the performance of a venturi
scrubber.

Many factors affect the droplet size inside a venturi scrubber
depending on the operating conditions, including gas velocity, the
ratio of liquid flow to gas flow (L/G), and orifice geometry. These
conditions affect physical phenomena such as primary and sec-
ondary atomization, coalescence of droplets, the sizes of droplets,
and droplets deposition on the interior walls of the scrubber [1].
Therefore, the purpose of this study is to propose and evaluate an
improved method for determining the droplet size and its

* Corresponding author.
E-mail address: hcno@kaist.ac.kr (H.C. No).

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

https://doi.org/10.1016/j.net.2019.03.014
1738-5733/© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Nuclear Engineering and Technology 51 (2019) 1261e1271

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hcno@kaist.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2019.03.014&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2019.03.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2019.03.014
https://doi.org/10.1016/j.net.2019.03.014


distribution in a venturi scrubber.

2. Literature review

Various studies have been performed to determine the repre-
sentative size of droplets in a venturi scrubber. Most of these pre-
vious studies have used the sauter mean diameter (D32) as a
representative droplet size [5]. A number of empirical correlations
have been proposed to adjust the D32 obtained using experimental
measurements [6]. Widely used empirical correlations were pro-
vided by Nukiyama and Tanasawa [7], and by Boll et al. [8]. The
Nukiyama and Tanasawa (NT) correlation was developed based on
data collected from annular flow in plain tubes with an experi-
mental range of gas velocity from 73 to 230 m/s and an L/G of
0.8e1.0 liter/m3, and can be described as follows:

D32 ¼ 0:585
ug

ffiffiffiffi
s

rl

r
þ 1:683 � 10�3

�
mlffiffiffiffiffiffiffi
srl

p
�0:45

ðL=GÞ1:5 (1)

Boll's correlation was derived using commercial-scale venturi
scrubber geometry with an experimental range of gas throat ve-
locity of 30e90 m/s and an L/G of 0.6e2.5 liter/m3 as follows:

D32 ¼ 4:22� 10�2 þ 5:77� 10�3ðL=GÞ1:922
u1:602g

(2)

Both correlations are typically written as two-term equations
in which the first term reflects the decrease in droplet size as the
gas velocity increases due to the breakup mechanism and the
second term reflects the effect of L/G due to coalescence [9].

Another important physical parameter affecting droplet size is
the maximum stable droplet diameter, Dmax. The representative
non-dimensional parameter related to Dmax is the critical Weber
number. The initial Weber number can be expressed as a balance
between disruptive hydro-dynamic forces and the stabilizing sur-
face tension force at the droplet injection location as follows:

We ¼ rgU
2
r;0D0

s
(3)

where Ur,o is the initial relative velocity and Do is the initial droplet
diameter.

The critical Weber number Wecrit has been experimentally
studied and determined to be approximately 12 [10]. Based on the
definition of the initialWeber number, themaximum stable droplet
diameter can thus be expressed as:

Dmax ¼ Wecrit
s

rgU
2
r;0

(4)

Pilch and Erdman [11] argued that the value of Dmax calculated
using Eq. (4) is significantly underestimated compared to experi-
mental data because it assumes instantaneous, complete breakup
of the droplet at its initial position. Indeed, experimental evidence
has shown that breakup actually occurs over a specific period of
time called the total breakup time. The breakup of a droplet with a
large Weber number occurs through a multistage process in which
the droplet undergoes continued breakup until its Weber number
decreases below the critical Weber number. Accordingly, Pilch and
Erdman [11] suggested an expression for Dmax that reflects the ef-
fects of droplet acceleration and the decrease in relative velocity
between the droplet and gas flow during breakup considering the
local Weber number as follows:

Dmax ¼ Wecrit
s

rgU
2
r;0

�
1� Ud

Ur;0

��2

¼ Wecrit
s

rg
�
Ur;0 � Ud

�2 (5)

where Ud is the velocity of the droplet once all breakup processes
have terminated. To obtain Ud, Pilch and Erdman [11] suggested a
correlation between total breakup time and droplet acceleration
based on a modified momentum equation. Results show that this
approach provides a better prediction capability of droplet size for
large Weber numbers.

