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a b s t r a c t

Filtered containment system is a passive safety system that controls the over-pressurization of
containment in case of a design-based accidents by venting high pressure gaseous mixture, consisting of
air, steam and radioactive particulate and gases like iodine, via a scrubbing system. An indigenous lab
scale facility was developed for research on iodine removal by venturi scrubber by simulating the
accidental scenario. A mixture of 0.2 % sodium thiosulphate and 0.5 % sodium hydroxide, was used in
scrubbing column. A modified mathematical model was presented for iodine removal in venturi
scrubber. Improvement in model was made by addition of important parameters like jet penetration
length, bubble rise velocity and gas holdup which were not considered previously. Experiments were
performed by varying hydrodynamic parameters like liquid level height and gas flow rates to see their
effect on removal efficiency of iodine. Gas holdup was also measured for various liquid level heights and
gas flowrates. Removal efficiency increased with increase in liquid level height and gas flowrate up to an
optimum point beyond that efficiency was decreased. Experimental results of removal efficiency were
compared with the predicted results, and they were found to be in good agreement. Maximum removal
efficiency of 99.8% was obtained.
© 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

Nuclear powerplants are reliable and clean source of energy.
They are designed articulately with wide safety margins and
various safety systems, fully capable to handle design-based acci-
dents. However, accidents like Three- Mile Island, Chernobyl and
Fukushima showed the world that beyond design-based accidents
can compromise the integrity of containment. Containment is the
last physical barrier which refrains the radioactive gases to spread
into environment. Severe accidents often result in production of
steam and the resulting rise of pressure beyond designed limit can
lead to explosion or ruptures causing spread of radioactivity into
environment. Release of hazardous fission products like elemental
and organic iodine and cesium iodide as a result of core meltdown
are normally associatedwith these kinds of accidents. These gases if
spread into environment can cause thyroid cancer. After
by Elsevier Korea LLC. This is an
Fukushima, a lot of research was done on accident mitigation and
safety systems. As a result of this research, a system named Filtered
Containment Venting system was recommended as a solution to
this problem [1].

Filtered Containment Venting System (FCVS) is a passive system
that limits excessive pressure buildup in containment, maintains
structural integrity of the containment, provides retention of
radiotoxicity and vents the clean air into atmosphere. In case of a
severe accident, when containment pressure rises above set limit,
some part of steam along with mixture of gases is released from
containment to this system via isolation valves to maintain over-
pressurization. After this, the incoming mixture of gases are
filtered in a scrubbing tank, and clean air is vented out into the
environment. FCVS has become a vital safety requirement after
Fukushima accident andmost of the countries have already made it
a part of their new powerplants and others are considering it [2].
Few of the requirements for FCVS include decontamination factor
of >100 for iodine i.e. >99% removal efficiency, capability of
removing a few grams to tens of grams of iodine and to work at its
full capacity for 24 h [3].
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Different scrubbers have been used in FCVS for removal of
radioactive Iodine. Among them, venturi scrubbers are the most
widely used scrubbers. Venturi scrubbers have been used for
various applications of pollution control since its discovery by
Giovanni Battista Venturi in 1797 [4]. In 1954, use of venturi
scrubber for gas and aerosol removal was initiated [5] and it has
been in use ever since [6]. Operational parameters of venturi
scrubber play a vital role in the development of FCVS. A lot of
research has been done in the past to study hydrodynamic char-
acteristics of venturi scrubber by using mathematical and experi-
mental approach. Several mathematical models have been
presented to calculate hydrodynamic characteristics of venturi such
as droplet size, pressure drop, bubble dynamics and mass transfer
etc. Nukiyama presented a correlation for calculation of droplet
diameter in venturi scrubber, but it was for a specific range of throat
velocities [7]. Later, a more versatile correlation for calculation of
droplet diameter was presented by Boll et al., for a very vast range
of throat velocities [8].

