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As the core device of a filtered containment venting system (FCVS), Venturi Scrubber

is an efficient device to scrub the radioactive gases and aerosols before release into

the atmosphere. The design concept of Multi-Venturi Scrubber System makes the

laboratory-scale venturi scrubber researchmore valuable. This paper studied the injection

flow rate of Venturi Scrubber in different injection arrangements. The liquid is injected

horizontally and vertically to the throat at different radial position of (i) at the wall of throat,

(ii) at the half radius of throat, and (iii) at the center of Venturi Scrubber throat with a

nozzle of diameter 4mm. Throat gas velocities range from 0 to 190 m/s. A constant level

water tank was installed to keep water level constant during the injection process. The

results showed that liquid injection modes significantly affect the injection performance.

The arrangements of straight tube at center and elbow tube at center had larger injection

flow rate among the others, and the injection flow rate increased as the throat gas velocity

increased. The conventional wall opening (i.e., straight tube at the wall) injection method

had the worst injection performance. This study provides a valuable reference for the

liquid injection arrangement and structural design of the Venturi Scrubber.

Keywords: Venturi Scrubber, injection arrangement, injection flow rate, filtered containment venting system, FCVS

INTRODUCTION

As the core device of a filtered containment venting system(FCVS), Venturi Scrubber is an efficient
device to scrub the airborne source items before release into the atmosphere. The radioactive
airborne source items mainly contain aerosol, iodine and methyl iodide (Eckardt and Losch, 2012).
A Venturi Scrubber has convergent section, throat section, and divergent section. Due to small
cross-sectional area of the throat, the air velocity reaches the maximum at the Venturi Scrubber
throat. Under the action of the shear force of the high-speed airflow, the injection water is atomized
into numerous small droplets, which provide a sufficient surface area for dedusting (Hills, 1995;
Das and Biswas, 2006). The airborne sources contact with the droplet surface and settle inside
the droplets. This process contains many mechanisms, including inertial collision, interception
capture, diffusion capture, gravity sedimentation, and electrostatic adsorption (Pulley, 1997;
Ali et al., 2013).
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Venturi Scrubbers are widely used in industry because of
their simple structure and high dust removal efficiency (Rudnick
et al., 1986; Talaie et al., 1997; Ahari et al., 2008). Early
studies of Venturi Scrubbers focus on internal two-phase flow,
including jet characteristics (submergence depth, jet velocity,
jet diameter, and jet trajectory, etc.) and droplet characteristics
(initial droplet concentration, droplet size, and droplet velocity,
etc.). In engineering, researches focus on the effect of operating
parameters and structural parameters on injection flow rate
and filtration efficiency. The operating parameters include gas
flow rate, operating pressure and submergence depth, etc. The
structural parameters contain throat length, divergent section
angle and the placement of the ejector tube, etc. Many people
studied the different structural parameters of the Venturi
Scrubber including area ratio, projection ratio, divergent angle,
throat length, and convergent section shape, to explore the
performance of the Venturi Scrubber (Kroll, 1947; Panchal et al.,
1991; Cramers and Beenackers, 2001; Sriveerakul et al., 2007;
Yadav and Patwardhan, 2008). Das and Biswas (2006) proposes
that the filtration efficiency of the Venturi Scrubber is closely
related to its structure design including the suction chamber,
the mixing throat, the divergent diffuser, the forcing nozzle, and
divergence angle, etc. Zhou et al. (2015) explores the effect of
operating conditions and structures on the removal of aerosols
in the Venturi Scrubber. The study finds that the retention
efficiency in a Venturi Scrubber increases with the increase of
both gas velocity and injection flow rate, and the influence of
gas velocity on efficiency is more effective at low injection flow
rate. Moreover, the Venturi Scrubber with a long throat length or
small diffuser angle performs excellent retention performance for
small size aerosols.

Westinghouse offers the FILTRA-MVSS (Multi-Venturi
Scrubber System) to effectively mitigate the consequences
of a severe reactor accident by signifcantly reducing the
level of radioactive release to the surrounding environment
(Westinghouse Electric Company, 2012). The number
of Venturi Scrubbers in operation is determined by the
actual mass flow. This design method can maintain
high throat gas velocity and injection flow rate of each
Venturi Scrubber.