Another important research area is the droplet size distribution.
Various experimental results show that the droplet size has its own
distribution. Information on droplet size distribution is useful in
fundamental analyses of the transport of mass or heat in a
dispersed flow [12]. Another advantage of knowing the droplet size
distribution is that various information on droplet size, including
the mass mean diameter and volume mean diameter, can be ob-
tained using mathematical relationships. The use of a D32 instead of
droplet size distribution inside the venturi scrubber has been
reviewed by Bayvel [13], who concluded that the calculated overall
collection efficiency would be different if the size distribution was
used instead of the D32.

Several theoretical droplet distribution functions have been
accordingly proposed to fit experimentally obtained droplet dis-
tribution data. Widely used distributions are the Rosin-Rammler
(RR) distribution and the upper limit log-normal (ULLN) distribu-
tion [14].

The RR distribution is a single-peaked distribution function
utilized when analyzing sprays [15]. In its cumulative form, this
volume distribution function is expressed as:

F3ðdÞ ¼ 1� exp
h�

d ⁄ d
�qi

(6)

Where d is the diameter that 63.2% of the total mass is in smaller
than, and q is the distribution parameter. The higher the value of q,
the more uniform the droplet size distribution. The D32 can be
obtained using RR distribution parameter and mathematical
gamma function:

D32 ¼ d
	
G
�
1� 1 =q

�
(7)

Mugele and Evans [12] reviewed several size distribution func-
tions for dispersed flow and their application to experimental data,
proposing a modification of the existing log-normal probability
distribution function, called the ULLN distribution, for the distri-
bution of droplet size in sprays. The ULLN distribution for atomizing
jets has been applied by several investigators to their experimental

Fig. 1. Schematics of forced feed and self-priming mode of venturi scrubber [2,3].

S.W. Lee, H.C. No / Nuclear Engineering and Technology 51 (2019) 1261e12711262



data in annular dispersed flow [14]. This distribution is given in the
following equation in a probabilistic distribution form:

f3ðdÞ ¼
dDmaxffiffiffi

p
p

dðDmax � dÞ exp


� d2

�
ln
�

ad
Dmax � d

��2

(8)

where, a ¼ dmax
dv50

� 1, d ¼ 0:394

log
n

dv90=ðdmax�dv90Þ
dv50=ðdmax�dv50Þ

o, dv50 is the volume median

diameter, and d is the distribution parameter.
The expression in Eq. (8) introduced three distribution param-

eters, including a new and physically significant parameterDmax. All
the distribution functions except for the ULLN distribution have an
infinite Dmax, but it remains physically reasonable to include the
Dmax to maintain theoretical completeness.

Mugele and Evans [12] found that d and awould only be weakly
dependent on the flow variables of annular flows by comparing the
experimental results. The sensitivities of d and a are shown in
Fig. 2. In this figure, x axis is the normalized droplet diameter
representing the ratio of droplet diameter to Dmax and y axis is the
probabilistic distribution. Several researchers have proposed ULLN
distribution parameters based on existing experimental data, as
summarized in Table 1.

The relationship between Dmax and D32 can be easily derived
mathematically as:

D32

Dmax
¼ 1�

1þ ae
1�

4d2
� (9)

3. Droplet size prediction model for CFD with ULLN
distribution parameters

We developed a calculation methodology for Dmax using a
computational fluid dynamic (CFD) approach with Lagrangian
particle tracking coupled with a particle breakup model. Also, we
proposed ULLN distribution parameters using the best fit of
experimentally determined D32 values.