Gas holdup is another very important parameter to study the
hydrodynamic behavior of venturi scrubber. A lot of research has
been done in this area for bubble reactors and columns but not so
much for venturi scrubbers. It is a dimensionless parameter that
depicts the fraction of gas present in gas bubbles. Hughmark pre-
sented a correlation for gas holdup by taking into account proper-
ties of liquid and the predicted values were in agreement with
experimental results with 11% standard deviation [9]. Hikita and
Kikukawa studied effect of different liquids on gas holdup for
bubble columns with different diameters. A correlation was also
presented to predict gas hold up with deviation of 1.4e3.6% [10].
Kumar et al., proposed a new correlation for gas holdup by incor-
porating superficial gas velocity, density of liquid and gas and
surface tension. Superficial gas velocity was observed to have a
significant effect on holdup [11]. Sal et al., proposed a correlation for
gas hold up based on dimensions of orifice and column and
dimensionless numbers [12]. Sasaki et al., also presented a new
empirical correlation for gas holdup by taking into account
geometrical dimensions, Froude number based on initial height of
liquid and superficial gas velocity. Gas holdup was observed to be
decreasing with increase of liquid height [13]. Table 1 summarizes
various correlation developed for gas holdup.

Mass transfer is the limiting factor in removal of unwanted
Table 1
Gas holdup correlations.
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component from gas streams. Most of the mass transfer occurs via
droplets and film at the throat of venturi and via bubbles in column,
where liquid and gas interact with each other. Gamisan et al.,
proposed a model for mass transfer in venturi scrubber. The
breakup of liquid into droplets and film was studied. The basic
equation was derived from Azzopardi’s work by solving boundary
layer equations for momentum and mass balance in two-phase
flow and cylindrical coordinates for two phase flow [14]. Model
was implemented on Industrial scale ejector venturi scrubber. Re-
action was considered to be instantaneous due to short contact
time of venturi scrubbers. And droplet size was considered to be
spherical. Results indicated a significant increase in mass transfer
rate due to liquid film. Removal efficiency was observed to be
increased with increase in liquid film thickness. Theoretical results
were in good agreement with mathematical results [15].

A lot of experimental research has been done to study the effect
of different operational parameters on removal efficiency of venturi
scrubber. Ali et al., measured removal efficiency of iodine for sub-
merged and non-submerged venturi scrubber. He studied the effect
of various parameters including gas flow rate, liquid flow rate,
concentration of iodine etc. on removal efficiency. Iodine removal
efficiency was calculated to be 0.099 ± 0.001. Comparison of
calculated and experimental values showed good agreement for
submerged case but calculations underpredicted the results for
non-submerged venturi [16,17]. Gulhane measured removal effi-
ciency of iodine and pressure drop in venturi scrubber. Removal
efficiency came out to be 41e66 %. Low removal efficiency was due
to deposition of iodine on the surface, less accurate measurement
techniques and low solubility of iodine in water [18]. Bal studied
removal efficiency of iodine by using water and potassium iodide as
scrubbing solution. Maximum removal efficiency obtained from
water was 70.13% and maximum removal efficiency obtained from
KI was 82.32 % [19]. Jung performed experiment for removal effi-
ciency of iodine and methyl iodide in the large-scale ARIEL facility
of Korea. Decontamination factor of over 1000 was obtained for
iodine and over 500 for methyl iodide [20]. Zhou studied removal
efficiency of iodine vapors by varying different operational pa-
rameters like temperature, gas and liquid flow rates. Removal ef-
ficiency obtained was about 99%. A mathematical model was also
proposed for the calculation of removal efficiency and results were
comparable to experimental results [21].
Author
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Iodine removal is very important to ensure safety of people and
environment. In order to get maximum iodine removal efficiency,
hydrodynamic behavior of venturi scrubber must be studied in
detail [22]. A modified and improved mathematical model was
presented for estimation of removal efficiency in venturi and col-
umn. Improvement was made by incorporating very important
parameters like jet penetration length in venturi, bubble rise ve-
locity and gas holdup in the column which were not considered
before. These parameters play a huge role in correct estimation of
liquid-gas contact time and hence removal efficiency and their in-
clusion are necessary to predict removal efficiency of iodine. A lab
scale experimental setup was developed indigenously to study the
factors affecting removal efficiency of iodine. Effect of gas flowrate
and liquid level height were studied in this research as they are the
most important parameters that controls the removal efficiency.
Previous research just explained the general trend but, in this
research, optimized values of gas flowrate and liquid level height
were measured. Gas holdup is also a very important operating
parameter but the research regarding this parameter in venturi
scrubber is scarce to the best of author’s knowledge. So, gas holdup
was alsomeasured in venturi scrubber for various gas flowrates and
liquid level heights. Different correlations of gas holdup were
Fig. 1. (a) Submerged venturi scru
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compared with experimental results to find the best match. Com-
parison of experimental and predicted results for removal effi-
ciency was also made.
2. Mathematical model

