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a b s t r a c t

Owing to the rising concerns about the safetyof nuclear powerplants (NPP), it is essential to study the venturi
scrubber in detail, which is a key component of the filtered containment venting system (FCVS). FCVS alle-
viates thepressure incontainmentbyfilteringandventingout thecontaminatedair. Themainobjectiveof this
research was to perform a CFD investigation of different configurations of a circular, non-submerged, self-
priming venturi scrubber to estimate and improve the performance in the removal of elemental iodine from
the air. For benchmarking, a mass transfer model which is based on two-film theory was selected and vali-
dated by experimental data where an alkaline solution was considered as the scrubbing solution. This mass
transfermodel wasmodified and implemented on a unique formation of two self-priming venturi scrubbers
in series. Euler-Euler method was used for two-phase modeling and the realizable K � εmodel was used for
capturing the turbulence. The obtained results showed a remarkable improvement in the removal of radio-
active iodine from the air using a series combination of venturi scrubbers. The removal efficiency was
improved at every single data point.
© 2022 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 containment air into the atmosphere. Venturi scrubber technology is
The nuclear power plants (NPPs) provide cleaner power genera-
tion, sustainable and reliable energy. But due to accidents like the
ones at NPPs of ThreeMile Island, Chernobyl, and Fukushima Daiichi,
there are some concerns regarding the safety of NPP. The most
prominent concern regarding its safety is the release of radioactive
products into the environment. In these radioactive products, iodine-
131, due to its airborne properties and having a half-life of 8 years, is
the most worrisome radioactive product. To prevent any exposure to
radioactivity in the environment, the integrity of the containment
building must never be jeopardized. A filtered containment venting
system (FCVS) is used to protect the integrity of the containment
building during severe accidents. In severe accidents, the pressure
and temperature of the containment rise, which, in return, makes
the integrity of containment to be vulnerable. FCVS reduces the
pressure by filtering and then releasing a certain amount of
hmed).

by Elsevier Korea LLC. This is an
the most effective option for the removal of gaseous pollutants as
well as dust particles. It is used in the FCVS to filter contaminated air.
In order to improve its performance, it is essential to study the flow
physics of a venturi scrubber and the factors that influence the
removal of contaminants. Venturi scrubber is a type of venturi tube
having small orifices at its throat [1]. It has been the topic of research
for a long time now, mainly due to its high removal efficiency.

Uchida-Wen [2] first presented amathematical model regarding
the removal of gaseous pollutants like sulfur dioxide (SO2) using a
venturi scrubber. The model predicted the pressure drop in the
venturi scrubber as well as heat and mass transfer for SO2 removal.
First-order equations were used and droplets were assumed to be
rigid, spherical, having no coalescence with the same size distri-
bution and results were in good agreement with experimental data.
Cooney [3] studied the removal efficiency of the venturi scrubber
and improved the model presented by Uchida-Wen [2] by incor-
porating the pH and diffusion effects. Ravindram-Pyla [4] studied
the removal of pollutants using a venturi scrubber and proposed a
mathematical model that incorporated the diffusion effects as well
as second-order irreversible reaction. Alonso et al. [5] studied the
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hydrodynamics of the venturi scrubber by performing several ex-
periments having different types of injection methods. The main
purpose was to measure the droplet size of the scrubbing solution
for multiple gas flowrates using a laser diffraction method. The
conclusionwas that Sauter mean diameter obtained from Boll et al.
correlation [6] instead of Nukiyama-Tanasawa correlation [7], gives
more agreeable results with the experimental data.

Gamisans et al. [8] developed a two-film theory based model
while considering the effects of both liquid droplets and film for-
mation. Concentration difference was considered to be the major
driving force and the scrubbing solution was considered to have
interactedwith air as droplets and as a film. It was concluded that the
reaction is kinetically rapid, so the mass transfer phenomenon was
diffusion-controlled and dominant near the liquid-gas interface. Pak
andChang [9]presenteda three-phase (gas, liquid, anddustparticles)
model to predict the pressure drop and the collection efficiency of a
venturi scrubber. The results were compared with the experimental
data andwere found to be in good agreementwith them.Ali et al. [10]
performedexperiments to study the submerged andnon-submerged
venturi scrubber and noted that the efficiency of removal of iodine
increased with an increase in the air mixture flowrate.