3.1. CFD model

Computational fluid dynamicmethods have beenwidely used to
predict complex thermo-hydraulic behavior and to optimize
component design. To calculate venturi scrubber performance, two
components, the gas flow and the droplet, should be analyzed. For
the gas flow, the Eulerian approach is used as a continuous phase.
The methods used to calculate droplet behavior are divided into

two types. The first type is the Eulerian approach, which has been
used in some researches [22] as it can predict the average proper-
ties of droplets such as velocity, mass, temperature, and volume
fraction using partial differential equations. The advantage of this
method is its relatively simple modeling and fast running timewith
reasonable prediction results. However, this approach does not
predict detailed particle behaviors, such as the breakup of the
droplet, interfacial area, and filtering efficiency. The second type of
droplet behavior calculation is the Lagrangian particle tracking
method, which tracks all the droplets injected into the domain as
moving mass points using ordinary differential equations. No vol-
ume is occupied by the droplets in the continuous field; they
instead work as momentum sinks [23]. The calculation of the
behavior of all the droplets is nearly impossible and even unnec-
essary. So the parcel concept of using one representative particle for
each tracking path has been introduced. Using this concept, for a
certain particle tracking path, the mass flow rate is conserved while
both the representative droplet diameter and particle number rate
can change. The particle momentum sources consist of several
terms including drag force, buoyancy force, and virtual mass force.
In this calculation, only drag force is considered because it is
dominant in the breakup using the following equations [24]:

Ud ¼ dxi
dt

(10)

_nd ¼ _md

md
(11)

dS
dt

¼ �FD ¼ �1
2
CDrdAd

��Ug � Ud
���Ug � Ud

�
_nd (12)

where, for a single droplet mass, md ¼ 4
3pr

3rd, and _md is the
droplet mass flow-rate for an individual particle tracking path.
The momentum source term in Eq. (12) is coupled to the mo-
mentum equation for the Eulerian gas flow field and a fully
coupled calculation scheme is used for the convergence criteria.
In this paper, a combined Eulerian-Lagrangian approach is used
in which the gas flow field is solved using the Eulerian frame-
work and the droplet behaviors are solved based on the

Fig. 2. Sensitivity of ULLN distribution parameters.

Table 1
Suggested ULLN distribution parameters.

Study a d Experimental data used

Tatterson [16] 1.9 0.72 Wicks [17], Cousins [18], Tatterson [16]
Kocanustafaogullari [20] 1.93 0.75 Wicks [17], Cousins [18], Lopes [19]
Hay [21] 2.6 0.84 Hay [21]
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Lagrangian framework.
The droplet breakup model is divided into primary and sec-

ondary breakup stages. Primary breakup represents the breakup of
the liquid jet at the nozzle exit that initially generates droplets,
after which secondary breakup occurs downstream. If the orifice
geometry is pressure swirl atomizer or nozzle cavitation is ex-
pected, the initial droplet size might be different to the orifice size.
In this calculation we assume the simple orifice geometry.

So, the blob model, one of the simplest models, which assume
the nozzle diameter as the initial droplet diameter, is used to

describe primary breakup.
The secondary breakup model considers the deformation of the

initial spherical shape of the droplet and its atomization due to the
turbulence of the gas and external aerodynamic forces acting on the
droplet. The main objective of the secondary breakup model is to
determine the stable droplet size. There are several models available,
including those proposed by Reitz and Diwakar [25] and Schmehl
et al. [26], aswell as theCascade atomization andbreakupmodel [27].

Stability criteria for Reitz-Diwakar model is exactly same as a
critical Weber number definition. This means that the Reitz-
Diwakar model is physically reasonable for predicting Dmax rather
than D32. Therefore, we use Reitz-Diwakar model to calculate Dmax.
This model assumes the breakup to be a multistage process in
which the droplets undergo further breakup until their local Weber
number decreases below the critical Weber number as indicated by
Pilch and Erdman [11]:

dDd
dt

¼ �Dd � Dd;stable

tb
(13)

The RD model was developed based on the experiments of
Reinecke and Waldman [28] on the breakup of isolated drops and
the correlations given by Nicholls [29]. Breakup mechanisms are
classified as either stripping breakup or bag breakup based on the
local Weber number. In stripping breakup, liquid is sheared from
the periphery of the deforming drop surface in a high Weber
number. In bag breakup, a thin hollow bag is blown downstream

Table 2
Reitz-Diwakar breakup model.