A mathematical model is developed to estimate the mass
transfer in venturi as well as in the bubble column. Fig. 1 a) shows
the concentration of contaminated air stream passing through the
system. For the calculation in venturi, where water is in dispersed
phase, the mass transfer occurs at the droplet surface. The initial
concentration of contaminated air is taken as Cin and the air leaving
the venturi has a concentration Cout . The same air when enters the
bubble column, where air is in disperse phase, the mass transfer
occurs at the bubble surface. The inlet contaminant concentration
in the bubble column is taken same as exit concentration at venturi
ðCoutÞ denoted in this case by C0

in , and the bubble column exit
concentration is denoted as C0

out . The final removal efficiency is
calculated as the cumulative removal of contaminant in venturi and
bubble column. The gas holdup is also measured experimentally by
measurement of increase in water level due to gas. Abbreviations
for sections of venturi, used in the model are shown in Fig. 1 b).
bber (b) sections of venturi.
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2.1. Mass transfer model for removal efficiency in venturi

Mass transfer model for venturi is based on two film theory of
mass transfer proposed by Gamisan et al. [15],and it was used by Ali
et al. [17], for iodine removal in venturi scrubber. Driving force is
concentration difference of iodine and mass transfer occurs at the
interface of air and liquid films. Current model is a modified version
of model presented by Ali et al., [17]. For venturi, mass transfer took
place by droplets whereas in the column, mass transfer took place
by bubbles rising in pool of scrubbing solution.

Some of the assumptions that were made to simplify the solu-
tion while modeling the mass transfer in venturi and column are
[15]:

� Rate of reaction is assumed to be kinetically fast;;
� Mass transfer is gas film-controlled reaction;
� Gas is considered as incompressible;
� Droplet temperature is assumed to be constant;
� Iodine is transferred from air to water only;
� All liquid droplets and bubbles are assumed to be spherical and
no coalescence between them;

� The droplets size and bubble size are represented by a Sauter
mean diameter;

Following the above-mentioned assumptions, mass transfer rate
of iodine in a droplet of water is given by [15].

Nl ¼ 4pr2dkGmðCin � CiÞ (1)

Mass balance equation for gas enveloping the droplet is

Nl ¼ � V
dðmCinÞ

dt
(2)

Sauter Mean diameter of water droplet was calculated by using
correlation of Boll et al. because the implemented gas flowrates
were within its range [8].

dd ¼
4:22� 10�2 þ 5:7� 10�3

�
1000

�
Ql
Qg

��1:932
v1:602r

(3)

The number of droplets and volume of gas surrounding droplet
were calculated by equations provided by Ravindram et al., for
venturi scrubber [23].