Ali et al. [11] proposed a mathematical model based on the two-
film theory similar to a model proposed by Gamisans et al. [8], to
study the non-submerged venturi scrubber. It was considered that
reaction rates are kinetically rapid while the mass transfer was
diffusion-controlled and dominant at the gas-liquid interface as
proposedbyGamisans et al. [8]. Itwas concluded that theefficiencyof
iodine removal increases with an increase in the flowrate of air
mixture and the amount of inlet concentration of iodine in it. Zhou
et al. [12] conducted experiments and proposed a mathematical
model to estimate the efficiency of iodine removal of the self-priming
venturi scrubber. Ashfaq et al. [13] studied the effect of variation in
diameter of the droplet on removal efficiency of iodine in a non-
submerged, self-priming, venturi scrubber using CFD, for various
flowratesof liquidandgas. Extending theworkofAshfaqetal.,Ahmed
et al. [1] studied the phenomenon of mass transfer in a venturi
scrubber using ANSYS FLUENT. The mass transfer model which was
based on the two-film theory was developed and validated with
experimental results. The proposed model was implemented in CFD
software by using a user-defined function (UDF). Ahmed et al. tuned
the distribution parameter by calculating its value for different gas
flowrates and inlet iodine concentration.

The present research is an extension of the work presented by
Ahmed et al. [1]. This research aims to improve the removal efficiency
of the venturi scrubber using the methodology presented by Ahmed
et al. [1]. For this purpose, a novel arrangement of venturi scrubbers
has been proposed. The unique formation of two circular, self-
priming, non-submerged venturi scrubbers in series (vertically
stacked upon each other) is presented. After validating the method-
ology for a single venturi scrubber, the removal efficiency is improved
by using a unique formation of two venturi scrubbers in series.
Moreover, twovariations of themass transfermodel based ondroplet
diameter in both venturi scrubbers have been used. The same droplet
size on both venturi scrubbers in series, as well as different droplet
sizes for each of them, were implemented on this unique formation
and results have been compared. This novel configuration of venturi
scrubbers as well as the variation of mass transfer model for this
arrangement are being presented here for the first time in the light of
open literature. The effect of differentflowrates,water head, and inlet
concentration on removal efficiency, iodine mass fraction, velocities,
and pressure inside the venturi scrubbers are also presented in this
work. The results show that at lower gas flowrates (5e6.5m3h-1), the
maximum removal efficiency is predicted to be around 98%, which is
very high considering the lower gas flowrates.
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2. Methods and procedure

In this study, CFD investigation has been carried out to study and
improve the removal efficiency of two self-priming, circular, non-
submerged venturi scrubbers in series. A mathematical model
developed by Ahmed et al. [1] was implemented in the ANSYS
FLUENT module using a user-defined function (UDF). The perfor-
mance of the venturi scrubber was judged based on its efficiency to
remove iodine from the air. The difference in concentration of
iodine between inlet and outlet of the venturi scrubber was used to
calculate the removal efficiency.
2.1. Mathematical model for flow

The Eulerian model has been used for two-phase modeling as
suggested by Ahmed et al. [1]. The following are the equations used
by the Eulerian model to solve for each phase. Continuity equation
[14]:
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where the above-mentioned momentum equation is also for phase
q and tq is stress tensor of qth phase.
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where aq is the volume fraction, mq is shear viscosity while lq

represents the bulk viscosity of the qth phase. F
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td;q represent the external body force, lift force, wall
lubrication force, virtual mass force, and turbulent dispersion force

respectively. R
!

pq represents the phase interaction between all
phases and depends upon the cohesion forces, pressure, and fric-
tional forces between phases. v!q denotes velocity of qth phase and

v!pq denotes the interphase velocity. I represents the unit tensor.
Energy equation [14]:
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where hq represents the enthalpy of qth phase, Sq represents the

source term, Qpq represents the heat intensity between pth and qth

phases and q!q denotes heat flux of qth phase while hpq shows the
interphase enthalpy.
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2.2. Mass transfer model

A two-film theory based mathematical model, as suggested by
Ahmed et al. [1] has been presented below. Mass transfer in venturi
scrubber is diffusion-controlled and concentration difference is the
only driving force [8]. A user-defined functionwas built based on the
schematic (shown inFig.1) of themodel proposedbyAhmedet al. [1].