Bag Breakup Stripping Breakup

Criterion for breakup mechanism We> Wecrit ¼ 12 We
. ffiffiffiffiffiffiffiffi
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Life time of unstable droplet
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Table 3
Problem setup for CFD calculations.

Parameter Value

Pressure/temperature 0.1 MPa, 25 �C
Geometry Pipe diameter: 0.095 m

Pipe length: 3 m
Injection location: 0.5 m

Working fluid Water/air
Fluid modeling method Gas: Eulerian

Droplet: Lagrangian particle tracking
Initial droplet diameter 2 mm (orifice diameter)
Total Lagrangian particle path 10,000
Primary breakup model Blob
Secondary breakup model Reitz-Diwakar
Initial droplet rate 10 per particle path
Turbulent modeling SST
No. of elements in mesh 970,000

Fig. 3. Droplet breakup behavior over the particle tracking path.
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while it is attached to a toroidal rim. The bag eventually bursts,
forming a large number of small droplets. It occurs at relatively a
low Weber number [11].

In the CFD calculation, each cell has information on the gas
velocity, droplet velocity, and droplet size. So, the local Weber
number can be easily calculated.

The criterion for breakup mechanism selection is checked for
each drop parcel at each time step, and the droplet diameter is
calculated against each mechanism using Eq. (13) based on the
calculation of the lifetime of an unstable droplet and the stable
droplet diameter as summarized in Table 2.

As shown in Table 2, according to the definition of stable droplet
diameter under bag breakup, the final droplet size is determined
when the local Weber number converges to the critical Weber

number. This means that the RD model is physically reasonable for
predicting Dmax rather than D32. Therefore, in the CFD calculation of
this study, the calculated droplet diameter is defined as Dmax.

In this study, particles are assumed to be spherical. The drag
coefficient of a spherical particle has been extensively studied and
is proposed to be a function of the droplet Reynolds number. The
widely used Shiller-Naumann correlation is applied in this study as
follows:

CD ¼ 24
Red

�
1þ 0:15Re0:687d

�
(14)

where the droplet Reynolds number Red ¼ rgDdjUg�Udj
mg

Fig. 4. Droplet velocity and diameter in the axial direction.
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There are various kinds of different geometry used for the
venturi scrubber. However, droplet breakup is mainly influenced by
the relative velocity between the gas and the droplet. The objective
of this CFD calculation is to determine the Dmax during multistage
breakup and to reflect the effect of droplet acceleration considering
breakup time and local Weber number. For this general application,
a simple straight pipe is modeled to predict Dmax for isolated
droplet breakup. Gas velocity at the throat inlet is used as an initial
condition to calculate the local gas velocity and local droplet ve-
locity inside venturi scrubber considering droplet breakup. Then
relative velocity obtained are used to determine the Dmax.

A three-dimensional straight pipe was generated using the
ANSYS CFX 16 software package. The hybrid meshes, consisting of
tetrahedrons and prisms, contained 970,000 elements. The
convergence criteria for simulations were 10�5 RMS for the re-
siduals. For turbulence modeling, the well-known SST was used.
The turbulence increases due to the relative velocity between gas
and droplet due to interfacial drag and breakup. In respect to the
turbulence in particle tracking in CFX, the instantaneous fluid ve-
locity is decomposed into mean velocity and fluctuating compo-
nent. The particle has no volume occupied and just work as a
momentum source. Particle follows separate trajectories due to the
random nature of the instantaneous fluid velocity. It is the fluctu-
ating component of the fluid velocity that causes the dispersion of
particles in a turbulent flow [24]. For the boundary condition at the
inlet, the mass flow rate of the gas was applied. The droplet was
injected as a particle transport fluid with amass flow rate boundary
condition and a total of 10,000 parcels. At the outlet, the pressure
boundary condition was used. The detailed problem setup is
summarized in Table 3.