Number of droplets were calculated by following equation.
Liquid film fraction was calculated, and it was insignificant. So, it
was assumed that all the injected liquid flowrate got transformed
into droplets and number of droplets were calculated by using total
liquid flowrate

Nd ¼
Ql

Vd
(4)

And considering droplets are spherical, we have

Vd ¼
4
3
pr3d (5)

Volume of gas surrounding the droplet is given by

V ¼Qg

Nd
(6)

The mass transfer coefficient was calculated by using Sherwood
number formula
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Sh¼KGdd
Dg

(7)

Sherwood number was calculated using Steinberger and Treybal
correlation for the ranges of 1<Re < 30,000 and 0.6<Sc < 30,000
which made it valid for current research [24].

Sh¼2þ 0:347
�
ReSc0:5

�0:62
(8)

where,
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(9)

Sc¼ mg
rgDg
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Contact time of liquid and gas in venturi was calculated by

t¼ p
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�
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�
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Contact time was calculated by dividing the total volume in
which contact of liquid and gas took place with total flowrate of
liquid and gas. Contact started at the orifice plane in the throat and
went on till the end of diffusing section. The total length of throat
section was 15 mm, but the orifice plane was present at 12 mm.
That means contact took place on total of 3 mm length of throat. So,
we used the length from orifice plane’s location till the end of
throat named as loc plus the length of diffusing section ldiff.

From comparison of (1) and (2) and then integration, we got

Cout ¼Cin

�
exp
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V

�	
(12)

Here, Ci represents the concentration at interface. Theoretical effi-
ciency of venturi was calculated by using

E¼1� Cout
Cin

(13)
2.2. Mass transfer model for removal efficiency in column

In the column, similarly, mass transfer from bubbles to liquid is
also controlled by gas film.

Mass transfer rate of iodine in a bubble is given by [15].

Nl ¼4pr2bkGm
�
�Cin �Ci

�
(14)

Mass balance equation for gas is

Nl ¼ � Vb

d
�
m �Cin

�
dt

(15)

Diameter of bubble was calculated by using correlation of Wil-
kinson et al., applicable to pressure range of 0.1e1.5 MPa [25].
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Number of bubbles produced were calculated by
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Nb ¼
Qg

Vb
(17)

And considering bubbles as spherical, volume of bubbles was
calculated by

Vb ¼
4
3
pr3b (18)

Inorganic salt solutionmixture of sodium hydroxide and sodium
thiosulphate did not let the transformation from homogenous to
heterogenous flow to take place. So, size of bubbles was considered
to be constant and non-uniform bubble velocity was also not
considered. After going up, bubble achieved a constant terminal
velocity [26]. Terminal velocity of bubbles was estimated by [27].

vb ¼
1
18

gd2b
�
rl � rg

�
ml

(19)

Mass transfer coefficient was calculated by using Sherwood
number formula

Sh¼KGdb
Dg

(20)

where Sherwood number was calculated by using Steinberger and
Treybal correlation [28].

Sh¼2þ 0:347
�
ReSc0:5

�0:62
(21)

For Reynolds number, following equation was used

Re¼ rlvbdb
ml

(22)

Schmidt number was calculated by (10).
Contact time between gas and liquid in the column is given by

t¼
�ll � lventuri

vbr
(23)

Here, contact time was calculated by dividing the length of
column in which liquid and gas came in contact with bubble rise

velocity. Here �ll was length of liquid in the column plus the length
added to it due to gas holdup and lventuri was the length of venturi
whichwas subtracted becausemass transfer via bubble did not take
place there.

where �ll was calculated by using the equation εg ¼ �ll� ll
�ll

here ll is

the length of liquid in the column.
By adding this in equation 25, it became

t¼ 1
vbr

"
ll�

1� εg
�� lventuri

#
(24)

where εg was calculated by using Sasaki et al., empirical correlation
[13].