In Fig. 1, dd represents the droplet diameter calculated using Boll
et al. correlation [6], Ql represents volume flowrate of liquid into
the venturi scrubber, Qg is the volume flowrate of gas mixture, vr is
the relative velocity between liquid and gas at throat of venturi
scrubber. Sc represents Schmidt number calculated using dynamic
viscosity (mg) and density (rg) of the gas mixture, and diffusion
coefficient of iodine in gas (Dg). Re is the Reynolds number calcu-
lated using density and viscosity of the gas mixture, droplet
diameter, and velocity of the gas mixture (vg) at the throat of the
venturi scrubber. Sh represents the Sherwood number which has
been calculated utilizing Steinberger and Treybal correlation [15].
kG is the diffusion coefficient calculated using the definition of
Sherwood number. _M is the mass transfer rate of iodine per unit
volume for a single computational domain calculated using the
formula developed by Ahmed et al. [1]. al is the volume fraction of
liquid in a computational domain, Cin is the inlet concentration of
iodine in gas mixture, and rd is the radius of droplet. m represents
the mass distribution parameter defined as follows

m¼ Equilibrium concentration of iodine in mixture of water
Equilibrium concentration of iodine in mixture of air

2.3. CFD simulations

CFD simulations were performed on the FLUENT module of
ANSYS. Geometry details for a single venturi and dimensions were
obtained from Ahmed et al. [1] as shown in Fig. 2. For this study,
simulations were performed on two venturi scrubbers in series,
where each venturi scrubber had the same dimensions as shown in
Fig. 2. Geometry was modeled in ANSYS Design Modeler, whereas
meshing was performed in the ANSYS Meshing module. The
meshed geometry has been shown in Fig. 3.
Fig. 1. Mass transfer model schematic [1].
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The Eulerian model has been used for the multiphase modeling,
the realizable K � ε model for turbulence modeling, and the mass
transfer model was coupled with ANSYS FLUENT using a user-
defined function (UDF). For species transport, the air-iodine
mixture has been selected as the primary phase, while, instead of
0.2% Na2S2O3 and 0.5% NaOH solution, water has been selected as
the secondary phase, because the flow physics of water and alkaline
solution is similar.

The summary of the CFD settings has beenmentioned in Table 1.

2.4. CFD model validation

The CFD model used for the study has been validated by com-
parison of the simulation results of a single venturi scrubber with
the results published by Ahmed et al. [1]. The experiments were
performed on a lab-scale setup where filtered air was passed
through iodine sublimation chamber and the concentration of
iodine in air was determined using iodine trap (containing 0.1 M
KOH solution) just before inlet of venturi scrubber. A similar iodine
trap was used at exit of venturi scrubber. The trap solutions were
analyzed using UVevisible spectrophotometer to determine the
concentration of iodine [1]. Fig. 4 shows that the simulated results
are in good agreement with the experimental data and the
maximum error is about 9.4%. Thus, it validates the model used in
this work and shows that the simulated model is credible and
reliable in representing the physics of the removal of iodine from
the air mixture using a venturi scrubber.

2.5. Mesh independence study

Furthermore, to validate the CFDmodel of two venturi scrubbers
in series, mesh independence study, has been performed by plot-
ting iodine mass fraction along the length of two venturi scrubbers
in series for different number of mesh elements. From Fig. 5, it can
be inferred that simulations become mesh independent after
143168 elements. So, further results have been obtained at 143168
number of mesh elements. Convergence criteria of absolute re-
siduals less than 10�5 has been used in these simulations.