3.2. Calculation results by CFD

Fig. 3 shows the representative Lagrangian particle tracking be-
haviors of a droplet. Two gas velocity cases are compared: a low gas
velocity Vg of 30m/s and high gas velocity Vg of 75m/s. The breakup
of each droplet diameter along the particle tracking paths is shown
over a time span of 0.001 s. The first circle that leaves the orifice is
primary breakup, and the rest of them are all secondary breakup. In
the case shown in Fig. 3(a), the droplet diameter reaches its stable
condition almost instantaneously. The case shown in Fig. 3(b), in
contrast, shows continuous breakup occurring further downstream
of the injection location until reaching stable condition.

Fig. 4 shows the droplet velocity and diameter along the z di-
rection. In the case shown in Fig. 4(a), the droplet reaches its stable
condition within 0.02 m beyond the injection location because the
local Weber number reaches the critical Weber number. At that
location, the droplet velocity is ~4 m/s (indicated by the vertical
line). However, in the case shown in Fig. 4(b), the droplet reaches its
stable conditionwithin 0.12m beyond the injection location, where
the droplet velocity is ~20 m/s (indicated by the vertical line). Mesh
sensitivity studies are performed on 0.54 and 1.98 million meshes.
Results show that the error range is within 0.44% and shows
reasonable prediction capability.

Comparisons between the two cases are summarized in Table 4,
in which the droplet diameter calculation based on the conven-
tional initialWeber number is clearly under-estimated compared to
the Eulerian-Lagrangian method proposed in this study. Especially
in the high gas velocity case, the difference between the Dmax

predicted using the initial Weber number and the proposed
method is almost two-fold.

To confirm the validity of the proposed approach, three methods
for predicting Dmax, the initial Weber number, the Pilch model [11],
and the approachproposed in this study,were compared against four
referenced experimental data sets with the results shown in Fig. 5.

The experimental data itself exhibits some scattering mainly due
to the different hydraulic conditions, measurement techniques, and
experimental setups of each referenced data set. In general, the
method proposed in this study shows a reasonable predictive
capability over the considered range compared to the other models.
In particular, this study predicts the Dmax relatively well in the high-
gas velocity region, while the other models significantly underesti-
mate the Dmax. This indicates that in order to obtain a better estimate
of Dmax during breakup under high Weber numbers, multistage
breakup and droplet acceleration need to be carefully considered.

To determine the ULLN distribution, three parameters, Dmax, a,
and d, need to be determined. For Dmax, the CFD calculation results

Fig. 5. Comparison of different calculations of maximum droplet size.

Table 4
Comparison of predicted Dmax results.

Vg (m/s) Dmax (micron)

Initial Weber number This study

30 m/s 819 970
75 m/s 131 260

Fig. 6. Effect of L/G on droplet size distribution [21].
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were used. The value of d, as described in Fig. 2 and Table 1, was
determined based on existing experimental data, but was not
significantly sensitive to droplet size distribution. As a result, a
generally acceptable value of 0.75 was used. For the value of a, the
best fit of the experimental results of D32 was applied. It is impor-
tant to note that many results show that as L/G increases, the
droplet size distribution becomes more uniform. That means the
volume median droplet size (Dv50) increased mainly due to coa-
lescence because of higher probability of collision as L/G increases.
A typical trend was shown by Hay et al. [21] and can be seen in
Fig. 6.

To reflect this experimental results, correlation factor that best
fit the ULLN distribution parameter of a, that representing the ratio
of Dv50/Dmax, is suggested as shown in Eq. (15).:

a ¼ dmax

dv50
� 1 ¼ a0=ð1þ f Þ (15)

where a0 ¼ 2:5 and f ¼ 0:6ðL=G� 1Þ if L/G > 1.0.
The final proposed ULLN distribution and its relationship to

several other representative droplet diameters is shown in Fig. 7.