εg ¼ C1FrH
1þ C2FrH

where FrH ¼ vsg

√gHo
; C1 ¼ 19:2 & C2 ¼ 56:4

(25)

Interfacial area was calculated by using this formula [29].
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a¼ 6εg
db

(26)

From comparison of (15) & (16) and then integration led to

�Cout ¼ �Cin

�
exp
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�	
(27)

Here �Cin was the outlet concentration obtained at the exit of
venturi.

Removal efficiency of column was calculated by using

E¼1�
�Cout
�Cin

(28)

Overall, total efficiency of venturi scrubber was calculated by

Etot ¼1�
�Cout
Cin

(29)

3. Experimental setup

Experimental setup for this research can be seen in Fig. 2. In
order to simulate the high-pressure scenario in nuclear accidents,
the compressed air from a compressor was used. Compressed air
enters the pressure regulator followed by a moisture separator and
then a rotameter. Air is then heated by a heater to 125oC. For these
experiments, temperature is maintained above sublimation tem-
perature of iodine. This high temperature is maintained in order to
keep iodine in gaseous form, otherwise iodine deposition inside the
line can occur. This heated air is then passed through a well-
insulated pipe wrapped with glass wool and heat tracing wire
and gets mixed with 1000 ppm (where 1 ppm ¼ 1 mg/kg) iodine
solution in ethanol that is being injected by a diaphragm driven
dosing pump. Iodine then gets mixed into incoming air and enters
the scrubbing column containing a submerged venturi and the
scrubbing solution containing 0.2% sodium thiosulphate and 0.5%
sodium hydroxide solution. The temperature of the scrubbing col-
umn was in the range 40e50oC. Iodine does not desublime in the
scrubbing solution because temperature of solution is above satu-
rate value under subsequent partial pressure. Trap bottles have
been placed at inlet and outlet with 200 ml (0.1 M KOH) solution.
Inlet and outlet samples from the traps are then analyzed by UV-VIS
Spectroscopy.

Samples are collected after every 15 min from trap bottles
throughout the experiment. 3 outlet traps bottles containing 0.1M
KOH solution are placed in series. Leftover iodine from the column
gets trapped in these bottles. Iodine reacts with KOH and gets
converted into iodide and iodate ions. Further addition of 0.1 M KI
and phosphoric acid into these samples leads to formation of
triiodide ions. Calibration curve is plotted with known concentra-
tions of iodine in 0.1 KOH solution with added 0.1M KI and phos-
phoric acid. Unknown concentration is measured against this
curve.

Keeping in view the operating parameters described in Table 2,
experiments are performed by varying liquid level height from
2.5e 4.5 ft, along with varying air flow rate from 4.5- 6.5m3/h. Total
run time of experiments is 1 h. Whole setup line is thoroughly
washed before and after each experiment. Venturi used in these
experiments is made of brass, scrubbing column is made of Perspex
and stainless-steel pipes are used in setup. Dimensions of the
venturi employed in the experiment can be seen in the Fig. 3. The
column height is 6 ft, and its diameter is 0.2 ft.



Fig. 2. Schematic diagram of experimental setup.

Table 2
Operating parameters.

Parameter Value

Maximum Pressure 6 bar
Gas Flowrate 4.5e6.5 m3/h
Static Head 2.5e4.5 ft.
Iodine Concentration 1000 ppm
Maximum Temperature 125oC
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4. Results and discussion

Results of the set of performed experiments are discussed in
detail in the following sections.
Fig. 4. Effect of gas flowrate and liquid level height on iodine removal efficiency.
4.1. Effect of gas flowrate and liquid level height on removal
efficiency