3. Results and discussion

In this study, the removal efficiency of the venturi scrubber at
lower gas flowrates has been improved by implementing a unique
formation of two venturi scrubbers in series. The model was vali-
dated by benchmarking with experimental data and mesh inde-
pendence study was performed which have been described in
detail. To justify the improvement in removal efficiency of iodine
from the air, a comparison has been made between the results of
single venturi scrubber with the ones of two venturi scrubbers in
series. Moreover, the comparison of two unique mass transfer
models: (1) using the same droplet diameter at both venturi
scrubbers in series, (2) different droplet diameter at each venturi
scrubber, has been performed. The effect of different parameters
such as gas flowrate and iodine inlet concentration on the removal
efficiency, mass transfer rate, velocity, and pressure along the
length of two venturi scrubbers have also been plotted and con-
tours are presented to further elaborate the scrubbing phenome-
non especially when two venturi scrubbers are stacked upon each
other vertically.

3.1. Removal efficiency

Fig. 6 is a testimonial to the claim that using the unique for-
mation of two venturi scrubbers in series (vertically stacked upon
each other) has improved the removal efficiency by a margin of



Fig. 2. Geometric details of a single venturi [1].

Fig. 3. Meshed domain of two-venturi scrubbers in series.

Table 1
Summary of CFD settings.

Multiphase Model Eulerian-Eulerian Model

Mass Transfer Model Iodine from Phase-1 to Phase-2 using UDF
Turbulence Model Realizable K � ε model
Primary Phase Air-Iodine
Secondary Phase Water-Iodine
Droplet Diameter of secondary

phase
Boll et al. Correlation using UDF

The details of the boundary conditions are mentioned in Table 2.
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approximately 8%e10%. When two venturi scrubbers are in series,
the efficiency of the first and second venturi scrubbers combined is
greater than single venturi scrubber at lower flowrates (5e6.5 m3h-

1). In a submerged self-priming venturi scrubber, a water pool of a
certain length is stacked above the venturi scrubber which results
in more interaction between air and water when air is bubbling
through thewater column. Thus, it enhances the removal efficiency.
Two non-submerged venturi scrubbers in series perform better at
lower flowrates and provide an outstanding efficiency. As reported
by multiple studies, with the increase in gas flowrates, the removal
efficiency increases. So, at the lower gas flowrates, it is expected to
obtain lower removal efficiency. Ali et al. performed submerged
venturi scrubber experiments and reported the maximum
Table 2
Summary of boundary conditions in ANSYS FLUENT.

Venturi Scrubber Inlet Mass flowrate of the air-iodine
mixture

Venturi Scrubber Outlet Outlet pressure
Orifices Inlet at first Venturi Scrubber Inlet pressure
Orifices Inlet at second Venturi

Scrubber
Inlet pressure

Walls of the Domain No-slip condition
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efficiency of 99.5% but at a very high gas flowrate of 360m3h-1. Goel
et al. [16] also performed experiments for submerged venturi
scrubber and reported the removal efficiency to be 95% but at a very
high gas flowrate of around 204m3h-1. Thus, at lower gas flowrates,
obtaining 98.5% efficiency for the non-submerged venturi scrub-
bers is a remarkable achievement in itself. So, this work provides
sufficient evidence to claim that the two-venturi scrubbers in series
perform better at lower flowrates.

From Fig. 6, it can be seen that with two venturi scrubbers in
series, with the same inlet concentration of iodine, the removal
efficiency has been increased considerably. The reason may be that
when two venturi scrubbers are stacked upon each other, the
interaction between air and liquid droplets increases. Furthermore,
in this model, the removal efficiency is very much dependent on
the size of the liquid droplet formed, due to the introduction of
water through orifices of the venturi scrubbers.

3.2. Droplet diameter

The diameter of a droplet is one of the most important param-
eters in the mass transfer model because smaller droplets will
providemore total surface area for mass transfer and vice versa. It is
considered that the secondary phase interacts with the primary
phase both as a film and as droplets. The droplet diameter was
represented by Sauter mean diameter as suggested by Alonso et al.
and was calculated using Boll et al. correlation, as suggested by
Ahmed et al. When the scrubbing solution enters through orifices
at throat of venturi scrubber, high velocity air comes in contact with
the liquid and disintegrates it into fine droplets. With the increase
in the gas flowrate, the droplet size will decrease and with the
increase in the water head, more amount of liquid flows through
the orifices of the venturi scrubbers [5]. Thus, the liquid droplet size
will decrease with flowrate of air and increase with an increase in
the scrubbing solution pressure head [5,6].