3.3. Comparisons of the proposed ULLN CFD model with Boll and
Nukiyama Tanasawa model

The proposed methodology for determining the droplet size in a
venturi scrubber was validated by existing experimental data for
the venturi scrubber. Table 5 summarizes the published experi-
mental data available for D32 in the venturi scrubber.

Among the experiments listed in Table 5, Costa et al. [31] and
Guerra et al. [33] performed experiments using a relatively small L/
G range. Their experimental results showed a large scattering of D32

against the value of L/G. In some data, the droplet size decreased as
L/G increased, against the general trend. Guerra [33] pointed out
that their values for L/G were smaller than those of other studies,
thus the results from these studies could not be directly compared.
Therefore, in the comparison in this study, the data from Costa et al.
[31] and Guerra et al. [33] for values of L/G < 0.15 were excluded.

Comparisons of the resulting D32 were then performed between
the Boll model, the NT model, and the proposed model, shown in
Fig. 8 and summarized in Table 6.

The deviation index and tendency index, defined by Gonçalves
[5], and the normalized root mean square difference (RMSD) were
then analyzed as follows, with the results as shown in Table 6

Fig. 7. Proposed normalized ULLN distribution.

Table 5
Venturi scrubber experimental D32 data.

Study Gas velocity (m/s) L/G (liter/m3) Throat size (m) Throat length (m)

Boll et al. (1974) [8] 30e90 0.6e2.5 0.35ⅹ0.305 0.305
Atkinson and Strauss (1978) [30] 50 0.2 0.016ⅹ0.04 0.026
Alonso et al. (2001) [15] 70e90 0.5e1.0 0.019 diameter 0.064
Costa et al. (2004) [31] 60e75 0.1e0.3 0.035ⅹ0.024 0.14
Viswanathan et al. (2005) [32] 45e75 0.4e1.8 0.152ⅹ0.076 0.267
Guerra et al. (2009) [33] 60e75 0.07e0.3 0.04ⅹ0.027 0.24

Deviation Index ≡

Pn
i¼1

�
abs
�
D32; predicted � D32; measured

�.
D32;measured

�
i

n
(16)
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Tendency Index ≡

Pn
i¼1

�
D32; predicted�D32; measured

D32;measured

�
i

n
(17)

where a positive value indicates overestimation and a negative
value indicates underestimation;

Normalized RMSD ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
D32; predicted�D32; measured

n

�2
i

r
D32;measured

(18)

The results of the comparison on deviation index show that the
proposed model provides superior predictions when compared to
the other models. As for tendency index, the Boll model slightly
underestimated and the NT model significantly overestimated the
overall trend. However, the proposed model exhibited no direc-
tional bias.

4. Droplet size prediction model for 1-D calculations

In this section, for more practical purpose minimizing
computational complexity, we developed the simple, one
dimensional (1-D) calculation of D32. And we compared its pre-
dictions with the previously discussed CFD results for an un-
known variable of droplet velocity and maximum droplet
diameter. In actual conditions, when a droplet interacts with a
gas stream, the gas velocity decreases locally due to the transfer
of its momentum to the droplet. For the 1-D calculation, the gas
velocity is assumed to be constant and equal to the inlet velocity.
The governing equations for the 1-D calculation are summarized
in Table 7.

Fig. 9 shows the calculation results and comparison between the
previously discussed CFD results and those of the 1D calculation.
The droplet velocity determined by the CFD calculation exhibits
some scattering because the droplet radial distribution is not uni-
form. However, the overall droplet size can be observed to be
reasonably predicted.

Fig. 10 shows the values of Dmax calculated using three different
calculation methodologies. The initial Weber number calculation
results are underestimated while the CFD and 1D calculation re-
sults are within an acceptable error range. Therefore, the 1D
calculation using the governing equation sets listed in Table 7 are
applicable when estimating Dmax.