Gas flowrate and liquid level height were varied to see their
effect on removal efficiency of iodine as given in Fig. 4. Removal
efficiency appeared to be increasing with increase in gas flowrate
and liquid level height up to a certain optimum point after that it
began to decrease. At a gas flowrate of 4.5 m3/h, liquid level height
was varied from 2.5 to 4.5 ft. Initially, as the liquid level was
increased, the removal efficiency increased as well. The increase
became more drastic with each increment in liquid level height
until 4 ft. At 4.5 ft, results started to get saturated. Then at 5 m3/h
gas flowrate, increase in removal efficiency was observed as well as
the liquid level height was varied from 2.5 to 4.5 ft. The rise initially
became more drastic with each increment in liquid level height but
after 4 ft therewas no significant increase in removal efficiency. The
Fig. 3. Dimension
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increase in removal efficiency at 4 and 4.5 ft liquid level head at
5 m3/h gas flowrate was even less significant than increase at
similar liquid level height at 4.5 m3/h. At 5.5 m3/h gas flowrate,
removal efficiency was observed to be increasing with increase in
liquid level height till 4 ft and then a decrease in removal efficiency
was observed at 4.5 ft. At 6 m3/h, the results showed an increase in
efficiency till 3.5 ft, a fall in the efficiency was then observed at 4 ft
followed by a slightly sharper decline at 4.5 ft. At 6.5 m3/h, increase
in removal efficiency was observed only at 2.5 ft after that,
s of venturi.
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efficiency slightly decreased with each increment in liquid level
height and the fall got prominent at 4 ft. Maximum removal effi-
ciency of 99.8% was achieved at 5.5m3/h and 4 ft liquid level height.

Increase in gas flowrate and liquid level height both caused an
increase in pressure drop. This increase in pressure drop led to an
increase in removal efficiency. Increase in gas flowrate increased
the throat velocity which enhanced the rate of impaction between
droplet and gas phase at throat. It also produced finer and larger
number of droplets thereby increasing the removal efficiency. At
low gas flowrates, increase in liquid head caused an increase in
driving pressure difference between the outer and inner region of
the throat hence, causing more suction of liquid and increasing the
induced flow of liquid. Due to this, more liquid got injected via
orifices, more contact of liquid with gas took place and a larger
number of droplets were produced. At high gas flowrates, beyond
an optimum limit, increase in gas velocity caused the droplets to
achieve throat velocity very quickly giving it very less time to
interact with liquid and hence removal efficiency started to
decrease beyond that point. Although finer droplets were pro-
duced, the volume of gas surrounding the liquid got increased as
well due to which less contact of gas and liquid took place and as a
result decrease in removal efficiency was observed. At high flow-
rates, turbulence and non-uniform flux distribution also caused
reduction in removal efficiency.

At high gas flowrates, increase in liquid level height beyond the
optimum value caused excessive jet penetration, causing the jet to
be atomized close to the wall aiding the deposition of droplets. This
resulted in decrease of liquid available for contact with gas in the
form of droplets and hence, causing decrease in the removal effi-
ciency with increase in liquid head beyond that point.
4.2. Relationship between induced liquid flow and gas flowrates

Fig. 5. illustrates that variation in induced liquid flow into throat
caused by variation in gas flowrate. Liquid flowrate was measured
experimentally. For liquid flowrate measurement, venturi scrubber
was placed outside the scrubbing column at a specific height and
water got injected automatically into the venturi scrubber due to
pressure difference. The decrease in level of water was measured
along with the time. The flowrate of liquid was calculated by using
Fig. 5. Effect of gas flowrate on induced liquid flowrate.
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following formula.

Ql ¼
Vl
t

(30)

Where Ql is flowrate of liquid, Vl is the volume of water reservoir
and t is the elapsed time. At a constant liquid level height, the
induced liquid flow appeared to be decreasing with increase in gas
flowrate. The liquid got injected due to pressure difference between
outside and inside the throat. Increase in gas flowrate caused the
static pressure to increase. The increase in pressure caused the
pressure difference between outside and inside the throat to
decrease and as a result decreased the liquid flow. At a constant gas
flowrate, liquid flow was increased with increasing liquid level
height because of increase in hydrostatic pressure. This caused the
pressure gradient to increase, and more water was injected, as a
result, into the throat, hence increasing the liquid flow.
4.3. Effect of gas flowrate on inlet iodine concentration