Fig. 4. Simulated data validation.

Fig. 5. Mesh independence study.
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Droplet diameter depends upon the gas flowrate and the water
head. So, when two self-priming venturi scrubbers are stacked
upon each other vertically, there will be different droplet diameters
at each venturi scrubber. Because of the difference between air
velocities and water head at each venturi scrubber, the water
flowratewill be different. In consequence, the size of the droplets at
throat of each venturi scrubber will be different. In this work, the
droplet diameters for different cases lie between 30 mm to 75 mm.
Fig. 6. Effect of concentration of iodine at inlet on removal efficiency of single and
two-venturi scrubbers in series for multiple flowrates.
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Two approaches have been opted to simulate the removal of iodine
from the air using series configuration of self-priming venturi
scrubbers; same size droplets at both venturi scrubbers and
different size droplets at each venturi scrubber.

If same size of the droplets is considered at both venturi scrub-
bers, it will neglect the dependency of the droplet diameter on the
gas flowrates and water heads for the second venturi scrubber. From
Fig. 7, it can be seen that the iodine mass fraction is lesser along the
length of the second venturi scrubber for different size droplets
approach. And it shows that the removal efficiency will be higher if
different droplet diameters are considered at each venturi scrubber.
So, it is established that the different droplet diameter approach is
better for simulating the removal efficiency of two self-priming
venturi scrubbers in series. All the following results have been ob-
tained by using the different-droplet diameter approach.

3.3. vol fraction of phases

Mass transfer between two phases also depends upon the vol-
ume fraction of phases in the region. From Fig. 8, it can be seen that
water enters through the orifices of both venturi scrubbers and
quickly disintegrates into droplets. Film formation can also be seen
in the figure immediately downstream to orifices of the first and
second venturi scrubbers. When high-speed air enters the throat
section, some amount of incoming liquid is forced towards the in-
ner wall section of the venturi scrubber. Film formation enhances
the mass transfer because in this small region liquid phase is
dominant and the difference of iodine concentration is very high,
that's why, it is important to incorporate the effects of the film as
well as droplets, as mentioned by Gamisans et al. [8].

3.4. Mass transfer of iodine

The process of mass transfer is considered to be diffusion-
controlled, so, the only driving force is the concentration differ-
ence between iodine in two phases. So, the inlet concentration
plays an important role in dictating the mass transfer between two
phases. So, when the concentration difference is higher, more mass
transfer will happen. Furthermore, it can be seen from Fig. 9, that
the concentration difference between the two phases is large
immediately downstream of the orifice region. That's why themass
transfer is dominant in that region. It can also be seen that the
iodine mass fraction decreases drastically downstream of the ori-
fices of the second venturi scrubber. Theremight be several reasons
behind this phenomenon. The first one might be that the pressure
differential at the orifice of second venturi scrubber is greater than
the first one. So, more volume of water will pass through the second
venturi scrubber's orifices, which will increase the interaction be-
tween phases, and hence mass transfer is increased. Also, the ve-
locities are much higher at the second venturi scrubber's throat
than that of the first one. So, the higher-velocity air will create finer
droplets of water, which will also benefit the mass transfer.

The secondary phase is considered to interact with the primary
phase both as film and as droplets. Film formation will further
enhance the mass transfer, as described by Gamisans et al. [8]. Fig. 9
(b, c, d and e) show the zoomed sectional view of contours of mass
fraction of iodine in air. From Fig. 9 (b and d), film formation and
mass fraction contours show that amount of iodine is very small at
the walls of the venturi scrubber immediately downstream of the
throat section, a phenomenon discussed in detail by Ahmed et al. [1].

Mass transfer between two phases is dominant at the interface
of phases interacting with each other. As the interfacial area in-
creases, mass transfer increases. It has been established that finer
atomization of the liquid phase will result in higher mass transfer.
Also, according to themass transfermodel summarized in Fig.1, the



Fig. 7. Comparison between same droplet diameter approach and different droplet
diameter approach for mass fraction of iodine in air and the mass transfer rate plotted
along the axis of venturi scrubber.