The aim of this paper is to present some experimental
analysis of the effect of different liquid injection arrangements
on injection flow rate of a self-priming Venturi Scrubber. The
experiment is carried out using two types of tubes, straight
tubes and elbow tubes. The liquid is injected into the throat of
the Venturi Scrubber parallel or perpendicular to the airflow at
different radial position of (i) at the wall of throat, (ii) at the half
radius of throat, and (iii) at the center of Venturi Scrubber throat.
Firstly, the injection flow rate of 6 different injection methods is
measured under several operating conditions. Then, the range
of working conditions are expanded for the configurations of
straight and elbow tubes at center, which have advantages in
injection performance. And the influence of throat gas velocity
and submergence depth are investigated. As a comparison of
the above two types of injection, the conventional wall opening
configuration(straight tube at the wall of throat) is also studied
at the same time. This study provides a valuable reference for

the liquid injection arrangement and structural design of the
Venturi Scrubber.

EXPERIMENTAL DETAILES

Experimental Loop
A schematic illustration of the experimental loop is shown
in Figure 1. The system is mainly composed of screw air
compressors, air tank, air filters, different types of valves, mass
flowmeter, Venturi Scrubber, constant level tank, weigh, and
lifter. The air compressors provide a stable gas source to the
system with flow rate of 10∼1,200 kg/h. After the gas flow is
buffered in the air tank and enters the experimental pipeline, it
flows through air filters, shutoff valve, mass flowmeter, throttle
valve, check valve, and finally into the Venturi Scrubber. The
injection water from the constant level water tank is atomized
into small droplets under the effect of high-speed air shear
force in the Venturi Scrubber throat, which provides a sufficient
surface area for dust removal.

The water tank designed in this experiment can maintain
a constant water level while supplying water for the Venturi
Scrubber. The injection flow rate can be obtained by measuring
the water tank weight at different times. When the water tank
provide liquid to the Venturi Scrubber, it calls for the valveÀ
closed, the valveÁ and valveÂ open. At this time, the right
chamber of the water tank vents to the atmosphere while the
left chamber does not. The water level on the right side of
the Venturi Scrubber maintains constant while the left side
level drops gradually. The difference in height between the
right chamber water level to the injection orifice of the Venturi
Scrubber becomes submergence depth, supplying power to liquid
injected. The constant level tank, connecting to the injection
tube of the Venturi Scrubber through rubber hose, is placed on
the weighing device with weight measurement accuracy to 0.1 g,
and can realize submergence depth adjustable by manipulating
the lifter.

Test Section
The equipment used in the experimental tests was a Venturi
Scrubber constructed of acrylic, with a circular cross-section and
throat dimensions of diameter 24mm. Liquid was injected into
the throat through six different nozzle arrangements. The main
dimensions and nozzle arrangements of the Venturi Scrubber
are shown in Figure 2. The gas velocity at the Venturi Scrubber
throat is evaluated in the present study as follows.

Ug,th =
Mg

ρg,thAth,

Mg is the gas mass flow rate. ρg,th is the throat gas density
and Athrepresents the throat cross-sectional area. Contrary to
conventional method with orifice in throat, the liquid was
injected horizontally and vertically to the throat with nozzles of
4mm diameter at different radial positions. The nozzle positions
were located on the wall surface, 0.5 times radius and the central
axis of the Venturi Scrubber throat.
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FIGURE 1 | Schematic diagram of experimental loop.

FIGURE 2 | Dimensions and nozzle arrangements of the Venturi Scrubber.

Experimental Procedure
Air was supplied by the air supply line and the flow rate could
be measured. After the air compressor achieved desired pressure
0.7 Mpa, the shutoff valve and throttle valve were opened in turn.
The gas flow rate was adjusted to a certain value by controlling
the throttle valve. Gas flow rate values were measured by mass
flowmeter and recorded by computer.

The constant level water supply system was capable of
supplying water of a constant submergence depth to the Venturi
Scrubber and measuring the injection flow rate. When offering
water to the Venturi Scrubber, valveÀ was closed, and valveÁÂ

were open. The liquid level in the right chamber was constant and
parallel to the small holes. The bubble entered the left chamber
through the small holes, and the liquid level in the left chamber
gradually decreased. The injection flow rate can be calculated
by measuring the weight difference of the water tank and time.
Operating parameter ranges are shown in Table 1.