Effect of gas flowrate on inlet iodine concentration has been
shown in Fig. 6. Decrease in iodine concentration with increase in
gas flowrate was observed when mass flowrate of iodine was kept
fixed.
4.4. Gas holdup

Variation of gas holdup with gas flowrate and liquid head is
shown in Fig. 7. Results showed an increase in gas holdup with
increasing the gas flowrate. The superficial velocity was increased
with increase in the gas flowrate and this increase caused a
decrease in the diameter and increase in number of bubbles. The
smaller the bubbles, the smaller the rise velocity, which increased
the contact time between gas and liquid thus increasing the gas
holdup. Increase in liquid level height caused the bubbles to
become larger in size and their rise velocity increased as well,
thereby giving less time for liquid and gas to contact and decreasing
the gas hold up [9e11,14,30]. Experimental calculation of gas
holdup was done by using the following formula
Fig. 6. Effect of gas flowrate on inlet iodine concentration.



Fig. 7. Effect of gas flowrate and liquid level height on gas holdup.
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εg ¼
Vgh � Vl

Vgh
(31)

4.5. Comparison of gas holdup

Experimental data of gas hold up was compared with different
correlations. The results showed good agreement with sasaki et al.,
correlation [13]as shown in Fig. 10. Hughmark [9], Hikita et al. [14],
Hikita and Kikukawa [10], Kumar et al. [11],and sal et al. [12],all
studied the effect of superficial gas velocity on gas holdup but did
not consider effect of liquid height. The liquid height and superficial
gas velocity were both incorporated in the correlation by sasaki
et al.,. As observed in Fig. 8, gas hold up depended on both liquid
height and superficial gas velocity. That is why the experimental
results showed good good agreement with the sasaki et al., results
[13].
Fig. 8. Comparison of experimental and predicted gas holdup.
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4.6. Interfacial area

Variation of interfacial area with variation of gas flowrate and
liquid head is shown in Fig. 9. Increase in gas flowrate produced
small and larger number of bubbles with small rise velocity. So, this
increased the interfacial area of contact for liquid and gas. The in-
crease in liquid head produced bubbles of large size but small in
number. The large bubbles quickly got accelerated due to high rise
velocities thereby decreasing the interfacial area of contact for
liquid and gas [29,31,32].
4.7. Comparison of theoretical and experimental results of removal
efficiency

The predicted results of removal efficiency from the model were
comparedwith the experimental results. The results were observed
to be in good agreement. Overall ± 5 % Error was calculated. It can
be seen in Fig. 10 and Fig. 11. Overall, results of model agree well
with experimental results with a maximum error of 5 %. At high
flowrates, decrease in removal efficiency was observed in experi-
mental results. Many factors have contributed to this apparent
decrease in experimental results. When the gas and liquid flow-
rates are increased beyond an optimum point, factors like non-
uniform flux distribution, decrease in contact of gas and liquid
due to very high velocity of gas and turbulence caused by interac-
tion among droplets cause reduction in the removal efficiency.
Absence of these factors in the model can be the possible cause of
deviation in the predicted results. Incorporation of non-uniform
flux distribution and interaction among droplets along the length
of venturi in the model is very cumbersome and will likely enhance
the complexity of model. Not to mention that error in Fig. 11 d) and
e) are very small.
5. Conclusion

Following conclusions were obtained from the results.
Venturi Scrubber must be operated at optimum values of gas

flowrate and liquid head to get maximum removal efficiency.
Therefore, optimum values of liquid and gas flowrates were
determined and beyond the optimum values, the efficiency
decreased due to bad coverage at throat and less contact of liquid
Fig. 9. Effect of gas flowrate and liquid head on interfacial area.