5. Conclusions

A model for the prediction of the maximum stable droplet
diameter during breakup in a venturi scrubber is proposed. The
proposed model simultaneously solves the Lagrangian particle
tracking of a droplet and the Reitz-Diwakar breakup model using
the ANSYS CFX 16 software package. Compared to the proposed
model, the conventional model based on the critical Weber number
and an instantaneous breakup assumption was observed to
significantly under-estimate the maximum droplet size. The pro-
posed model accurately reflected the effects of multi-stage breakupFig. 8. Comparison between D32 calculation results.

Table 6
D32 error analysis results.

Model Deviation (%) Tendency (%) NRMSD (%) Pearson

Boll 16 �7 15.5 0.976
NT 31 27 27.9 0.938
Current study 13 0.4 15.2 0.970
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Table 7
Summary of governing equations for the 1-D calculations.

Unknown variables Governing equation Remark

vdðzÞ Force balance
FD ¼ d

dt

 
pD3

d
6

rdvd

!
¼ CD

 
pD2

d
4

!
rgðvg � vdÞ2

2

Constant Vg

Drag coefficient
CD ¼ 24

Red
ð1þ 0:15Re0:687d Þ Shiller-Naumann

DdðzÞ Breakup model dDd

dt
¼ � Dd � Dd;stable

tb

Reitz-Diwakar

Weber number Dd;stable ¼ Wecrit
s

rgðVg � VdÞ2
Wecrit ¼ 12

D32ðzÞ ULLN distribution D32

Dd
¼ 1�

1þ ae
1
.
4d2

�

Fig. 9. Comparison of the results of CFD and 1D calculations.
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and droplet acceleration during breakup. Results demonstrate that
the proposed model for stable droplet diameter provides better
predictions using existing experimental data, especially under a
high Weber number.

As a well-known droplet size distribution function, the ULLN
distribution function requires three distribution parameters: Dmax,
a, and d. For Dmax, the calculation results using the proposed
method were used, while the values of a and d were selected using
values that best fit the existing experimental data. Furthermore, the
effects of L/G were considered. The comparison of results against
experimental data for D32 in venturi scrubber geometry indicated
that the proposed model provides better predictions than existing
empirical correlations, such as those proposed by Boll et al. [8] and
Nukiyama and Tanasawa [7].

In this works, effect of liquid film on droplet size is not
considered. So, in future work, the effect of liquid film fraction and
the entrainment-induced droplet size need to be further examined
for technical completeness.
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Nomenclature

Ad cross-sectional area of droplet [m2�
a Upper Limit Log Normal distribution parameter [�]
Cd drag coefficient [-]

d Rosin Rammler distribution parameter that droplet
diameter that 63.2% of the total mass is in smaller
diameter [m]

D0 Initial droplet diameter [m]
D10 Arithmetic mean diameter [m]
D30 Volume mean diameter [m]
D32 Sauter mean diameter [m]
Dd Droplet diameter during breakup [m]
Dd;stable Stable droplet diameter assuming instantaneous

breakup [m]

Dmax Maximum stable droplet diameter [m]
dv10 droplet diameter for 10th percentiles of total droplet

volume [m]
dv50 droplet diameter for 50th percentiles of total droplet

volume, volume median diameter [m]
dv90 droplet diameter for 90th percentiles of total droplet

volume [m]
L/G Liquid to gas ratio [liter=m3]
md Single droplet mass [kg]
_md Droplet mass flowrate [kg/s]
_nd droplet number rate [#/s]
NT Nukiyama and Tanasawa
q Rosin Rammler distribution parameter
Red Droplet Reynolds number
RR Rosin Rammler
S Momentum source term [Ns]
ULLN Upper Limit Log Normal
U Velocity ½m=s�
Ur Relative velocity ½m=s�
F3 cumulative volume distribution function [�]
f3 probabilistic volume distribution function [�]
x traveling distance of droplet [m]

Greek letters
m viscosity ½N s=m2�
r density ½kg=m3�
s surface tension ½N=m�
d ULLN distribution parameter [�]
tb Lifetime of unstable droplet [s]
G Gamma function [�]

Subscript
d droplet
l liquid
g gas
0 initial
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