RESULTS AND DISCUSSION

The effect of liquid injection arrangements was carried out
using two types of tubes (straight tubes and elbow tubes),
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TABLE 1 | Experimental operating parameters.

liquid injection

direction

Nozzle

type

Injection

position

Ug, th

(m/s)

H

(cm)

Horizontal Straight tube Wall 0∼190 2∼47

1/2 Radius 48, 119, 167 2, 42

Center 0∼190 2∼47

Vertical Elbow tube wall 48, 119, 167 2, 42

1/2 radius 48, 119, 167 2, 42

Center 0∼190 2∼47

and three radial positions (i.e., wall, 0.5r and center of the
Venturi Scrubber throat). Section Effect of Radial Positions and
Type of Injection Tubes involves the effect of radial positions
and type of injection tubes. After that, three particular nozzle
arrangements (i.e., straight tube at the wall, straight tube at
the center, and elbow tube at the center) concerned were
further studied, considering the influence of throat gas velocity
and submergence depth. Injection characteristics of the three
nozzle arrangements were studied in section The Influence of
Throat Gas Velocity under different throat gas velocity, which,
respectively, took place at three submergence depths. Section
The Influence of Submergence Depth focuses on the influence of
varied submergence depths.

Effect of Radial Positions and Type of
Injection Tubes
Figures 3, 4 show the effect of radial positions and type of
injection tubes on injection flow rate under particular throat gas
velocity and submergence depth. It is found that the injection
flow rate, with the same nozzle radial position but two different
types of tubes, straight and elbow tubes, shows an increasing
trend as nozzle radial positions vary from wall, 0.5r and the
center. This is due to the highest gas velocity at the center
of the throat, and the lowest velocity at the wall due to the
presence of the boundary layer. Correspondingly, the center of
the throat produces a greater negative pressure than the wall
surface, providing more power for injection water. Although the
nozzles locating at the center always prevail in injection flow
rate, it still remains a question which tube, straight or elbow, acts
better under certain operating parameters. In Figures 3B,C, 4C,
the elbow tubes, compared to straight tubes, prevail in injection
flow rate at the same position, while in Figure 4A, the elbow
tubes are at a disadvantage in injection flow rate. Particularly,
the injection flow rate curves of the two types of tubes cross in
Figures 3A, 4B. It can be clearly seen that whether straight tubes
or elbow tubes prevail in injection flow rate is a complicated
process, which is an effect of the coupling of throat gas velocity
and submergence depth. Still, many implicit rules can be obtained
after analysis. It reveals that, as throat gas velocity increases, the
injection flow rate of elbow tubes at the same radial position does
not dominate at first and gradually exceeds the straight tube, as
is shown in Figures 4A–C. Figures 3A–C shows the same law as
well. Comparing injection flow rate (nozzle at the throat center)
in Figures 3B, 4B, it can be seen that with the increase of the

submergence depth from 2 to 42 cm, the injection flow rate of
straight tube does not dominate in the beginning and finally
exceeds the elbow tube. It indicates that, although the effect of
injection flow rate is a complicated process of coupling of throat
gas velocity and submergence depth, the increase of the throat gas
velocity is more conducive to the elbow tubes, while the increase
of submergence depth is more conducive to the straight tubes.

The Influence of Throat Gas Velocity
Due to the study in section Effect of Radial Positions and Type
of Injection Tubes on six different nozzle arrangements, in which
the injection flow rate of two types of tubes at the center always
dominates, it is necessary to do further research on the central
straight tubes and elbows. The configuration of the straight tube
at the wall is also taken into consideration as a reference, which
is mainly due to the fact that the straight tube at the wall is a
structure commonly adopted by the traditional Venturi Scrubber.
Figures 5A–C show the injection flow rate curves of three nozzle
arrangements (i.e., straight tube at the center, elbow tube at
the center, and straight tube at the wall) as throat gas velocity
changes, which are developed at submergence depths of 2, 12, and
42 cm, respectively. It can be clearly found that, with the increase
of throat gas velocity, the injection flow rate of the straight tube
and elbow tube at the center is significantly higher than that
of the straight tube at the wall, and the greater the throat gas
velocity is, the more obvious the advantages will be. When the
throat gas velocity is 190 m/s and the submergence depths are
2, 12, and 42 cm, the elbow tube at the center, compared with
the traditionally adopted straight tube at the wall, can increase
the injection flow rate by 2.6, 2.3, and 2 times, respectively.
Meanwhile, it can be found that under the condition of global
throat gas velocity, the injection flow rate of straight tube at the
center is always larger than the straight tube at the wall. This
meets and reinforces the discovery in section Effect of Radial
Positions and Type of Injection Tubes that for the same type of
tube, as nozzle position moves closely to the throat center, the
injection flow rate increases.