Fig. 10. Comparison of experimental and predicted removal efficiency.
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and gas. The effect of other parameters was observed as well. Jet
penetration length increased with increase in gas flowrate and
decreased with increase in liquid flowrate. Decrease in bubble
Fig. 11. Comparison of Removal Efficiency at a) 2.5 ft. Liquid Head (b) 3 ft. Liquid Head (c) 3.5
Results; Hollow Symbols: Predicted Results).
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diameter was observed with increase in the gas flowrate causing
more no. of bubbles to be formed. These small bubbles had low rise
velocity so, the interfacial area of contact and residence time
increased causing gas hold up to increase. When the liquid level
height was increased, the bubble diameter increased as well, and a
smaller number of bubbles were produced. These large size bubbles
had high rise velocity so, they accelerated quickly causing residence
time, interfacial area of contact and gas holdup to be decreased. Gas
hold upwas comparedwith 6 correlations and experimental results
were in good agreement with Sasaki et al. [1], results because liquid
height was considered in this correlation. Gas holdup was observed
to increase with increase in superficial gas velocity and decrease
with increase in liquid height. The addition of penetration length,
bubble rise velocity and gas holdup in contact improved the
mathematical model and the predicted results were in good
agreement with experiment results. Maximum removal efficiency
of 99.8% was achieved which agreed well with the requirement for
filtered containment venting system.
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Nomenclature and Abbreviations

A Interfacial Area / m�1

Ci Concentration at interface / ppm
Cin Concentration of Iodine at the Entrance of Converging

Section of Venturi / ppm
�Cin Concentration of Iodine at the Exit of Diverging Section

of Venturi / ppm
Cout Concentration of Iodine at the Exit of Diverging Section

of Venturi / ppm
�Cout Concentration of Iodine at the Exit of Column / ppm

db Bubble Diameter / m
dc Diameter of Column / m
dd Droplet Diameter / m
Dg Gas Diffusion Co-efficient / m2s�1

do Orifice Diameter / m
dth Diameter of Throat / m
E Removal Efficiency at the End of Venturi / %
Eo Eotvos Number
E0 Overall Removal Efficiency at the End of Column / %
Fr Froude Number
FrH Froude Number Using Liquid Height
g Gravitational Acceleration / m/ s2

kg Gas Mass Transfer Co-efficient / m�1

lcon Length of Converging Section / m
ldiff Length of Diverging Section / m
ll Length of Liquid in the Column / m
�ll Length of Liquid Plus Added Height due to Gas Holdup in

the Column / m
lop Length from Orifice Plane to the End of Throat Section /

m
lvent Length of Venturi / m
l* Penetration Length / m
m Distribution Parameter /
Nb Number of Droplets Produced per Second / sec
Nd Number of Bubbles Produced per Second / sec
Nl Mass Transfer in a Single Droplet /
no Number of Orifices
Qg Volumetric Flowrate of Gas / m3/s
Ql Volumetric Flowrate of Liquid / m3/s
Qt Total Flowrate of Liquid and Gas
rb Radius of Bubble / m
rd Radius of Droplet / m
Re Reynolds Number
rth Radius of Throat / m
Sc Schmidt Number
Sh Sherwood Number
t Contact Time between Liquid and Gas / s
vg Velocity of Gas / m/s
vl Velocity of Liquid / m/s
vbr Bubble Rise Velocity / m/s
vr Relative Velocity / m/s
vsg Superficial Gas Velocity / m/s
V Volume of Gas Surrounding Droplet / m3

Vgh Volume of Liquid Plus Gas Holdup in the Column / m3

Vb Volume of Bubble / m3

Vl Volume of Liquid in Column / m3

Wth Width of Throat / m
We Weber Number
Greek Letters
εg Gas Holdup
rg Gas Density / kg/m3
rl Liquid Density / kg/m3
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mg Gas Viscosity / kg/ms
ml Liquid Viscosity / kg/ms
sl Surface Tension of Liquid / N/m
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