Fig. 9. Contours of iodine mass fraction in air at (a) complete domain (b) zoomed view
of first venturi scrubber (c) zoomed view of different cross-sections along first venturi
scrubber (d) zoomed view of second venturi scrubber (e) zoomed view of different
cross-sections along second venturi scrubber.
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mass transfer rate is inversely proportional to the diameter of the
liquid droplets. Thus, by increasing gas flowrate, finer droplets are
obtained and mass transfer is increased.

Fig. 7 shows that the mass transfer rate is higher downstream of
the orifice of second venturi scrubber as compared to the orifice of
first one. The reason for the higher mass transfer rate at the second
orifice can be explained using the equation for mass transfer used
in the model shown in Fig. 1. The mass transfer rate is inversely
proportional to the size of the liquid droplets. Due to the much
larger pressure differential observed at the orifice of the second
venturi scrubber, the water flowrate is higher in the second venturi
scrubber. Furthermore, at the second venturi scrubber, liquid
droplets are smaller in size, that's why the mass transfer rate is
more near the orifice of the second venturi.
3.5. Variation of pressure and velocity

The plots of pressure and velocity provide the information to
understand physics of the flow inside the venturi scrubbers and the
effect of first venturi scrubber on the flow of second one. Fig. 10
shows pressure and velocity variation along the axis of venturi
Fig. 8. Contours of volume fraction of air at (a) complete domain (b) zoomed view of
first venturi scrubber (c) zoomed view of different cross-sections along first venturi
scrubber (d) zoomed view of second venturi scrubber (d) zoomed view of different
cross-sections along second venturi scrubber.

3315
scrubber. The air-iodine mixture passing through the converging
section the mixture is accelerated till the throat section. The pres-
sure lost in the converging section is recovered in the diverging
section. This mixture then enters the second venturi scrubber
where same trend of pressure can be seen as in first one. It can be
seen that at throats of both venturi scrubbers, there is reduced
pressure which is driving force behind injection of water. But it can
also be seen that there is lower pressure differential at throat of the
second venturi scrubber which results in further increment in the
flowrate of water through the orifices of the second venturi
scrubber, and hence more mass transfer rate as seen in Fig. 7.

It can be seen that at the throat region of both venturi scrubbers,
there is a slight decrease in the slope and a sharp increase in the
slope of the pressure curves. The reason is that after the converging
section, a straight portion of the throat reduces the slope of the
pressure curves. But a sharp increase in the slope and the peak is
witnessed due to the introduction of water through the orifices of
the venturi scrubbers, which results in a smaller area available for
the mixture to pass through, as reported by Ahmed et al. [1]. So, an
increase in the velocity will further reduce the pressure down-
stream of the throat. Also, it can be seen that velocity is higher at
the second venturi scrubber. The behavior of velocity variation is
opposite to that of pressure variation.
Fig. 10. Velocity and pressure variation along the length of venturi scrubbers.
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4. Conclusions

This work extends the scope of the research about the removal
efficiency of circular, non-submerged, self-priming venturi scrub-
bers, by introducing a unique formation of two venturi scrubbers in
series (vertically stacked upon each other) to improve the removal
efficiency. After validation of the model, it was implemented on the
novel design of venturi scrubbers in series configuration, and
removal efficiency has been reported. The effect of multiple gas
flowrates on the mass fraction of iodine in air, mass transfer rate
has also been reported. The effect of different gas flowrates and
water heads, on pressure and velocities of two-venturi scrubbers in
series, has also been plotted and explained. The following conclu-
sions can be made based on this work:

� Two different approaches regarding the size of droplets have
been opted and compared. From the comparison, it was estab-
lished that a different droplet diameter at each venturi scrubber
is a better and realistic approach for removal efficiency than the
same size of droplets at both venturi scrubbers;

� Removal efficiency has been found to be improved by a margin
of 10%, using two venturi scrubbers in series;

� The maximum removal efficiency found for the presented novel
configuration is 98% at lower flowrates of 5e6.5 m3h-1;

� Removal efficiency and mass transfer rate increases with the
increase in the gas flowrates for two venturi scrubbers in series;

� A decrease in the droplet size of the liquid phase will increase
the removal efficiency of the two venturi scrubbers in series.
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