The detail that cannot be ignored is that when the throat gas
velocity is very low, compared with the straight tube at the wall,
the injection flow rate of the elbow tube at the center is not
dominant. As the throat gas velocity increases, the elbow tube
at the center begins to reverse the straight tube at the wall, thus
resulting in an intersection of the curves. And the intersections
move backward with the increase of submergence depth, that
is, as the submergence depth increases from 2, 12–42 cm, the
intersection occurs at throat gas velocity of 14, 31, and 59.5 m/s,
respectively. This is due to the shape resistance of the elbow,
so that when the throat gas velocity is low, the injection flow
rate of the elbow tube at the center is lower than that of the
straight tube at the wall under the same operating parameters.
It can be seen from Figures 5A–C where the throat gas velocity
is 0, that the difference in the injection flow rate between the
two types of nozzle arrangements is more pronounced as the
depth of submergence increases. When the submergence depth is
42 cm, a difference of 960 g/min between the two arrangements
is generated, which is due to the increase of submergence depth,
making the effect of the elbow tube shape resistance more
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FIGURE 3 | Injection flow rate at submergence depth of 2 cm. (A) H = 2 cm, Ug,th = 48 m/s, (B) H = 2 cm, Ug,th = 119 m/s, (C) H = 2 cm, Ug,th = 167 m/s.

prominent. Accordingly, greater throat gas velocity is need as a
counteracting of elbow tube shape resistance, to make the elbow
tube at the center overtake the straight tube at the wall, which also
explains why the previously mentioned increase of submergence
depth makes the backward moving of intersection.

Comparing the straight tube and elbow tube both at the center,
it is found that when the throat gas velocity is low, the elbow tube
is not dominant. As the throat gas velocity gradually increases,
the injection flow rate of the elbow tube gradually exceeds that
of the straight tube. The intersections in Figure 5A wherein
the submergence depth is 2 cm are more complicated, especially
when the throat gas velocity is in the range from 24 to 71 m/s. In
Figures 5B,C, however, intersections occur at throat gas velocity
of 59.5 and 124 m/s, respectively. This is also the result of the
coupling effect of the elbow tube shape resistance, submergence
depth and throat gas velocity.

It is worth noting that by observing the injection flow rate
curve of the straight tube at the wall in Figures 5A–C, it is
found that the injection flow rate shows different trends at
different submergence depths. When the submergence depth
is low, i.e., 2 cm, the injection flow rate generally increases

with the increase of throat gas velocity, while the injection
flow rate decreases when the submergence depth is high, i.e.,
42 cm. The overall injection flow rate change is small when the
submergence depth is 12 cm. This signals that for a straight
tube at the wall, increasing the throat gas velocity does not
necessarily contribute to the increase of injection flow rate.
Nevertheless, from the point of view of the injection flow rate
under different submergence depths, the injection flow rate
under the high submergence depth always dominates, despite
the different trends under different submergence depths. This
newly discovered phenomenon, wherein the underlying causes
are related to internal two-phase flows and flow fields, needs
further exploration.

The Influence of Submergence Depth
The above studies were conducted at several submergence depths,
and the injection flow rate often showed different trends under
different submergence depths. From the above studies, it is also
found that, with different throat gas velocity, the submergence
depth seems to always promote the increase of injection flow
rate. Since the above studies are merely conducted at several
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FIGURE 4 | Injection flow rate at submergence depth of 42 cm. (A) H = 42 cm, Ug,th = 48 m/s, (B) H = 42cm, Ug,th = 119 m/s, (C) H = 42 cm, Ug,th = 167 m/s.

submergence depths, it is necessary to study the conditions at
more depths of submergence. Figures 6A–C show the injection
flow rate trend with the submergence depth in three nozzle
arrangements (i.e., straight tube at the center, elbow tube at
the center, and straight tube at the wall), at an throat gas
velocity of 48, 119, and 167 m/s. It can be clearly seen that the
injection flow rate of different nozzle arrangements increases as
the submergence depth increases. However, the injection flow
rate curves in Figure 6A, compared with those in Figures 6B,C,
are not significantly different from each other, while the injection
flow rate of straight tube and elbow tube both at the center in
Figures 6B,C, compared to that of straight tube at the wall, has
obvious advantages.

In Figure 6A, the injection flow rate of the straight tube
at the center, despite the slight advantage, is generally higher
than that of the elbow tube at the center and the straight
tube at the wall. While the injection flow rate of elbow tube
at the center, compared to that of straight tube at the wall,
prevails at first and then is overtaken by that of straight tube

at the wall when submergence depth reaching 22 cm. The
above phenomena are caused by the radial pressure distribution
generated by gas flow in the Venturi Scrubber throat and
elbow tube shape resistance. The shape resistance of the elbow
tube hinders the flow of water in the elbow tube, wherein the
process is affected by the submergence depth and the throat
gas velocity. That is, the higher the submergence depth is, the
more obviously the effect of shape resistance behaves, and the
greater the throat gas velocity is, the less the effect becomes.
In Figure 6A, the throat gas velocity is relatively low (48
m/s), the radial pressure distribution at the Venturi Scrubber
throat is not obvious enough. Nevertheless, the injection flow
rate of the straight tube at the center, due to the radial
pressure distribution, is still higher than that of straight tube at
the wall.

As for the elbow tube at the center, the injection flow rate of
which is lower than that of the elbow tube at the center, the shape
resistance emerges in it, so that the elbow tube does not dominate
over the straight tube under the same operating parameters. The
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FIGURE 5 | Influence of different throat gas velocity on injection flow rate. (A) H = 2 cm, (B) H = 12 cm, (C) H = 42 cm.

existence of the elbow tube shape resistance also explains the
phenomenon that after the submergence depth exceeds 22 cm,
the injection flow rate of the elbow tube at the center is overtaken
by that of the straight tube at the wall. Before the submergence
depth reaches 22 cm, the radial pressure distribution of the throat
make the elbow tube prevail in injection flow rate, despite the
relatively low throat gas velocity. As the submergence depth
grows, shape resistance of the elbow tube start to merge, resulting
in the injection flow rate of central elbow tube being overtaken
by straight tube at the wall. It should be noted that the throat
gas velocity at this time is still small, equaling to 48 m/s. When
throat gas velocity is 119 or 167 m/s, as is shown is Figures 6B,C,
raising the submergence depth does not make the injection
flow rate of the straight tube at the wall catch up with that of
elbow tube at the center. This is due to the large throat gas
velocity hinders the effect of elbow tube shape resistance, and
increasing the submergence depth within the experimental range

(2–42 cm) is insufficient to make the elbow tube shape resistance
effect appear.

It should be pointed out that the above comparison has a non-
negligible disadvantage for the straight tube at the wall. That is,
the negative pressure at the wall caused by the radial pressure
distribution is significantly lower than that at the center, so that
the injection power at the wall is lower than that at the center.
When comparing the straight tube and elbow tube both at the
center, as is shown in Figure 6B where the throat gas velocity is
119 m/s, the injection flow rate of central straight tube reverses
that of elbow tube as the submergence depth rises to 37 cm.
The same phenomenon occurs in Figure 6C where the throat
gas velocity is 167 m/s. When raising the submergence depth to
47 cm, the injection flow rate of the straight tube at the center
surpasses that of the elbow tube. Thus, the comparison of straight
tube and elbow tube both at the center also proves the existence
and role of the elbow tube shape resistance.
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FIGURE 6 | Influence of different submergence depth on injection flow rate. (A) Ug,th = 48 m/s, (B) Ug,th = 119 m/s, (C) Ug,th = 167 m/s.

CONCLUSIONS

In this study, effect of six nozzle arrangements on injection
flow rate were studied. Particularly, three nozzle arrangements,
i.e., straight tube at the center, elbow tube at the center and
straight tube at the wall were further examined, considering
the influence of varied operating parameters of throat gas
velocity and submergence depth. Conclusions are summarized
as follows.

1) Water injection arrangements affect the injection flow rate
significantly. For the straight tube or elbow tube, the closer
the injection position is to the center of the Venturi Scrubber
throat, the greater the injection flow rate will become.

2) Compared with the traditional wall opening configuration
(i.e., straight tube at the wall), using the straight tube or elbow
at the center could significantly increase the injection flow rate
to more than 2 times. As the throat gas velocity increases, the
injection performance of the elbow tube at the center exceeds
that of the straight tube at the center.

3) When the submergence depth is high (42 cm), the throat gas
velocity acts as an inhibitory effect on the injection flow rate
of the straight tube at the wall.

4) Raising the submergence depth provides greater injection
power, which increases the injection flow rate regardless of
which injection method is used.
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NOMENCLATURE

H submergence depth, cm
Mg gas flow rate, kg/h
Ml injection flow rate, g/min
Ug,th throat gas velocity, m/s
ρg,th throat gas density, m/s

Ath throat cross-sectional area, m2

Subscripts
g gas
l liquid
th throat
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